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Preface 
This manual describes the `Humming bird' Electronic Load Controller / Induction Generator Controller design. It is meant as a manual for building and / or troubleshooting and contains many technical details. For people who just want to install and use a ready built ELC, all the extra information about how it functions, will be confusing and maybe discouraging. I hope that this won't keep them from trying to install a Micro Hydro system. I found answers to all the problems I encountered during my tests. When installed properly, it should just work and there is no need to study most of this manual.

People interested in building ELC's for own use or for trading, can use this design for free. I would appreciate if they would mention me as the source of their design and if they would inform me of their experiences. I would like to help wherever I can by giving technical advice. The design could also be used as a basis for further technical development work. However, I can not give useful advice on modified designs so people who feel they might need my assistance, are asked to stick to the original design.

I feel that in the long run, the components for a M.H. system should be produced close to where they are used. I hope to have contributed to this by using only widely available components and by making the manual as comprehensive as possible. On short term however, getting a good quality ELC might be more important than having it built locally. In Holland, having a series of 10 pieces built by a professional electronics workshop would cost around ( 660 (ca. US$ 285) per piece. I am willing to do the calibration and testing and arrange shipment for a reasonable surcharge. People who are interested in this, please inform me well ahead so that I can try to gather as many orders as possible and still have them delivered in time.

The development of this design was supported by ECN-Renewable Energy division, Petten, Nether​lands, in particular by Eng. Jan Pierik. He and his colleagues gave us valuable advice and they let me use a generator set and measuring equipment for testing. Writing this manual was supported financially by a grant from ENECO, the electricity and energy company of Rotterdam, The Hague and surrounding areas. Eng. Godofredo C. Salazar of Mechanical Engineering dept., De La Salle University, Manila, Philippines, stimulated me to complete the development work fast by ordering an ELC.

Micro Hydro systems could bring electricity to isolated, mountainous regions in third world countries and in developing my design, I hope to have contributed to introduction of Micro Hydro in such areas. However, I live in Holland and this design was developed here: In a developed country and far away from where it might be used. I can not organize and monitor field tests from here. So I am very much interested in the problems and experiences from readers who are willing to try it out. In case of technical problems, of course I will try to help by giving advice.

Then there is one more issue that bothers me: Safety. 230 V Electricity is potentially lethal and I would hate to hear that someone got killed or hurt by a system that would not have been built if I hadn't made this ELC design. So to everyone who might use this design, please pay attention to safety.

Notes to draft version of 26 May 1999: 

I apologize for spreading this draft version and not a proper manual. Sorting out the last bits and pieces of this manual was much more work than I had hoped. Some people have shown interest in it even if it is only a draft version and that is why I decided to spread it now already. 

All technical chapters and figures are practically ready. It is mainly this preface, the literature list, the references to figures and paragraphs, page numbering, a glossary and the layout that still need work.

This draft manual is intended for being downloaded from the internet site of Mr. Wim Klunne:

http://www.geocities.com/wim_klunne/hydro/egroup/portegijs.html

As soon as an improved draft version is ready, it will be available at this site.

The text of this manual is organized as a main document `humhoofd.doc’ with subdocument. The main document contains only the front page, this preface and links to the subdocuments that contain nearly all text. By opening the main document, all subdocuments are opened when needed and the complete manual can be printed. If only a specific chapter is needed, the subdocument it is in, can be opened directly.

To keep file size down, the graphs in annex M are made as links to separate graph files in *.tif format. Opening this annex with its links means a lot of work for your computer, even if you just move the cursor around. If this makes your computer too slow, it might be better to print all *.tif files using a graphical program (e.g. `Imaging' from Windows). Then the graphs as they appear in annex M can be deleted so that the text can be read fast.

Readers who come across errors or have suggestions for improvements: Please let me know by email. For easy reference, please include the date of the draft version used and the paragraph concerned.

Jan Portegijs, 26 May 1999

Notes to draft version of 2 January 2000: 

Instead of a main document and subdocuments, all text is now included in a single Word document. The text of the chapters has been revised and a number of new figures have been included. There are a literature list, an index and cross references now. Cross-references to paragraphs contain the complete paragraph titles instead of only its number. This was due to limitations of either my knowledge about Word or Word itself.

Some people asked when a new version would become available so I decided to put this on the internet now, even though I haven't revised the annexes yet. My excuses for not being able to produce a completely revised manual.

Jan Portegijs, 2 January 2000

Notes to final version of 11 June 2000:

I guess that this version is about as good as I can make it so from my point of view, this must be the final version. Inevitably, there will be errors and incomprehensible phrases. If readers would point these out to me, I would like to repair these and come up with a new version. Probably, differences of future version with this one will be minor. Still it makes sense to include the date of your version if you want to write about something in this manual. 

Cross references to paragraphs have been changed into paragraph numbers rather than titles. For readers who would like to use the `hyperlink’ option to jump to the place a cross-reference points to:

· Change all fields into `other field representation’.

· Use `search and replace’ to put the `\h’ option in every `{ REF_ref….. \r }’ field.

· Change all fields back to normal representation. 

The thing that is conspicuously lacking in this manual, is experiences from the field. As of now, I know about 4 people / teams worldwide who have built humming bird ELC’s / IGC’s or seriously intend to do so in the near future. These people and myself agreed to exchange information in an informal `humming bird mailing list’ and other people are invited to join in as well, see annex K.7 Once there are reports about field experiences, I will make these available from Mr. Klunne’s internet site.

Jan Portegijs, 11 June 2000
Notes to final version of 24 November 2000

This version differs little from the previous one. Paragraph 7.4.9 “User loads get destroyed by overvoltage” was added and some references to this paragraph. Some typing errors were corrected and for 1% metal film resistors, now the correct 3-digit values are specified instead of 2-digit approximate values.

Last year, I have been working on a design for a 3-phase ELC version. The building manual for that is an extension to this manual. It can be downloaded from the same internet page.

Jan Portegijs, 6 December 2000

Kieftentuin 11

1689 LH  Zwaag, Netherlands

email: j.portegijs@wxs.nl

tel. .. 31 229 263867
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1 Introduction

1.1 Why using an ELC or IGC

An Electronic Load Controller (ELC) is used for a Micro Hydro system fitted with a synchronous generator and powering just some houses or a small, local grid. So it is a stand-alone M.H. system: It is not connected to the national grid. 

An Induction Generator Controller (IGC) is used for a Micro Hydro system fitted with a induction type electrical motor that is turned into a stand-alone generator by fitting capacitors to it. Again, it is a stand-alone system, powering just some houses or a small, local grid. 

Together with the dump loads XE "dump load"  connected to it, an ELC serves as an automatic, electrical brake that controls frequency of electricity produced by the generator. It measures frequency and, depending on whether this frequency is above or below nominal frequency, diverts more or less power to the dump loads that are connected to it. To a large extend, mechanical power required to drive a generator, is determined by total electrical load connected to it. Mechanical power produced by the turbine is nearly constant so when more power is diverted to dump loads, generator demands more mechanical power than the turbine can deliver, causing turbine and generator to slow down.

With a synchronous generator, electrical frequency is related directly to its mechanical speed, so then frequency will drop also. Inversely, turbine and generator will accelerate and frequency will increase when less power is diverted to dump loads. This way, the ELC controls electrical frequency and, with this, speed of generator and turbine. It prevents the generator from overspeeding when total power demand of user load appliances that are switched on, is less than capacity of the system.

With synchronous generators, no special measures are needed to control voltage of the electricity produced (see also annex F.1):

· With generators with an `Automatic Voltage Regulator' (AVR), this device will keep voltage in check under a wide range of operating conditions.

· With `compound' type generators, there is a strong relation between generator speed and output voltage. Then in effect, the ELC also controls voltage by controlling generator speed.
With this type of generators, output voltage will rise dramatically if anything goes wrong with the ELC or dump loads. To protect user appliances and dump loads, there is the `overvoltage' protection feature that will switch these off in case of overvoltage.

An IGC with dump loads also acts as an electrical brake. The main difference with an ELC is that it reacts to generator voltage rather than frequency. So in the first place, it keeps generator voltage in check. With an induction generator, speed and voltage are strongly related so by controlling its voltage, also speed and frequency are kept within acceptable limits.

The induction motors used as induction generators, are the standard industrial motor that is used all over the world. It is simple, cheap, widely available, robust and requires little maintenance. Sometimes induction motors are also called `asynchronous’ motors. Induction motors as generator are advantageous for smaller systems that are mainly used for lighting. 

Especially for small capacity systems, a synchronous generator is more expensive than an induction motor + capacitors. But with a synchronous generator with ELC, frequency is more accurately controlled and such systems can produce the large starting current required by electrical motors. This makes that synchronous generators become attractive when:

1. Capacity is rather high.

2. When it should power electrical motors (e.g. for productive end-uses).

3. When it should power expensive, sensitive appliances that need a well-regulated electricity supply.

Using dump loads is an energy-inefficient way of regulating as usually, more than half of electricity produced, will be wasted in dump loads. It is like driving a car with a brick on the accelerator causing the motor to continuously run at full throttle, and then regulating its speed by using the brake: Imagine what fuel consumption will be with this driving style. 

From efficiency point of view, using a governor that steers a flow control valve on the turbine, would be much better. But then energy is saved by reducing water consumption of the turbine so it only makes sense if water can be stored in a reservoir for future use. Usually Micro Hydro systems do not have such large reservoirs: They are `run of river’ systems and any water that is not used right away, gets lost in an overflow. Nowadays only Mini Hydro or full-scale hydro systems have governors as these often have large reservoirs so that water that is saved, can be stored. 

Governors are expensive and require careful maintenance, making the M.H. system more expensive and less reliable. Older Micro Hydro systems often had governors, but that was because building affordable ELC’s and IGC’s only became possible using modern power electronics. 

There are M.H. systems that run quite satisfactorily without an ELC, IGC or governor. Then a flow control valve on the turbine is adjusted manually. This way of regulating is only feasible if most user loads are connected permanently, so if they can not be switched off by users. Also, sensitive appliances that might get destroyed by large voltage or frequency variations, can not be used. Which type of system is best for a specific Micro Hydro system depends on many factors, see e.g. HARVEY, 1993 and SMITH, 1994. 

Like an ordinary brake, the ELC / IGC + dump loads can only consume energy and not produce any. This means that it can control frequency and voltage only as long as total power demand from users is less than capacity of the system. When total power demand would be higher than system capacity, there is an overload situation. Then the ELC / IGC can only switch off dump loads completely. It can not generate any extra power to help coping with a too high demand. 

1.2 Older versions

This manual describes the latest `Humming bird' ELC/IGC design. There is an older design dated February 1997. Some major changes of the present design with the one described in the February 1997 manual are outlined below:

Error in low-pass filter XE "low-pass filter" : The value of the last capacitor in low-pass filter was 10 times too high: It should have been ca. 56 nF (47 nF + 10 nF will do also). In the Feb. `97 circuit diagram and the PCB design, 470 nF + 100 nF were given, adding up to nearly 560 nF and this is way too high. 

The consequences of this error are not dramatic. In fact, it filtered out high frequencies even better than without this error. But delay time caused by the filter will be considerably longer and therefor, the system will already start to oscillate at a slower setting for the PI controller. So PI controller must be adjusted slower and this makes that the controller can not react to frequency changes as fast as intended. Also, the filter is no longer a real `butterworth’ type filter and its precise characteristic can not be determined from literature.

In the new version, a higher cut-off frequency has been chosen and that is why resistor values are also different.

My excuses for this error. 

Thyristor in DC voltage supplies: The old transistor type circuit was not powerful enough to supply steering current for the new, high capacity relay that was chosen. That is: It would work well as long as generator voltage is high enough, but a wide input voltage range was desired (see par. 2.2). Compared to the old transistor, this thyristor has a lower voltage drop so the ELC/IGC can function properly down to a lower generator voltage. 

Compared to the old transistor, the thyristor can stand a much higher input voltage while it needs a much smaller trigger current than base current for the transistor. This makes it possible to use a 24 V transformer instead of a 18 V one and then, the ELC/IGC can function at even lower generator voltages. Still the 18 V transformer is chosen as standard, as its power dissipation is lower than a 24 V one (see annex E.6).

`Induction Generator Controller’ version: The February 1997 design was only an ELC. The present design includes some optional extra electronics that change the ELC into an IGC, see chapter 5.

The IGC version differs only slightly from the ELC design it originated from. So for organizations that want to install both types of systems, savings can be made on training staff and on costs of keeping controllers and components in stock. The main features of the ELC also apply to the IGC version:

· Cheap and robust power circuit using triac power elements.

· Protection features against overspeed, overvoltage and undervoltage. An overload signal can warn users when too many appliances are connected.

· The ELC/IGC remains functioning over a wide range of generator voltages.

Apart from the extra electronics that make it into an IGC, two other features can be included:

· Overcurrent warning LED. High capacity industrial relay can be fitted with a kind of current sensor that switches off steering current to the relay in case of too high generator current. This works independently of protection features and these would react only to the consequences of the generator being switched off by detecting an overspeed situation. The overcurrent LED circuit detects when the current sensor has interrupted steering current to the relay and prevents the misleading indication of `overspeed’ when in fact, `overcurrent’ was the reason why the relay was switched off.

· `Frequency effect’ to the `overvoltage’ protection feature. Appliances with electrical motors or transformers are sensitive to frequency dropping below nominal while voltage remains normal. The effect is similar to that of a too high voltage: The appliance draws too much current and overheats. The best way to avoid this is using a generator that can not produce normal voltage when its speed drops below normal. But with an induction generator - IGC system, this can not be guaranteed. This `frequency effect’ makes that threshold voltage for `overvoltage’ protection feature, is lowered proportionally with frequency once frequency drops below normal.

Then there is an even older prototype design dated February 1996 and a manual going with it. The prototype design is less attractive on the following points:

· It works with only 1 dump load. This increases strongly the adverse effects of switching large currents and consequently, the generator must be oversized much more (see annex G).

· It contained no protection features.

· It has not been tested extensively and probably is less reliable 

Seen from the number of electronic components, the present design is more complicated than the prototype design. People who are not that experienced in electronics might therefor be tempted to use the prototype design. However, I want to ask such people to stick with the present design. The extra components are not expensive. When protection features and overload signal are left out and only one dump load is connected, it is just as simple.

1.3 About this manual

This manual is intended primarily as a building manual and a guide for trouble-shooting. It explains in detail how this design functions, but this probably is incomprehensible to people without a background in electronics. Installing and operating a well-made and tested ELC is much simpler. People who don't understand most of this manual, but do understand the paragraphs on installation (par. Installation) and troubleshooting (par. 7.4), are encouraged to try.

I am confident that the electrical circuit of the present design is quite reliable. Once installed properly, it should just work and keep on working. However, problems could still arise if:

· Water comes in.

· Dirt comes in, e.g. because ants can come in.

· Inexperienced people try to solve an error (which might not be in the ELC but in external wiring). They might change calibrations, interchange wiring or make a short-circuit by bending components. 

To avoid these problems, the following features were included:

· A dust-proof and water-proof housing (class IP55) with heat sink at the outside.

· No main fuses inside the housing. This means that inexperienced people have less reason to open up the ELC housing.

It is recommended not to economize on this watertight housing and care should be given to making reliable connections to the outside.

There is no information yet on experiences with this ELC design in the field. This makes it very difficult to predict what possible problems are likely to occur and make a proper troubleshooting guide. I would very much appreciate if people using this design, would inform me on their experiences.

In spite of its size, this manual deals with only one part of the technology needed to build and install Micro Hydro systems: The ELC or IGC type controller. Many very relevant issues like choosing a site, civil works, turbine technology, economics, management aspects and how this all could be integrated into a project to introduce this technology in a new area, are not included. See e.g. HARVEY, 1993 for this. For M.H. systems with induction generators, SMITH, 1994 is very informative.

To people who are discouraged by the technical complexity of M.H. systems producing 230 V electricity, I would like to mention the firefly as an alternative, see PORTEGIJS, 1995. This is a 12 V DC battery charging system that is about as powerful as the Solar Home Systems that are now introduced on large scale, but much cheaper with respect to investment costs. It is much simpler, safer and can be implemented economically with just a few users to start with.

Some figures are referred to at many points in this manual. To make it easier to find them, these are all printed on the last pages in annex M
Then for those readers who are curious why I named this design `Humming bird'. Well, my involvement in Micro Hydro started with this very small, `Firefly' system mentioned above. The kind of M.H. systems this ELC/IGC are designed for, are fundamentally different as they produce 230 VAC electricity and much larger than the firefly. So I chose to name it after a bird instead of an insect. Still, such systems are very small compared to most hydro power schemes so it should be a tiny bird. And finally, the ELC produces a humming sound when working.

1.4 Safety

I think safety is an important issue because of lack of experience: People using this manual to build, test and install an ELC or IGC, might not be experienced electrical engineers who are accustomed to work under voltage. And people using the M.H. system in which an ELC or IGC is installed, might not be accustomed to having 230 V electricity in their houses. 

Likely, safety standards XE "safety:standards"  in third world countries where this technology might be introduced, are lower than in a developed country like Holland. To me, this does not mean that safety is less of an issue as there are no detailed standards that have to be followed. I think that safety requires more attention as these standards do not offer enough protection: People have to think more themselves in order to work safely and use electricity safely.

Safety would be worth a separate chapter in this manual. But then maybe, this chapter would be forgotten by the time one is about to test or install an ELC or IGC. So I decided to mention safety aspects wherever they are relevant. Look up `safety’ in the index to find these safety aspects.

Different countries have different electricity standards. It is recommended to follow national standards and common practices as much as possible. See textbooks on electrical wiring for this.

2 The way the Humming bird ELC functions

2.1 General characteristics

2.1.1 Phase Angle regulation, Pulse Width Modulation or Binary Loads
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figure 1: Principle of phase angle regulation: A dump load is switched on during only the latter part of each half cycle

The Humming bird ELC / IGC regulates power diverted to dump loads in the same way as ordinary light dimmers: By means of phase angle regulation XE "phase angle regulation" . At some moment during each half period of sine-wave shaped generator voltage, the dump load is switched on and remains switched on for the rest of this half period. The moment at which the dump load is switched on, is expressed as a phase angle. Right at the beginning of a half period, phase angle is 0( and towards the end, it is 180( (of course at that point, a new half period begins with phase angle = 0( so phase angles between 180 and 360( have no practical meaning).

For phase angle regulation, almost always triacs or thyristors are used as power element. These electronic devices can be switched on by a short trigger pulse XE “trigger:pulse"  on their `gate’ connection and then remain conducting for the remainder of that half period. By then, generator voltage drops to zero, current through the dump load and triac or thyristor drops to 0 and they stop conducting or `extinguish’ by themselves. Triacs can conduct in both directions, so they can operate during both positive and negative half periods of generator voltage. Thyristors can conduct only in one direction so two thyristors would be needed to steer one dump load. 

A major advantage of phase angle regulation is the fact that those triacs or thyristors can be used. These are the `work horses’ of power electronics: They are old-fashioned, cheap, widely available and can stand rough operating conditions. There are thyristor types that can switch thousands of Amperes at voltages well into kiloVolt range and at quite high frequencies. Triac ratings are a bit more modest, but still high enough for this ELC / IGC design and they have the advantage of simpler triggering requirements, see also annex. E.3.

A major disadvantage of phase angle regulation is the electronic noise that is created when a triac is triggered while generator voltage is at its highest, so at around 90( trigger angle. Also, a load being switched at a phase angle around 90(, appears as an inductive load to the grid or generator. For use in dimmers in household situation, these effects pose no real problem since the grid is very powerful compared to the load switched by this dimmer. For use in an ELC or IGC, dump load capacity will be even slightly higher than generator capacity and noise is impressive (see par. 3.9.3). This makes that for use with a phase angle regulation ELC, the generator must be overrated XE "thyristor factor" , see annex G.3 

The humming bird ELC / IGC uses 2 or 3 triacs that each steer their own dump loads. Normally, trigger angles for these triacs differ by 90(. Only when trigger angle for one triac reaches its upper limit of 180(, or its lower limit of 0(, trigger angle for the other one(s) can approach this limit as well. So under no conditions, two triacs can be triggered at 90( at the same time and both produce heavy noise. Trigger angles for two triacs can only become nearly the same when they are both close to 0( (so both dump loads are fully switched on), or both close to 180( (both dump loads switched off). In these cases, they hardly produce any noise. See labels along the horizontal axis in figure 2 for how trigger angles for the 2 triacs are linked.

Having 2 or 3 dump loads instead of 1, leads to the following advantages:

1. Now capacity of each dump load is only 1/2 or 1/3 of that of a single dump load ELC. This makes that the adverse effects of noise are strongly reduced and the generator does not have to be overrated that much, see annex G.4.



figure 2: Power diverted to dump loads (as % of their capacity) as a function of trigger angle 

2. Power diverted to dump loads is more proportional to input signal `trigger angle signal', see figure 2 XE "dump load power:voltage and trigger angle" 

 XE "trigger angle" . This makes that over a wider range, PI controller will work optimally.

3. Since there are 2 or 3 triacs working in parallel, capacity can be quite high even when standard off the shelf triacs are being used. 

Another way to regulate power diverted to a dump load is Pulse Width Modulation XE "Pulse Width Modulation"  or Mark-Space regulation XE "Mark-Space regulation" \t " See Pulse Width Modulation" . This method stems from D.C. (Decent Current) power regulation. From one voltage, a second voltage is derived by fast switching. The mean value of this second voltage can be regulated by adjusting the duty cycle: The fraction of the time that a dump load is switched on. Usually, this is done by changing the duration of each pulse while time between pulses remains constant. But of course it could also be done by changing time between pulses while pulse width remains constant.

High capacity Pulse Width Modulation systems use thyristors as power elements. With D.C., the main thyristor will not stop conducting automatically at the end of a half period so an extra  thyristor circuit is used that produces short, negative pulses that makes the main thyristor extinguish. For M.H. purposes, this would become too complicated and modern power transistor types are used, e.g. Insulated Gate Bipolar Transistor (IGBT) or MOSFET’s. These power elements can be steered directly by tiny IC outputs: They conduct as long as voltage at their `gate’ or `basis’ connection is sufficiently high. 

The main advantage of Pulse Width Modulation is that it requires a simple electronic circuit for steering the power transistor. Disadvantages are the relatively high price, poor availability and sensitiveness of those modern power transistors. Also dissipation in such a controller is higher since generator voltage first has to be rectified before it can go to the power transistor itself. Therefor they need a larger heat sink than a phase angle regulated controller with the same capacity.

The third method is by using a set of Binary Loads XE "Binary Loads" . This is a series of dump loads in which each subsequent dump load has half the capacity of the former, higher ranking one. With n dump loads, a total of 2n combinations can be switched on, each of which are represent a different total capacity of dump loads being switched on. 

For switching these dump loads, a series of Solid State relay can be used. These contain triacs or thyristors, but produce no electronic noise since they are either triggered just after the beginning of a half period, or remain off completely. Again, steering electronics can be quite simple. Disadvantages are:

· Costs of those Solid State relay, which is far higher than the triacs inside them because each of them contains steering electronics.

· The number of dump loads and the associated wiring. To achieve smooth regulation, these dump loads should all have exactly the right capacity.

· With a low number of dump loads, steps between dump load combinations remain too large and the system can not regulate smoothly.

2.1.2 Zero crossings and trigger angles

As explained in the previous par., phase angle regulation works by triggering a triac at the right moment during each half period of sine-wave shaped generator voltage. For doing this, one should first determine when each half period starts. Here, these moments are called zero crossings XE "zero crossing" , see also figure 24 (in literature, these might be called `polarity changes’). 

Finding zero crossings would be easy if generator voltage would show a nice, sine-shaped waveform on an oscilloscope. Unfortunately it does not, see par. 3.9. The humming bird design has an advanced circuit to find these zero crossings in spite of such noise. 

Just like phase angle, trigger angle XE "trigger:angle" \b  is expressed as a value between 0 and 180( that corresponds with the moment at which the triac starts conduction, see previous par. The difference between the two is slight: A phase angle refers more to the time a triac is actually conducting and its dump load is switched on (so, from the moment a triac is triggered until the next zero crossing). A trigger angle refers only to the moment a triac is triggered. In this manual, only trigger angle is used. Once triggered, by itself a triac will remain conducting until the next zero crossing so the right trigger angle will automatically lead to the right phase angle, see also figure 1.

Besides this real `trigger angle’ (in (), there is also a `trigger angle signal’ (in V) in the ELC electronics and often, this is abbreviated to just `trigger angle’. From the context, it usually becomes clear whether this theoretical trigger angle in ( is meant, or the practical electronic signal in V.

Once zero crossings are found, the right moments to trigger a triac can be found by just waiting for a specific delay time. This delay time can range between nearly 0 to nearly the time that corresponds with one half period. A short delay time means trigger angle is low and the corresponding dump load is switched on at nearly its full capacity. A long delay time means a high trigger angle and the corresponding dump load is switched on at only a fraction of its capacity. The extreme situation is not triggering the triac at all so that it is continuously in blocking state and its dump load is completely switched off. There is no linear relation between trigger angle and power diverted to a single dump load, see figure 1. 

For ordinary light dimmers connected to a large grid, one can safely assume that frequency is practically constant at 50 or 60 Hz, so a half period always takes exactly 10 or 8.33 ms (millisecond). Then a specific delay time always results in the same trigger angle. For an ELC or IGC that is meant to regulate frequency, it can not be assumed that frequency is constant, so the same delay time might result in a slightly different trigger angle depending on frequency at that moment. The electronics are designed to compensate for this, see par. 2.7.1 and 5.4.

There are IC’s that can convert a DC input signal right into trigger pulses that correspond with a trigger angle as set by this input signal (e.g. type TCA785 produced by Siemens). So for a two-dump load ELC, in principle two of such chips could replace the sawtooth signal module, FT zone and final comparators. Most likely, these IC's were designed for use in dimmer-like applications, so with a constant frequency grid and little electrical noise. and it is not sure whether they would work fine in an ELC. To integrate such IC’s in the humming bird would mean that a lot of testing has to be done all over. The savings in terms of component costs would be limited and it is not sure whether those IC's are widely available so I decided not to use them.

2.1.3 General features of the design 

2.1.3.1 Some notes on the figures

Some key figures are printed in annex Circuit diagram’s, PCB design and signals on the last pages of this manual These figures are referred to a lot of times and having them together makes them easier to find. 

The circuit diagram’s of figure 19, figure 20 and figure 21 show how the ELC works electronically. These circuit diagram’s are subdivided into modules that are separated from other modules by dashed lines. Small circles with a name or code printed with it, represent measuring points XE "measuring point"  or connections to other modules or the outside. A measuring point can be used for adjusting trimmers and for troubleshooting. With each trimmer, there is a name describing its function. Each opamp has a number that corresponds with its number on the PCB layout. 

Components like resistors and capacitors are not numbered, but are referred to by its value and, if it might be confused with a similar component in the same module, by the other components it is connected to. The easiest way to find a certain component on the PCB is to look up in the circuit diagram which opamp(s) is/are within that module, and then trace the components from that opamp on the PCB map of figure 23.

The PCB map of figure 23 gives a map of print tracks and components on the PCB (Printed Circuit Board) XE "PCB" . This map is printed as seen from component side. This design is for a two-sided PCB, so with print tracks both on copper side (printed yellow) and on the opposite, component side (printed green). By far the most print tracks are on copper side. When making a two-sided PCB would be too difficult, one could also print copper side only and replace the print tracks on component side by wire bridges. 

Square islands XE "PCB:square islands"  mean that measuring points will be fitted there. Most of the diamond islands XE "diamond islands"  are used to make connections between copper side and component side. Print tracks that carry major signals have some spare diamond islands that can be used for future modifications. On both sides, there is text labeling connections, measuring points, trimmers etc. Text on copper side appears in mirror image in this figure. 

Then in black and red, there are symbols for components and their type number or value. This serves as a guide to fitting all these components and it will not appear on the PCB itself. Components for the ELC version are printed in black, with components needed only for the 3-dump load version having their type number or value underscored. For the 2 dump load version, components with underscored values or type numbers can be omitted. If both an underscored and normal value is printed, the normal value should be used there. For the 3 dump load version, the underscored values should be used. The extra components and modifications needed for the IGC version are printed in red. 

The PCB design of figure 22 can be used to print a PCB. Here, copper side and component side are printed separately and both in mirror image.

The connections diagram of figure 25shows how the ELC is connected to the other components in the M.H. system.

2.1.3.2 Modular structure

The complete electronic circuit of the Humming bird ELC / IGC (see figure 19, figure 20 and figure 21) is so much that it would be too hard to understand, test or repair. To make things easier, it is subdivided into different modules XE "module" . These modules appear in circuit diagram’s as blocks separated by dashed lines and having a name. Each module performs a clearly defined task and has a limited number of named input- and output signals.

Before discussing these modules in detail, one could look at an even simpler model of how an ELC might work: Suppose there are 2 or 3 heavy light dimmers with dump loads connected to them. Then power diverted to dump loads can be increased or decreased by changing setting of the dimmers and in this way, frequency can be controlled. Instead of doing this manually, one could build a controller that does this job automatically. In principle, this controller and the light dimmers steered by it, should serve as an ELC.

Then the different modules can be fitted into this model of a controller and a few light dimmers:

· The power circuit and final comparators belong to the light dimmers. Each branch of the power circuit together with the comparator that steers it, works as one light dimmer

· The voltage dividers, sawtooth signal and forbidden trigger zone signal provide input signals that are common to all light dimmers. Instead of building these 2 or 3 fold, one of each will do. Sawtooth signal is not only used by the final comparators, but also by 1/frequency signal. So this part also plays a role for the controller. 

· The low-pass filter and the PI controller itself form the controller. It steers the light dimmers by means of trigger angle signal to final comparators.

· DC voltage supplies and reference voltage provide the necessary DC voltages to both light dimmers and controller.

Overload signal and protection features fall outside this simple model. They provide features that become active only outside the normal operating mode of an ELC.

2.1.3.3 The way trimmers are used

The frequency setting, protection features and overload signal work by comparing a variable input signal with a fixed threshold level XE "treshold level" . Now it would be logic to design the circuit such that this threshold level can be adjusted by means of a trimmer and compare the input signal with it. However, here trimmers are fitted in the other branch. With those trimmers, an amplification factor in the variable input signal itself can be adjusted. The amplified (or reduced) signal is then compared to a fixed reference signal: Vref. This way, there is less chance that opamps won’t function because input signals come too close to either negative voltage supply `E' or positive voltage supply `+V'. Also, troubleshooting is a bit easier since threshold level voltage is always the same.

In general, turning a trimmer to the right (clockwise) means adjusting to a higher value or more stable behavior:

· Turning `frequency’ trimmer to the right means adjusting towards a higher frequency.

· Turning F.T. zone trimmer to the right means adjusting towards wider F.T. pulses and a reduced chance on triggering errors.

· Turning P-effect or I-effect trimmer to the right means adjusting towards a lower amplification factor. Then there is less chance on oscillation problems, so a more stable behavior. 

· Turning protection feature trimmers or overload signal trimmer to the right makes these features react less sensitive. So they will trip or become active only at a higher overvoltage, overspeed, a more severe undervoltage, a higher temperature of the heat sink or a larger drop in frequency.

2.1.3.4 Opamps

Opamps are used in a number of ways at many places in the circuit. An opamp XE "opamp"  (from `OPerational AMPlifier’) is an amplifier with a + input (or non-inverting input), a - input (or inverting input), an output and contacts for a positive and negative voltage supply that powers it. It amplifies the voltage difference between + and - input by a very high amplification factor. The inputs draw or supply virtually no current: They behave as if they have a very high resistance.

Now opamp circuits can perform a variety of tasks depending on the components around it:

1. If there are no components that link the output to any of the inputs, it works as a comparator XE "comparator" . If voltage at + input is just a tiny bit higher than at - input, the output will go as high as it can: Ca. 1.3 V below positive supply voltage. If - input is slightly higher than + input, output will go to the minimum of its range: Ca. 0.7 V above negative supply voltage or even lower if current is very low. Opamp 1, 3 and 4 in the final comparators module are used this way. Often, there is a constant reference voltage at one of the inputs that sets a threshold level, and an input signal to the other input, see e.g. the opamps in protection features.

2. If there is a resistor between output and - input, a simple feed-back loop XE "feed-back loop"  is created. This makes that output will not swing from one end of its range to the other any more at tiny input voltages. This way, amplifiers with a well-defined amplification factor can be made.

· With a resistor R1 and another resistor R2 from this - input to a reference voltage, it works as a non-inverting amplifier XE "amplifier:non-inverting" . It amplifies voltage difference between + input and reference voltage by a factor R1/R2 + 1. This is the case with opamp 9 (P-effect) in the PI controller. 

· With a signal coming in at R1 and reference voltage connected to + input, it becomes an inverting amplifier XE "amplifier:inverting"  with an amplification factor of R1/R2.

3. If the output is connected straight to - input, it becomes a voltage follower XE "voltage follower" : The output just follows the signal at + input. Now the feed-back is extremely strong: Voltage at - input is completely defined by output voltage. A voltage follower is a non-inverting amplifier with an amplification factor of 1. From that point of view, it serves no function but it is necessary if an input signal can not supply enough current for the circuits one wants to drive with it. See opamp 10 in low-pass filter module for an example.

4. If there is a resistor R1 between output and + input, a feed-forward loop XE "feed-forward loop"  is created. Like with an amplifier, there should be another resistor R2 from + input to a voltage signal. This makes output react even more extreme. It does not change from low to high when voltage signal at resistor R2 rises just above the reference voltage at - input, but only  when it has risen a certain voltage interval above this reference voltage. And to make it swing back to low, voltage signal has to drop a certain voltage interval below reference voltage. This way, a non-inverting Schmidt trigger XE "Schmidt trigger"  is created. Of course one could also make an inverting one by interchanging voltage signal and reference voltage. See opamp 5 and 8 in sawtooth signal module.

5. With a capacitor between output and - input and a resistor from - input to a reference voltage, a non-inverting integrator is created. Now there is a feedback loop, but it changes in time: The capacitor can not conduct a feedback current for long because it gets charged-up by it. So after a while, the capacitor is charged to a different voltage and output voltage of the opamp will have changed also. This opamp will act as an integrator XE "integrator" : A constant voltage difference between + input and reference voltage is integrated into a rising (or falling) output signal with a constant slope. See opamp 12 (I-effect) in PI controller.
Without other links, the output would soon reach the upper or lower end of its range. But usually, there is another feed-back loop that prevents this. With an integrator that is part of a controller, the feed-back loop runs via the process that is controlled, see par.2.7.1.

6. Opamps can also be used as oscillators XE "oscillator"  or pulse generators and the like, see e.g. opamp 11 in overload signal module and par.2.8.
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figure 3: Connections of LM324 opamp IC

In this design, the LM324 opamp XE "opamp:LM324"  is used, some characteristics:

1. One LM324 chip contains 4 opamps in a plastic package with two rows of 7 pins at each long side. The pins are numbered starting from the one marked with a little hole and going round towards the left (against the hands of a clock, as seen from component side), see figure 3. 

2. On the PCB, all LM324 IC's are placed such that pin 1 is at the top left corner. 
In the circuit diagram’s, all opamps are numbered individually so with 4 opamps per LM324 IC, the first LM324 contains opamp 1 - 4, the second one opamp 5 - 8 etc. 

3. They are quite robust: They can stand being short-circuited to ground as long as it happens to only one of the 4 opamps in a package. Maximum supply voltage and input voltages is 32 V. Inputs survive voltages below `E’, they just start to conduct as if there were diodes to `E’)

4. They have a wide operating range: It functions with input voltages ranging from 0 to 1.5 V below +V. Outside this `common mode’ range, the opamp is not necessarily damaged (see point 2) but it will not operate properly. 

5. Depending on current it should supply or sink, output voltage can range from ca. 0.7 V to 1.3 V below +V. 

6. The rate at which output voltage can rise or drop (= slew rate XE "opamp:slew rate" ), is limited to 0.5 V/ (s. So it takes some 6.5 (s for the output to switch from low to high or reverse, as it increase or decrease by 13 V. This helps to make the circuit less sensitive to high frequency noise, see par.3.9.

2.1.3.5 Positive print supply voltage connected to mains voltage

Normally, voltages in an electronic circuit are presented as voltage differences with respect to a ground or zero level. Here, ground level for electronics is `E’ (from `Earth’) and in the circuit diagram’s, the symbol for `ground’ is used: Three horizontal lines above one another with the top one longer than the bottom one. 

Now if an electrical connection between the electronics circuit and 230 V grid voltage is needed, usually `E’ is connected to one of the 230 V lines. In this design however, things were easier with positive print supply voltage `+V’ connected to one of the mains voltage lines. Then triacs can be triggered with a negative trigger current XE "trigger:current"  by drawing their `gate’ connection towards `E’, see par. 2.9.

When studying the circuit, this has to be borne in mind: 

· 230 V `N' (Neutral) connection is connected to +V.

· Voltage at `E’ is some 15 V below this level.

So if 230 V `N' and `L' (Line) wire would be interchanged or 230 V `N' wire would not be grounded properly, the electronics can carry full line voltage, see also par.2.3.

2.2 DC voltage supplies and reference voltage module

This module produces supply voltages that provide power the other modules or serve as a reference voltage. It works in a series of steps, with input of each step being a rather high and variable voltage with a large current capacity, and output being a lower, more stable voltage with lower capacity. See also figure 4.

1. The 100R resistor (`R') and 100 nF capacitor (`C') form an RC filter XE "RC filter"  with a time constant XE "time constant"  of 0.01 ms. It acts as a simple low-pass filter XE "low-pass filter"  that smoothens very sharp voltage spikes from generator voltage somewhat before this is fed to the transformer and voltage dividers module. It works by dissipating power from high frequency noise in the 100 ( resistor. Even when there is just the usual noise on generator signal, some power is dissipated in this resistor so it should really be a 1 W type. Voltage over the capacitor can rise very high (see par. 3.8). Preferably, the 100 nF capacitor should be  250V `class Y' capacitor (tested at 3 kV!). If not available, a 250V `class X2' capacitor (tested at 1 kV) might also do. But to be safe, it is better to use two 220 nF 250V `class X2' capacitors in series, giving 110 nF capacitance and a maximum voltage of 2 kV.

2. The fuse XE "fuse"  protects the transformer against too high currents in case of a short-circuit at the secondary side, or generator voltage being too high while frequency has not increased proportionally, see par. 3.8.2. The capacitive current drawn by the capacitor should not pass through the fuse because this would partly annihilate the reactive current XE "reactive current"  drawn by the transformer. Then the transformer could still receive a larger current than the fuse allows and the transformer would not be properly protected.

3. The transformer reduces generator voltage to a level suitable for powering the electronics. The bridge rectifier converts it to a DC voltage that appears on measuring point `Vunstab XE "Vunstab" ’. Apart from serving as input voltage for the next step, this voltage is used as input signal for `overvoltage’ and `undervoltage’ protection features.

4. Together, the 4k7 and 5k6 resistor, 24 V zener diode BRX49 thyristor and 2200 uF elco’s form a coarse stabilized voltage supply with `V24 XE "V24" ’ as output voltage. This is a rather unconventional circuit as usually, a standard stabilized voltage supply can be connected straight to the rectifier after a transformer. In this case, secondary voltage of the transformer can become far higher than maximum input voltage for a standard stabilized voltage supply so that they not be used directly. See below for how this circuit works. Besides providing power to the next step, V24 is used to power the coil of the relay.

5. Together with the 470 nF and 100 nF capacitors, the 78L15 stabilized voltage supply XE "stabilised voltage supply:78L15"  produces a nice, stable voltage `+V XE "+V" ' of ca. 15 V that is used to power all electronics.

6. The 1k5 resistor, LM329 reference voltage XE "reference voltage:LM329"  and 47 uF elco capacitor produce an accurate, stable voltage `Vref XE "Vref" ’ of approximately 6.9 V that is used as reference voltage at many points in the circuit. The LM329 works as a very accurate zener diode so to work well, the 1k5 resistor should always supply more current than is drawn from Vref. The 47 uF elco capacitor serves as a buffer that helps suppress noise. Without this elco, just touching certain points at the circuit with measuring cables could cause such noise that protection features might trip without reason. 
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figure 4: DC voltages as a function of generator voltage

To understand how the coarse stabilized voltage supply circuit works, one could imagine that the BRX49 thyristor XE "thyristor:BRX49"  is replaced by an NPN transistor, with its collector connected to Vunstab, its base via the 5k6 resistor to the zener diode and its emitter to V24. Then as voltage on V24 drops below the 24 V of the zener diode and the base-emitter voltage drop, the transistor will receive base current. This makes the transistor conduct from collector to emitter, the elco’s will become charged up and voltage V24 rises again. This way, voltage V24 is regulated. Similarly, the thyristor will start to conduct once it receives gate current. Advantages of using this thyristor over an NPN transistor are:

· It needs a very low gate current, so the resistors and zener diodes need to carry less current.

· It has a lower voltage drop, meaning that `V24' can be maintained above minimum level up to a lower generator voltage (see with point 2 and 3 below). This low voltage drop also means that dissipation in the thyristor is minimal.

When triggered, the thyristor will remain conducting until it extinguishes by itself during the next zero crossing. So once triggered, it will charge the capacitors with as much current the transformer can supply for the remainder of that half period.. This has the following consequences:

· V24 is not regulated that smoothly: A ripple with ca. 0.09 V AC remains. This has no adverse effects. 

· Voltage on Vunstab looks heavily distorted on an oscilloscope. When the thyristor is triggered at the beginning of that half period, there is no sine-wave like top any more but just a flat line as the transformer is practically short-circuited to the large elco capacitors connected to `V24'. Then the next half period, it might not be triggered at all because V24 is rather high. And some half periods, the thyristor might be triggered near the top and voltage suddenly drops to V24.
In principle, distortion of `Vunstab' could be a problem as this is used as input signal to overvoltage and undervoltage protection features. But mean value of `Vunstab' corresponds well with generator voltage. In these protection features, there are RC filters that derive this mean value so this is not a problem either.

· Compared to a transistor circuit, the coarse stabilized voltage supply works very efficiently and the thyristor hardly gets warm. So dissipation in the thyristor is low (dissipation XE "dissipation"  is power consumed by a component and converted into heat) But somewhere, excess power must be dissipated, as open circuit voltage of the transformer is quite a bit higher than `V24' output voltage. With this thyristor circuit, this excess power is dissipated inside the transformer: When conducting, the thyristor forms nearly a short-circuit between Vunstab and V24 and current drawn from the transformer can rise quite high. Consequently, voltage drops over internal resistance of primary and secondary windings are high and dissipation in the transformer is high. At 230 V generator voltage, the thyristor conducts only some 2/3 of all half periods and in the remaining 1/3, dissipation in the transformer is very low. Still, average dissipation is higher than with a constant current being drawn from the transformer. Dissipation in the transformer rises further when generator voltage is way above normal level. Still the transformer will not overheat because:

· As current during one half period becomes higher, the thyristor will conduct during a smaller fraction of all half periods.

· When generator voltage is that high, the `overvoltage’ protection feature should switch off the relay. Then the relay coil draws no power any more and the fraction of half periods that the thyristor will conduct, drops even further.

· The fuse reacts in the same way as the transformer to high and varying currents. So if, for whatever reason, current through the transformer are such that it might overheat, the fuse will blow first.

When triggered, voltage over the thyristor drops sharply and this means high-frequency noise. To dampen this somewhat, there is an RC filter over the thyristor consisting of a 150R resistor and 47nF/250 V capacitor.

In figure 4, it can be seen that at low generator voltage, V24 is higher than Vunstab. This seems weird since how can current flow from Vunstab to V24 when voltage at V24 is higher. The voltages shown in figure 4 are mean voltages as can be measured with a tester on DC range. Looking with an oscilloscope, it can be seen that when the thyristor is conducting, Vunstab is ca. 1 V higher than V24. In between those periods, Vunstab drops considerably while V24 remains virtually constant. This is why mean value of Vunstab as measured with a tester on DC range, sometimes ends up lower than V24.

Important characteristics of DC voltage supplies module are:

1. Power consumption XE "power consumption of ELC itself" : Some 5.4 W when the relay is switched on (measured on 230 V input). All of this is dissipated within the housing so the housing should be large enough to get rid of this by natural cooling. With the relay disconnected, power consumption drops to ca. 2.4 W.
When switched on, the relay draws some 70 mA from V24. The 78L15 stabilized voltage supply draws some 30 mA, uses ca. 5 mA itself and supplies 25 mA to other electronic circuits. So a total of ca. 100 mA DC is drawn from the transformer. When a higher current is needed, another transformer type must be chosen, see annex E.6.

2. Minimum generator voltage XE "generator voltage:minimum"  needed to keep the ELC functioning normally: ca. 166 VAC. Then V24 will be 16.7 V and this is just enough to guarantee that +V will be 15 V and stable. So voltage over the relay coil will be some 16.5 V so much lower than its nominal 24V 

3. Minimum voltage to keep user loads switched on: Ca. 107 VAC. If generator voltage drops below this value for a few seconds, `fast undervoltage’ feature will trip (see par. 4.6 and next point). Of course `normal undervoltage’ feature might trip at a higher voltage already and this might make the relay switch off.
At only 107 V generator voltage, all DC voltages except `Vref' are way below normal already (see figure 4) and sawtooth signal XE "sawtooth signal"  becomes heavily distorted. This has no consequences since dump loads should be completely off anyway. `V24' will be only some 10.1 V and with that: Coil voltage for the relay. Once switched on, a 24 V DC relay will remain switched on at this low voltage, see par. 3.2. This means that the relay is adequately protected by the `fast undervoltage' feature, see par. 4.6.

4. Time the ELC can function without power supply XE "generator voltage: time the ELC can function without-" : Ca. 1.4 seconds. This allows heavy electrical motors XE "motor starting"  to be started, even if starting current of such motors is so high that generator voltage drops to a very low value. During this time, the relay and electronics are powered from the three 2200 uF capacitors. If those capacitors were not fully charged because voltage was already quite low before it dropped under the 107 V minimum, this time will be less. See also par. 4.6.

5. Time it takes to charge the large `Elco’ capacitors so far that the relay switches on after start-up: 0.3 sec. This value was measured with the PCB being switched onto a 230 V supply. A generator will build up voltage more gradually and then the relay will switch on even faster after voltage has reached 230 VAC. 

6. Maximum generator voltage XE "generator voltage:maximum"  the ELC can stand indefinitely: 625 V (this value depends on the 625 V varistor in power circuit). This only applies if frequency has increased as well as generator voltage, see par. 3.8.2.

Worst voltage spikes the ELC electronics can survive: Probably, DC voltage module can stand a pulse of 2 kV and 1 ms. Such a strong voltage spike can not occur as long as the varistors in power circuit are present and functioning, see par. 3.8.3.

2.3 Voltage dividers

The voltage dividers XE "voltage dividers"  reduce 230 VAC generator voltage signal XE "generator voltage:signal"  into a voltage signal that can serve as input signal to sawtooth signal and FT zone signal modules, see fig. figure 19.

Generator voltage must be measured as the voltage difference between `230 V Line' and `230 V Neutral'. Now voltage on `230 V Neutral' is practically the same as voltage on `+V': Via the power circuit, `23circuitutral' is connected straight to the MT1 terminal of the triacs and in final comparators module, `MT1' is coupled via a 150R resistor to `+V'. Voltage drop over this resistor is negligible, it only serves to make the electronics less sensitive to high frequency noise coming from power circuit. See also par. 2.1.3.5.

For safe testing of the PCB alone, `MT1' can be left disconnected from `230V Neutral'. Then `230 V Neutral' is still coupled to `+V' via the 332 k resistor to `MT1', but current is limited to only 0.7 mA, which is way lower than the danger level to humans. Then only components directly connected to the 230 V connections or primary coil of the transformer can carry dangerous voltages. To prevent accidental touching of those parts, that corner of the PCB can be covered with electrical tape. In this case, generator voltage signal will be distorted somewhat but still electronics will work well enough to be tested. (Please note: In the IGC version, testing without having MT1 connected to 230 V Neutral causes 1/voltage signal to be way too low, see par. 7.2.6)

This series of 332 k resistors is necessary because one 1 M resistor can not cope with the high voltages that could occur on `230 V Line'. Resistors with 1% accuracy most likely are `metal film' type resistors XE "metal film resistor"  that can have a somewhat higher voltage than ordinary 5% types. For the 100k resistors, the 1% version was chosen because it is important that their values are precisely equal.

Via this series of 332 k resistors, voltage signal from `230 V Line' comes in. If this voltage would be equal to voltage on `230 V Neutral', this combination of voltage dividers will also give a voltage of 1/2 of voltage on `+V', so equal to the reference voltage from the left-hand voltage divider. This means that if generator voltage is 0, voltage signal fed to sawtooth signal circuit is also 0.

The diode to +V protects inputs of opamp 5, 6 and 8 against too high voltages.

The voltage dividers do not only supply a signal to sawtooth signal module and F.T. zone circuit, but are influenced themselves by these modules, see at the respective paragraphs.

Preferably, all resistors except the 1 M one should be 1 %, metal film types instead of ordinary, 5 % carbon types:

· The four 100k resistors should have precisely the right value. If not, the blocks in sawtooth signal module will get a distorted signal. Then  zero crossings XE "zero crossing"  are not detected properly any more and at the end of the line, there might be a DC component XE "DC component" \t " See troubleshooting / DC component" 

 XE "troubleshooting:DC component"  in current to dump loads, see par. 7.4.6.

· For the 332k resistors, it is not accuracy that counts but the increased maximum voltage. Ordinary carbon film resistors with 5 % accuracy have a maximum voltage of 250 V while 1 % metal film resistors are rated at 350 V. Probably, resistance value is no longer guaranteed above maximum voltage. Maybe there will be a leakage current and in extreme cases, the insulation might fail and it could become short-circuited. If this would happen during a heavy voltage spike, opamp 5, 6 or 8 might get destroyed. This maximum voltage can be lower than voltage at which dissipation surpasses its power rating and the resistor overheats.

2.4 Sawtooth signal module

A sawtooth signal XE "sawtooth signal"  is a signal that increases gradually with a constant slope, then drops sharply when it is `reset', after which the cycle is repeated, see figure 24. Here, the resets of sawtooth signal follow shortly after the zero crossings of generator voltage.

Sawtooth signal serves two functions:

1. Its momentous value tells how much time has elapsed since the last zero crossing XE "zero crossing" . This information is used by final comparators to set trigger moment for this half period.

2. Its mean value tells about the frequency at which the generator runs. If frequency is rather low,  sawtooth signal rises a bit higher before it is reset by the next zero crossing and its mean value will be slightly higher. If on the other hand frequency is relatively high, mean value of  sawtooth signal will be below normal. So its mean value is proportional to the inverse of frequency. This mean value is derived in low-pass filter, after which it is fed to PI controller.

With respect to function 1, sawtooth signal is distorted because it also contains the information for function 2. Ideally, sawtooth signal should give information on phase angle: The time since the last zero crossing as expressed as an angle. This phase angle can only vary between 0( and 180 ( so then an ideal sawtooth signal should also have fixed minimum and maximum values. The maximum of actual sawtooth signal is not fixed, it depends on the time between two zero crossings, so on the inverse of frequency. This has no consequences for the functioning of the ELC since it will be compensated for if P-effect is adjusted only slightly higher (for the IGC version, it is relevant, see par. 5.2).

Sawtooth signal is derived from generator voltage in 4 steps, see also the signals drawn in figure 24:

1. Block wave: A block wave XE "block wave"  is a signal that, at any moment, is either `low' or `high'. Duration’s of `high' and `low' stages are equal and it switches very fast from high to low or reverse. Actual voltages of `high' and `low' stages depend on characteristics of the electronic component that creates it and its voltage supply.
Opamp 5 is connected as a Schmidt trigger XE "Schmidt trigger" . The right-hand voltage divider supplies a reduced, sine-wave-shaped generator voltage signal. This voltage divider has an internal resistance of 45 k and consequently, voltage at + input is influenced also by voltage of its output via the 1 M resistor between output and + input of opamp 5. This resistor causes a `feed-forward' effect: When output is `low', it influences its input signals in such a direction that it tends to remain `low' longer (see also par. 2.1.3.4). This makes block wave less sensitive to noise on generator voltage. Result is a block wave signal with the same frequency as the generator (around 50 or 60 Hz) that switches synchronized with zero crossings of generator voltage. The feed-forward effect however, makes that it does not switch exactly at zero crossings any more but a little later: Block wave signal is somewhat delayed with respect to generator voltage signal at its input.

2. Inverted block wave: Opamp 8 works just like opamp 5, but has its + and - inputs interchanged. This makes that when opamp 5 is `high', opamp 8 will be `low' and the reverse, making its output signal the inverse of block wave of opamp 5. Looking at the combination of opamp 5 and 8, it can be seen that the effects of the two feed-forward resistors, are added. When opamp 5 is high, its own feed-forward resistor pulls its + input a bit higher. At the same time, opamp 8 will be low and pull - input of opamp 5 little lower. 
Both feed-forward resistors are practically equal to the total of 990 k of resistors through which generator voltage signal comes in. This makes that feed-forward effect as calculated back to generator voltage levels, is equal to the full voltage swing that those opamps can make: Some 14 V (here output voltage range is more than stated in par. 2.1.3.4 because current drawn from it is very low). So after a negative half period in generator voltage, block wave will switch from low to high once generator voltage has risen to +14 V just after a zero crossing from negative to positive. And it will switch back to low when generator voltage has decreased to -14 V after a zero crossing from positive to negative (inverted block wave just reacts opposite). This causes the 0.14 ms time delay between real zero crossings and the switching moments of the blocks, see figure 24.
Opamp 5 and 8 make a block wave from a sine-shaped signal and for shortness, they are called `blocks XE "blockers" '. So their name has nothing to do with `to block' in the meaning of `to obstruct'.

3. Pulse train XE "pulse train" : Opamp 5 and opamp 8 both have a 47 nF and a 5k6 resistor wired to their outputs. Over the resistors, there will be a voltage peak right after output of the respective opamp has switched, which will then dampen out quickly. Both positive and negative peaks are created but only the positive peaks are conducted forward by the diodes. If one branch produces a negative peak (because its opamp switches from high to low), at the same time the other one will produce a positive one (because then this opamp must have switched from low to high). So on pulse train measuring point, there is a series of positive pulses with twice generator frequency, so around 100 or 120 Hz and a width of ca. 0.16 ms. These pulses are synchronized with zero crossings but, because block wave itself was slightly delayed, these pulses are also a little delayed with respect to zero crossings.

4. Sawtooth signal: Together, the 10 k and 1 k (1.2 for 60 Hz) resistor and 250 ( trimmer form a voltage divider from `Vref' that supply a stable, low voltage to + input of opamp 7. The 5.6 k resistor and 100 nF capacitor make that opamp 7 functions as an integrator: It integrates this low, stable voltage at its + input into an output signal that has a constant, positive slope and this forms the gradually increasing part of sawtooth signal (see beginning of this par.).
During every pulse of pulse train signal, the BC237 transistor receives current at its base terminal and conducts. This way, the 100 nF capacitor is discharged and, with its – input practically short-circuited to its output, opamp 7 acts as a voltage follower: Its output just reproduces the low, stable voltage at its + input. As soon as the pulse ends, output starts to rise again. The result is a sawtooth signal of some 100 (or 120 Hz) with the resets synchronized to zero crossings of generator voltage. But again, these resets are slightly delayed with respect to zero crossings of generator voltage.

With the 250 ( trimmer, slope of the rising part of sawtooth signal is set. For a given frequency, the setting of this trimmer determines the mean value of sawtooth signal and with that: `1/f’ signal. The PI controller has no trimmer for the frequency the ELC should regulate towards. It just regulates for 1/f signal to become equal to `Vref’. This all makes that frequency the PI controller regulates towards, is set by this 250 ( trimmer. See also par. 2.1.3.3.

Theoretically, frequency trimmer should be set such that voltage at + input of opamp 7 is 0.701 V DC for 50 Hz nominal frequency. For 60 Hz nominal frequency, this value should be 0.829 V DC. These adjustments can only be made if the right resistor is fitted between this trimmer and `E’: 1 k for 100 Hz and 1.2 k for 120 Hz (see figure 19). In practice, a slightly different value will be needed because the 100 nF capacitor, 5.6 k resistor or LM329 reference voltage will differ slightly from their nominal value:

Recommended setting frequency XE “frequency:adjustment” : Should be fine-tuned during testing, see par. 7.2.2 and 7.2.4.

Sawtooth signal becomes distorted if output of opamp 7 would reach its maximum level before the next pulse comes in to reset it: It shows `blunt teeth’: Flat portions appear towards the end of each cycle. This situation can occur if:

1. Slope of sawtooth is set high, causing opamp 7 to reach its maximum value too early. If the 5.6 k resistor, 100 nF capacitor and the resistors of the voltage divider from Vref are correct and if frequency trimmer is not set completely wrong, this situation should not occur.

2. Pulse train signal contains too few pulses, for instance because the pulses from either opamp 5 or opamp 8 do not come through properly.

3. Generator frequency is quite a bit lower than normal. This situation poses no real problem: `1/f’ signal will be lower than it should be theoretically, but still high enough to make the PI controller switch off dump loads completely. Since dump loads are switched off anyway, the fact that final comparators receive a distorted sawtooth signal anyway, does no harm either.

4. `+V’ collapses. This is the voltage supply to all opamps so if it drops, the maximum voltage the output of opamp 7 can reach, drops with it. This situation can occur if such a heavy load is switched on that generator voltage drops to well below 166 VAC (see par. 2.2). This heavy load will also cause generator frequency to drop fast and the ELC should react to it as fast as possible by switching off dump loads as fast as possible. Now distortion of sawtooth signal can be a problem because it makes `1/f’ signal remain too low. Then the PI controller underestimates the drop in frequency and will not react adequately.  problem will only occur if dump loads have not been switched off yet by the time `+V’ starts to drop, so if:

· Too small capacitors have been connected to `V24’.

· The relay coil draws too much current (if so, this should be compensated by fitting extra capacitors over `V24’).

· The PI controller is adjusted very slow (see par. 2.7.1).

The feed-forward effect of opamp 5 and 8 have a small influence on voltage of the right-hand voltage divider, which is also used by the F.T. zone circuit. The adjustment procedure for width of F.T. zone is such that this effect is compensated for.

2.5 Forbidden Trigger zone module

In principle, sawtooth signal contains all information that is needed to trigger the triacs at the right moments, achieve the desired trigger angles and with that, the right amount of power diverted to the dump loads (see also par. 2.1.2). In practice, things can go wrong near the ends of the range of possible trigger angles. Forbidden Trigger zone (or F.T. zone) XE “F.T. zone”  signal creates a safety margin around the danger zone close to the zero crossings XE "zero crossing" : When it is high, final comparators module will not produce a trigger pulse XE “trigger:pulse" . This way, the following triggering errors can be avoided: 

· Suppose trigger angle should be near 180°, meaning that dump loads should be switched practically off. Now the small delay between actual zero crossings and the resets of the sawtooth signal (see with `inverted block wave’ in previous par.), might cause the trigger pulse to come just after the real zero crossing. This would mean that the triac is triggered at the start of the next half period instead of towards the end of the previous one, causing its dump load to be switched on completely. Also if the start of the trigger pulse might be just before the zero crossing, it might continue until a little bit after, with the same effect.

· Suppose trigger angle should be near 0°, meaning that the dump loads should be switched completely on. Then things could go wrong if the dump loads are slightly inductive, causing current through them to lag a little bit behind voltage over them. This means that the triacs will extinguish shortly after the zero crossing. Now if a trigger pulse would come just before the triac extinguishes, it has no effect: The triac will still block once current drops to 0 and it won’t be triggered after this. So the next half period, dump loads are switched fully off.

When FT zone signal is high, the final comparators module will not produce a trigger pulse (see par 2.9). If the PI controller produces a trigger angle signal corresponding with nearly 0° trigger angle, the effect is that the trigger pulse is delayed until the F.T. zone signal goes low again, meaning a somewhat higher trigger angle so that the dump load is not switched on completely. If the PI controller produces a trigger angle signal corresponding with just less than 180° trigger angle, there won’t be any trigger pulse so the effect is that the dump load is switched off completely.

F.T. zone signal is derived from generator voltage, using the signal from the right-hand voltage divider. Around zero crossings, generator voltage is close to 0 and F.T. zone signal will be high. Away from zero crossings, this voltage is large, (either positive or negative) and F.T. zone signal should be low, see figure 24.

Suppose the 2.5 k trimmer is set to 0 ( and that neither of the two diodes is conducting. Then the two vertical 10 k resistors form a voltage divider between `+V’ and `E’ producing a voltage of exactly ½ of `+V’, just like voltage of the right-hand voltage divider when generator voltage is 0 V (see also par. 2.3).

Opamp 6 is connected as a comparator. Its output will be high if voltage on + input is higher than that on – input, and low if + input is lower than – input. With the trimmer set to 0 (, voltages on + and – input are exactly equal (1/2 of `+V’) and, depending on a slight `offset voltage’ of the opamp inputs, output could be either low or high. Now if the setting of this trimmer is increased slightly, + input of opamp 6 is pulled up a bit and – input is pulled down by just the same little bit. This will make that output will surely go high, inhibiting any trigger pulses.

If generator voltage rises well above 0, the lower diode will start conducting, causing a current through the lower, horizontal 10 k resistor between – input and lower end of the trimmer (see figure 19). Once voltage drop over this resistor becomes higher than voltage over the trimmer, - input of opamp 6 is pulled higher than + input and output will go low, enabling final comparators to produce trigger pulses.

If generator voltage decreases until well below 0 V, the upper diode will start conducting, causing a current through the upper, lying 10 k resistor between + input and upper end of the trimmer. Once voltage drop over this resistor becomes higher than voltage over the trimmer, + input is pulled lower than – input and output will go low also, enabling the final comparators to produce trigger pulses.

How high or how low generator voltage should go before F.T. zone signal goes low, depends on voltage drop over the 2.5 k trimmer, so on the setting of the trimmer. With this trimmer, width of the F.T. zone pulses can be adjusted.

Adjusting the width of FT zone pulses too narrow gives increased chances on the trigger errors mentioned at the beginning of this par.. Adjusting it rather wide, will cause the ELC to react a bit crude as it can no longer use the full range of trigger angles.

Pulse width of FT zone signal can be estimated by measuring DC voltage on `FT zone’ measuring point. This gives the mean value of FT zone signal, so it shows the duty cycle XE “duty cycle” : The width of an F.T. zone pulse divided by the time between two such pulses. 

Recommended setting F.T. zone XE “F.T. zone:adjustment” : 1.0 V DC as measured on `F.T.  zone’ measuring point.

It is not advisable to reduce this setting much further as triggering errors become very likely once FT zone is set at 0.5 V or below. If triggering errors occur at FT zone set to 1.0 V, this setting could be increased further, see par. 7.4.3.

When generator voltage is close to 0, both diodes in F.T. zone module will conduct no current: They are both in blocking direction and for sure, the forward voltage drop they need to start conducting, is not reached. This means that around zero crossings, F.T. zone circuit does not disturb voltage from the right-hand voltage divider. So the detection of zero crossings by the blocks is not influenced.

Once one of these diodes does conduct, F.T. zone circuit strongly influences voltage of the right-hand voltage divider:

· Without this influence, generator voltage would be divided by a factor 22.8 (= (990 + 45 k) / 45 k). This means that with normal generator voltage of 230 VAC, voltage of this divider would vary from 14.3 V below to 14.3 V above its neutral value of ½ times `+V’ voltage. Then opamp 5 and 8 would react unpredictably since their input voltages come outside the allowable range as set by supply voltages `E’ and `V’.

· If one of the diodes of F.T. zone module conducts, the resistors of this circuit act as one resistor of ca. 15 k connected to ½ times `+V’ voltage. The effect is that now generator voltage is divided by a factor 88.8 instead of 22.8 . This effect makes that under normal operating conditions, generator voltage signal as supplied by the right-hand voltage divider to opamp 5 and 8 remains well within the allowable range.

When generator voltage becomes extremely high, input voltages to opamp 8 and 5 could still end up outside this range, but it won’t do any harm. If this happens, overvoltage protection feature should switch off user loads and dump loads anyway so it doesn’t matter if sawtooth signal XE "sawtooth signal"  gets disturbed. Also these opamps won’t be damaged: The diode in voltage dividers module protects against too high voltages and the opamp inputs themselves act as diodes to `E’, protecting against extremely low voltages.

In principle, F.T. zone signal could be used to reset sawtooth signal instead of pulse train signal. Then the circuit that generates this pulse train signal (see step 1, 2 and 3 in previous par.) could be left out. The earliest ELC prototype my friend Siem Broersen and I built, worked this way. It functioned poorly because F.T. zone signal is easily distorted by noise on generator voltage. The present sawtooth signal circuit is a far more accurate way to detect zero crossings

2.6 Low-pass filter

Since the slope of sawtooth signal is constant, the maximum value it reaches before being reset, is proportional to the time lapse between zero crossings (see also figure 24). This means that peak voltage of sawtooth signal XE "sawtooth signal"  is proportional to the inverse of frequency of generator voltage. Mean value of sawtooth signal is mean value of its maximum (which varies with inverse of frequency) and its minimum (which is constant) so mean value can also be used as a measure of inverse of frequency. Low-pass filter derives this mean value of sawtooth signal and this 1/f signal XE “1/f signal”  serves as input to PI controller.

All components of low-pass filter XE “low-pass filter”  together form a third-order `Butterworth’ low-pass filter with a cut-off frequency XE “cut-off frequency”  of 17.3 Hz. Variations in sawtooth signal with a frequency well below this cut-off frequency, can pass the filter without being dampened noticeably. These low-frequency variations contain the information on changes in generator frequency the PI controller should react to.

Sawtooth itself has a frequency way above this cut-off frequency so this is dampened very strongly: At 100 Hz (for 50 Hz nominal generator frequency), a nearly sine-wave shaped ripple voltage XE "ripple voltage"  with an amplitude of only 20 mV will come through. At 120 Hz, the filter works even better and an amplitude of only 11 mV will come through.

For this filter, a 24k3/1% resistor and a 56 nF capacitor are needed (ordinary 5 % resistors are not available with a value around 24k so a 1%, metal film type was chosen). Since those parts are not readily available, there is room on the PCB to fit combinations of resistors and capacitors. Instead of the 24k3/1% resistor, a 22k and 2k2 resistor can be fitted in series. The 56 nF capacitor can be replaced by a 47 nF and 10 nF capacitor connected in parallel.

As said, low-frequency signals are hardly dampened by this filter, but they are affected in another way: They come through with a delay time of some 20 ms, see par. 2.7.2 for the consequences.

ERROR IN PREVIOUS VERSION XE “ERROR:in previous version” : In the draft manual dated February 1997, the value for the third capacitor value was 560 nF instead of 56 nF (also resistor values were different because that filter had cut-off frequency of 12.5 Hz). With this wrong capacitor value, it dampened out  high frequencies even better, but at the expense of a longer delay time. Also, it is no longer a true `Butterworth’ filter and it might behave unpredictably. If someone has built this design, it is recommended to replace the 560 nF (or: 470 + 100 nF) capacitor for a 56 nF (or: 47 + 10 nF) one and readjust the PI controller.

2.7 PI controller

2.7.1 How the PI controller works electronically

In general terms, the PI controller XE “PI controller”  works as follows: It compares actual frequency (an input variable) with desired frequency (a set point, adjusted by means of `frequency’ trimmer) and reacts to the difference. If actual frequency is too high, it decreases trigger angle so that more power will be diverted to the dump loads. This will make the generator slow down and frequency will decrease. And the reverse: If actual frequency is too low, trigger angle is increased, power diverted to dump loads decreases and the generator can speed up some more. 

The circuit diagram of figure 19 shows some more on how the PI controller works electronically:

1. There is no `frequency’ signal, but an inverse-of-frequency signal: 1/f signal from low-pass filter. This does not matter as long as it makes the controller regulate in the right direction: If frequency is too high (so `1/f’ is too low), trigger angle should decrease and the reverse.

2. Voltage of `Vref’ serves as a `desired 1/frequency’ signal. This voltage can not be adjusted so for fine-tuning frequency, one has to manipulate the way the `1/f’ signal itself is created, which is done with `frequency’ trimmer in sawtooth signal module, see par.2.4.

3. The PI controller consists of a P-effect (around opamp 9) and an I-effect (around opamp 12). Both react independently to changes in `1/f’ signal and the two 10 k resistors make that trigger angle XE "trigger:angle" \b  signal is the mean value of their output voltages.

The `P’ in `P-effect’ XE “P-effect”  stands for `Proportional’. Op​amp 9 is wired up as a non-inverting amplifier, meaning that its output signal is proportional to its input signal, which is the difference between `1/f’ and `Vref’. Its amplification factor can be adjusted with the 25 k trimmer. Setting it to a lower resistance, increases the amplification factor and makes P-effect react stronger. So P-effect can be expressed as this amplification factor. With trimmer set to its maximum value of 25 k, amplification of P-effect opamp = 9.8 (= 220/25 + 1, see par. 2.1.3.4), with the trimmer in middle position, P-effect = 18.6 etc.

P-effect reacts instantaneously to changes in `1/f’ signal, but it does not regulate in such a way that `1/f’ becomes exactly equal to `Vref’. To maintain a trigger angle signal other than its neutral value of `Vref’, there must be a difference between 1/f and `Vref’ that can be amplified. This means that a P controller (consisting of only P-effect) will not regulate to exactly its set point.

The `I’ in `I-effect’ XE “I-effect”  stands for `Integrating’. Like opamp 7, opamp 12 is wired as an integrator XE “integrator” : An input signal is transformed into an output signal that rises or falls with a slope proportional to value of its input signal. The relation between input voltage and slope of output voltage, is determined by the 100 k trimmer. Setting it to a lower resistance, will make I-effect react faster. So I-effect can be expressed as a conversion factor between an input voltage and a slope of output voltage. With its trimmer set to maximum of 100 k, this conversion factor I-effect is 21 s-1 (or `per second’), with trimmer in middle position, I-effect = 42 s-1 etc.

Contrary to the integrator of opamp 7, input signal for I-effect (= difference between 1/f signal and Vref) is not constant. It could be either positive or negative, and either be very small or rather large. Consequently the output of opamp 12 could either go up quite fast, hardly change at all, or go down quite fast. It all depends on whether `1/f’ is above, nearly equal to, or below `Vref’.

I-effect continues adjusting its output until there is no difference between Vref and `1/f’ left to amplify. By then, I-effect does not change any more, but it might be anywhere between its upper and lower voltage limit. So an I controller (consisting only of I-effect) does regulate to exactly its set point.. 

As long as the ELC is operating normally, opamp 12 will not reach the limits of its output voltage range. Suppose 1/f signal is slightly above Vref. Then output of opamp 12 will rise slowly, trigger angle rises and with that: Power diverted to dump loads decreases. This makes that total load connected to the generator decreases, it will accelerate and frequency rises so 1/f signal drops. So the process that is being controlled by the PI controller (the generator), forms a part of the feed-back loop that prevents I-effect opamp from reaching the limits of its range.

To understand how the PI controller works, one has to look how P-effect and I-effect cooperate:

· When 1/f signal changes fast, P-effect is the first to react and make that trigger angle is adjusted to the new situation.

· Once the situation is stable, it is I-effect that does the actual regulation and makes sure that frequency is regulated to exactly its set point.

Via the two 10 k resistors, both P-effect and I-effect have an equal influence on trigger angle signal and this signal is the mean of the two output voltages. Now final comparators have been designed such that, with P-effect having its neutral value equal to `Vref’, I-effect on its own can regulate dump loads from being practically switched off to being nearly fully switched on.

Turning P-effect or I-effect trimmer to the left (= anti-clockwise, gives a lower resistance) will make the system react faster to disturbances. This is desirable because generally, this means a better quality of regulation: A given disturbance will cause a smaller change in frequency that will also last less long. However, if P-effect and I-effect are set too fast, PI controller will over-react. Then when user load power changes suddenly, this excites the system and the resulting oscillation will dampen out only slowly. If P-effect or I-effect are adjusted even faster, any initial oscillation will not dampen out, but amplified and the system becomes unstable: It will start to oscillate XE “PI controller:unstable, oscillation”  by itself. Turning these trimmers to the right means PI controller is adjusted less fast and the system becomes more stable. See next par. for background information on this.

The best way to adjust P-effect and I-effect is in the field during installation by using the `recipe’ of Ziegler and Nichols XE “PI controller:adjustment” . This comes down to adjusting P-effect faster and faster until the system just oscillates and then reducing P-effect to 45 % of that setting. Now I-effect is adjusted faster and faster until it just causes oscillation, and then is reduced to 33 % of this setting, see par. 7.2.4 for more details. This way, a setting is found that is as fast as possible, while still any oscillations will dampen out quickly. 

With a battery-powered oscilloscope with `single’ triggering, or a computer connected scope device, the reaction of `1/f signal’ to a change in user loads can be recorded. With a properly adjusted controller, it should look like `1/f signal’ line in figure 6.

As P-effect just amplifies 1/f signal, it also amplifies the remaining 100 or 120 Hz ripple voltage XE "ripple voltage"  that is left over from sawtooth signal by the low-pass filter. If P-effect is set too high, there will be such a large 100 Hz oscillation in trigger angle signal that final comparators can not produce proper trigger moments. At 50 Hz nominal frequency, this noise signal has an amplitude of 20 mV. To be safe, P-effect should never be set higher than 100 (so trimmer should not be set to less than 2.2 k). At 60 Hz, this noise signal has only 11 mV amplitude and P-effect should not be set higher than 170 (so trimmer should not be set to less than 1.3 k). In practice, such high values for P-effect are not feasible anyway because they would make the system unstable.

2.7.2 A `control engineering’ look at the PI controller 

This paragraph will be difficult to understand for people who are not familiar to control engineering XE “controll engineering”  and those readers might as well skip it, as it contains no information that is essential for installing and adjusting an ELC in practice. For people who do have some experience with control engineering, this paragraph gives background information that helps understanding in more detail how the system will react. 

In general, a fast-acting controller is a better controller: It reacts faster and stronger to disturbances so the variable being controlled (= frequency), is brought back to its desired value faster. So on average, difference between actual value and desired value will be smaller: A better controlling action.

But there is a limit as to how fast a controller can be made: It should never cause the system to oscillate by itself. In fact one should stay well below this oscillation level, so that variations caused by outside influences, dampen out quickly. For complicated `higher order’ processes, the maximum gain of the controller at which the system just starts to oscillate, can be calculated theoretically. For a simpler system like controlling generator speed with an ELC, such a calculation would give that theoretically, the controller can be adjusted infinitely fast without causing oscillation. In practice however, it already causes oscillation at a moderately fast setting because of delay time XE “delay time”  (also called `dead time’ XE "dead time" \t " See delay time" ) in the process itself or in the controller.

A delay time means that the controller receives outdated information, and must react to this. This situation is comparable to trying to adjust water temperature of a hot shower. Due to the time it takes for water to pass the hose from the hot and cold taps to the shower head, one feels water temperature corresponding with tap settings of a few seconds ago. So not the temperature corresponding with actual tap settings! This means that one easily overreacts and changes tap settings too fast and temperature swings from too cold to too hot: The system oscillates. To avoid this, the taps must be handled with patience, like a controller adjusted slow.

figure 5 gives a simplified block diagram XE “block diagram”  of a M.H. system. As explained in par. 2.6, low-pass filter causes a delay time of ca. 20 ms for relevant frequencies. Besides this, the way `frequen​cy’ signal is measured, also causes some delay: If generator frequency changes a bit during one half period, this is detected only at the end of this half period, so at the next zero crossing XE "zero crossing" . During the next half period, no new measurement comes in so the measured value of the last zero crossing is still used. On average, this means 5 ms delay time at 50 Hz and 4 ms delay time at 60 Hz. This means a total delay time XE “delay time”  of ca. 25 ms in total.

Looking carefully, things are even more complicated, since near zero crossings, the value of trigger angle signal is virtually irrelevant. Only near the top of the sine-wave-shaped generator voltage signal, a small change in trigger angle causes a large difference in power diverted to dump loads. So to be precise, one should not only look at `how fast a signal comes through’, but as well at `how much of a signal comes through by the time of the next top in generator voltage’.

This 25 ms total delay time sets a `speed limit’ XE “PI controller:speed limit”  as to how fast PI controller can be adjusted, so also as to how fast the ELC as a whole can react. 

Control engineering theory predicts that a system just oscillates when overall amplification in the feedback loop equals –1, so when phase delay XE “phase delay”  is 180(. Suppose PI controller has its I-effect set very slow so this hardly counts, while P-effect is adjusted such that the system just oscillates. P-effect causes no phase delay between its input and output. At this frequency, the generator will cause a phase delay of nearly 90( since it acts virtually as an integrator: Output signal `frequency’ is the integral of excess power that is available to accelerate the rotor. Then the 25 ms delay time must make up the remaining 90° phase delay, so frequency at which the system just starts to oscillate would be 1 / (0.025*(360°/90°)) = 10 Hz. 


figure 5: Block diagram of M.H. system with ELC

The ELC works at the electrical side of the generator, while its effects become apparent at the mechanical side, as a change in generator speed. This why there is this weird conversion of `Surplus electrical power’ into `surplus mechanical power’ by multiplying with 1/(gen.

In practice, such a fast setting is not achievable (see below) and not desirable either:

1. In a practical PI controller, I-effect causes an extra phase delay in the feedback loop. Suppose this is a 30( phase delay, then the 25 ms delay time corresponds to only 60( and oscillation frequency will be 6.7 Hz. 

2. As said before, it is not good enough if the system doesn’t start oscillating from its own. When excited by a change in user loads, the resulting oscillation should dampen out quickly, as in figure 6.

Unfortunately, no scope images are available that show how PI controller reacts to a change in user load power. But the model described in figure 5 can be used to build a simple computer model that simulates the behavior of such a system.

figure 6 shows some results for the case of a PI controller that is adjusted optimally according to the `recipe’ described in the previous par.:

· Obviously, ‘1/f signal’ is delayed by 25 ms with respect to actual inverse of frequency, as the simulation model was programmed this way.

· Since its input signal is delayed, also the reaction of PI controller (= power to dump loads) is delayed.

· Looking at power to dump loads, there is considerable overshoot: Temporarily, it drops to a level way below the new equilibrium value.

· The oscillation caused by this change in user load power, dampens out very quickly. Within 0.4 seconds, a new stable situation is reached.

· The temporary drop in frequency is quite small (less than 1.5 %) and lasts for only 0.15 s. So PI controller reacts fast and prevents a further drop.

figure 6 shows an ideal case. In practice, there will be noise signals, weird interactions and so on, that could make the system oscillate more easily (see e.g. par 3.9 and par 7.4.4). Consequently, PI controller must be adjusted somewhat slower to reduce such oscillations and it will not react that swiftly to changes in user load power. 

The simulation model does confirm well with the theoretical frequency of 10 Hz in case P-effect is adjusted so high that the system just oscillates (see above): When integration time interval is chosen so small that numerical problems play no role, an oscillation frequency of 9.8 Hz was found.

As can be seen in the block diagram of figure 5, there are many unknown parameters in the system. The most important ones of these, are:

· Mass of inertia J XE “mass of inertia J”  of rotating parts of generator, transmission and turbine . 

· Capacity of dump loads Pd.

This makes it impossible to give recommended settings for P-effect and I-effect in advance. If one of these parameters changes, PI controller must be readjusted:

· If capacity of the dump loads is increased, PI controller should be adjusted slower.

· If moment of inertia decreases, PI controller must also be adjusted slower.
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figure 6: Reaction of PI controller to a change in power drawn by user loads

This figure was made by computer simulation, using a delay time of 25 ms between actual frequency and 1/f signal and no additional delay time between output of PI controller and power to dump loads.

Provided that PI controller is properly adjusted again, its reaction to changes in user load power will hardly differ from that of figure 6 XE "PI controller:reaction of -" . When capacity of the dump loads is chosen higher, this will be fully compensated for by a lower setting for P-effect and I-effect and figure 6 would not change at all. If moment of inertia decreases, only the temporary drop in frequency will become larger than the 1.5 % shown in figure 6. But the duration of this drop remains the same.

In fact figure 6 is determined more by ratio’s between parameter values rather than by the absolute value of a single parameter. figure 6 was made with such parameter values that when all loads are suddenly removed, generator speed would accelerate at a rate of 100 % of nominal speed per second (of course it will not accelerate this fast for long, as it will stabilize at around 170 % of nominal speed). So any system that accelerates faster when loads are removed, will inevitably show a larger drop in frequency. And when it accelerates less fast, the drop should be smaller.

If turbine output power is increased, PI controller does not have to be readjusted since this parameter does not appear in the block diagram of figure 5. But then capacity of the dump loads must be increased as well and this is the reason why readjustment is necessary.

Normally, settings of a complete PI controller are given as an amplification factor `Kr’ XE “PI controller:amplification factor Kr”  factor and a time constant XE "time constant"  `(i’ XE “PI controller:time constant (i” . These parameters are related to P-effect and I-effect in the following way:

1. In the `Kr’ factor, both P-effect and total capacity of dump loads must be included, see figure 5. Assuming:

· P-effect is adjusted to its slowest position, so: amplification factor is 10.

· A total of 1 kW dump loads is connected, so two dump loads of 0.5 kW each.

2. Then for 50 Hz nominal frequency, Kr will be 0.21 (Kr = 0.17 for 60 Hz nominal frequency), with `frequency' input signal expressed in Hz and power to dump loads expressed in kW. So under these conditions, a 1 Hz rise in frequency to P-effect on its own, will cause a 0.21 kW rise in power diverted to dump loads. Kr is proportional to the amplification factor of P-effect and to the capacity of dump loads connected.

3. In the (i time constant, ratio between P-effect and I-effect is expressed. If both P-effect and I-effect are set to their slowest position, (i is 10 / 21 = 0.47 s. So (i is proportional to P-effect and inversely proportional to I-effect.

2.8 Overload signal

In a way, overload signal XE "overload signal"  module is related more to protection features, as it remains inactive as long as the system is operating normally. It is activated only when there is an overload situation XE "overload situation" , so if user loads draw more power than the system can generate By then, the ELC will have switched off dump loads completely, but still generator frequency might drop further (see annex B for more information). The overload module is meant to warn users that the system is overloaded and that they should switch off some appliances that draw a lot of power, or at least not switch on any more. 

Once frequency drops below a threshold level, overload module will cause the ELC to oscillate in a characteristic way. This makes that all over the grid powered by the M.H. system, at least frequency, and most likely also voltage, will fluctuate. Most types of electrical appliances will somehow react to this, by a change in pitch of their noise or by a change in brightness of lamps. 

Opamp 11 is wired as a pulse generator XE "pulse generator" , although this one produces an inverted pulse signal: Normal state is `high' and pulses are `low'. There is a strong feed-forward effect created by the 100 k resistor from output to - input, which makes that output will be either `high' or `low'. With output in `low' state, there is an even stronger feed-back effect created by the 3.3 k resistor + diode between output and - input, but this effect is delayed: It takes a while before the 47 (F elco capacitor is discharged. This makes that output will not remain `low' for long: Once the feed-back effect overtakes the feed-forward effect, it goes `high' again. Then the diode blocks, so the capacitor can not be charged from output via the 2.2 k resistor. It can be charged only from `1/f' signal via the 15 k resistor and this takes quite a bit longer. This makes that the period between two pulses are much longer than the pulses themselves.

During a pulse, trigger angle XE "trigger:angle"  signal is pulled down via the 5.6 k resistor and diode. During an overload situation, frequency will be considerably below normal, so both P-effect and I-effect will pull trigger angle up as high as they can. The result will be that trigger angle ends up at about 1/2 V, making that dump loads will be switched on at half capacity. The extra power that is drawn from the generator, will make it slow down further and, depending on generator characteristics, also generator voltage will go down considerably.

The duty cycle XE "duty cycle"  (= pulse width divided by time for one complete cycle) of output signal depends on 1/f signal and setting of the trimmer. If middle contact of the trimmer is only slightly above Vref (so only a moderate overload), pulses will be quite short: Ca. 0.15 s, while one cycle might take some 3 to 5 s. If frequency drops further, the pulses themselves become only slightly longer while the time between pulses becomes much shorter, say just 1 s. 

It seems counterproductive to waste power by switching on dump loads right when there is a power shortage already. However, the power wasted by this overload signal is quite small because the pulses are short in comparison to the period between two pulses. Even when pulses are just 1.5 s apart, on average only 5 % of dump load capacity is used for this.

Recommended setting overload signal XE "overload signal:adjustment" : It should become active when frequency drops below 90 % of frequency as set by `frequency' trimmer.

This setting is open to discussion: Choose another value if you think this is more appropriate.

With the following procedure, overload trimmer is adjusted such that with frequency equal to nominal frequency, voltage at middle contact of this trimmer will be 0.90 * Vref. Then when frequency would drop to 0.90 * nominal frequency, 1/f signal will increase to 1.11 times Vref, middle contact will just reach Vref and overload signal will become active:

1. Make sure that the PCB receive adequate voltage supply. This can be done by letting the system run normally, or by connecting only the PCB to a normal 230 V outlet.

2. Measure Vref accurately. This should be close to 6.9 V. `1/f' signal will have this voltage if frequency is equal to the value set by the `frequency' trimmer.

3. Multiply this value by 0.90 .

4. Measure voltage at - input of opamp 11 (= pin 9) and adjust the trimmer until it is equal to the value calculated in step 3.

Overload signal module can be tested by connecting more user loads than the system can handle. If the turbine has a flow control valve, an overload situation can be simulated by reducing turbine power output and no extra user loads are needed.

If overload module becomes active while testing other things, it can be quite confusing. Therefor, it is best to disable overload signal XE "overload signal:disable"  during testing. This can be done by turning the trimmer to the extreme right.

Of course the overload signal only makes sense if users recognize the signal and react to it by switching off appliances that consume a lot of power, or at least not switch on more appliances. So it should be explained to them why the signal is given and demonstrated how the signal influences different kinds of appliances. There is an incentive for users to react to the signal. If they would not, eventually `undervoltage' protection feature or the overcurrent protection of the generator will switch off user loads completely and they will have to wait for the operator to start up the system again. Or, if these features are disabled, eventually their appliances won't function properly or might even get destroyed.

2.9 Final comparators

Like opamp 6, opamp 1 and 3 are wired up as comparators XE "comparator"  (in the standard version, opamp 2 is not used, in the 3 dump load version this opamp is also a comparator). There is no feed-back or feed-forward effect: If + input rises above - input, output will change from low to high, see par. 2.1.3.4.

Opamp 1 and 3 receive a reduced sawtooth signal XE "sawtooth signal"  on their + inputs and compare this with trigger angle XE "trigger:angle"  signal on their - inputs. Once sawtooth signal rises above trigger angle signal, their output changes from low to high and the transistor circuits wired to their outputs, produce trigger pulses XE “trigger:pulse"  for their respective triacs. Sawtooth signal provides information on the time that has passed since the last zero crossing XE "zero crossing"  (see par. 2.4). If trigger angle signal is rather low, sawtooth signal will rise above this level only a short time after a zero crossing, so trigger pulses comes soon after each zero crossing and trigger angle is low (see par. 2.1.2). If trigger angle signal is high, either it will take longer, leading to later trigger pulses so to a higher trigger angle. Or the peaks of sawtooth signal will remain below trigger angle signal altogether and triacs are not triggered at all.

At this point, also F.T. (Forbidden Trigger) zone signal comes in. When F.T. zone XE "F.T. zone"  signal is high, it pulls up trigger angle XE "trigger:angle"  signal via the diode. It will pull up trigger angle so high that sawtooth signal can never rise higher. This makes that while F.T. zone is high, no trigger pulses can be produced so the triacs can not be triggered near zero crossings (see par. 2.5). Once F.T. zone signal goes low again, trigger angle decreases only at a limited rate because of the 100 nF capacitor. This way, the circuit is insensitive to very short dips in F.T. zone just after zero crossings that might result from reverse recovery current peaks, see par. 3.9.4.

The circuit connected to + inputs of opamp 1 and 3 modifies sawtooth signal in such a way that:

· Its amplitude is only some 45 % of that of sawtooth signal itself. 

· It is either drawn upwards (the one at + input of opamp 1) or pulled down (the one at + input of opamp 3).

See figure 24 for how these reduced signals look like.

This has the following consequences:

1. The reduced sawtooth signals can never rise as high as trigger angle signal when this is pulled up by F.T. zone signal. This guarantees that triacs can not be triggered around zero crossings, see above.

2. Since the reduced sawtooth signal to opamp 3 is always lower than that to opamp 1, the dump load 2 triac will be triggered later than that of dump load 1. Usually, there is ca. 90( difference between the trigger angles for both dump loads. However, both trigger angles must stay within their range of 0( to 180( so when one trigger angle reaches the end of its range, the other one can approach that end as well, see at the horizontal axis in figure 2. So the two dump loads can never be triggered both at around 90° trigger angle. If dump load 1 is triggered at ca. 90°, dump load 2 will be triggered at nearly 180°, so it will be completely off. If dump load 2 is triggered at about 90°, dump load 1 will be triggered at nearly 0°, so it will be fully on. This effect makes that the adverse effects of switching on a large load, are reduced and the generator does not have to be oversized that much, see annex G.3. 

3. As long as power diverted to dump loads is between 1/4 to 3/4 of total dump load capacity, power diverted to dump loads changes practically linearly with trigger angle signal, see figure 2. So if PI controller is adjusted optimally for any point within this range, it will function optimally for this whole range. Outside this range, power diverted to dump loads reacts less strong to a change in trigger angle. So in this range, PI controller will react a bit slower than optimal, making the system even less likely to oscillate: A deviation to the safe side.

4. I-effect on its own can steer trigger angles for both dump loads over nearly their full range. As explained in par. 2.7.1, I-effect will do the fine-tuning of generator frequency and P-effect will be `neutral' (so: Output equal to Vref) once frequency is properly fine-tuned. To make that with P-effect being neutral, I-effect can steer trigger angles of both dump loads over their full range, sawtooth signal had to be reduced.
With the present circuit, I-effect alone can not steer trigger angle for dump load 1 higher than 138( or trigger angle for dump load 2 lower than 26(. In figure 2, it can be seen that in terms of power diverted to dump loads, this matters very little. So for reaching these far ends of trigger angle range, P-effect must help a little and then frequency will deviate slightly from the set value. 
It would be easy to make that I-effect has a larger influence on trigger angle than P-effect so that I-effect alone can steer trigger angles over their full range. This has not been done since P-effect is important for reacting fast to large, sudden changes in frequency. So reducing the influence of P-effect on trigger angle signal would make the controller react less well to such large, sudden changes.

For the 3 dump load version, there is also a 90( difference between the trigger angles as long as they have not reached the end of their range, with the same effects. Since this range is only 180( wide, there is always at least 1 dump load that is either switched off completely or switched on completely, see point 2 above. Now the linear range will be from 1/6 to 5/6 of total dump load capacity, see point 3 above.

Apart from creating trigger pulses for the triacs, final comparators also steer the dump load LED's XE "dump load LED's"  that show how much power the ELC is diverting to dump loads, see also figure 14. For each half period, outputs of opamp 1 and 3 are high until F.T. zone goes high just before the next zero crossing. So they are high for nearly as long as their respective triac should conduct. This makes it possible to show whether a dump load is switched on or off with LED's wired to these outputs:

1. The red LED labeled 'both off' only lights up when opamp 1 is low (meaning that dump load 1 is switched off) while output of opamp 4 is high. Opamp 4 is wired as a comparator with F.T. zone signal connected to its - input and produces the inverse of F.T. zone signal: High when F.T. zone is low so F.T. zone does not prevent a dump load from being switched off. So the red LED means both dump loads are switched off, as when dump load 1 is off, dump load 2 must be off as well). 

2. The yellow `1 on' LED lights up when opamp 1 is high, so dump load 1 is switched on, while opamp 3 is low, so dump load 2 is still off. 

3. The green `both on' LED lights up when opamp 3 is high, so the triac of dump load 2 is triggered, and then both dump loads must be switched on.

By comparing brightness of these LED’s, power diverted to dump loads can be estimated.

· If only the red LED would burn, it means that both dump loads are switched off all the time, no power is diverted to dump loads and there is no spare capacity that could be used by user loads: There is nearly an overload situation. 

· If the green LED burns most brightly, both dump loads are switched on most of the time and the system has plenty of spare capacity to allow more user loads to be switched on. 

Usually, more than one LED is burning and the situation is somewhere in between.

One could do without opamp 4 if anode of the red LED would be wired directly to +V. But then this LED would light up also during the time that F.T. zone XE "F.T. zone"  signal forces the output of opamp 1 low, so even if both  dump loads are fully switched on and there is no danger at all of an overload situation.

Warning: LED’s will wear out if they are exposed to a reverse voltage in excess of their forward voltage. In principle, this could happen with the red LED between the outputs of opamp 4 and 1: When F.T. zone goes high, both opamp 4 and 1 should go low. Now if opamp 4 goes low just slightly earlier than opamp 1, voltage over this LED would be reversed. Up to now, there is no information indicating that this LED might eventually be destroyed. If it does, the problem can be solved by connecting a 1N4148 diode anti-parallel to this LED, so with its cathode connected to anode of the LED. This will guarantee that reverse voltage over this LED can not rise too high.

To trigger the triacs, the output signals of opamp 1 and 3 are processed in the following way:

1. The 47 (F capacitor and two 150 ( resistors to `+V' and `E' create an input voltage for the transistor circuits: 

· It is filtered with respect to `+V’ and `E’ so that current drawn from DC voltages module is more stable than the short, high trigger pulses produced by this circuit. So it serves as an RC filter XE "RC filter" , only here there are resistors at both ends of the capacitor.

· The resistors also dampen any high-frequency noise that might come in from the grid via the MT1 connection, see with point 3 in par. 3.9.5. 

Warning: Once `MT1' on the PCB is connected to the power circuit, print voltages are linked to voltage on `230 V Neutral'. If the other generator wire (`230 V Line') is grounded, the whole print will carry a dangerously XE "safety"  high voltage. So:

· If one of the generator wires is grounded, that wire should be used as `230 V Neutral' wire.

· Always check with a voltage seeker whether print voltages are dangerously high before working on a PCB.

The same dangerous situation can occur if the complete ELC is tested with mains voltage, and the plug is not connected, see par. 7.2.3
2. The 47 nF capacitors and 2.2 k resistors produce pulses once the opamp outputs change from low to high. This makes that the triacs are triggered by short pulses instead of as long as the outputs are high. This way, power needed for triggering triacs is greatly reduced. If the output changes from high to low, the capacitor can discharge via the diode and then the circuit is ready again to produce a new trigger pulse.

The transistors and 150 ( resistors to the gates of the triacs produce the trigger pulses. The remaining four 1 k resistors make the circuit less sensitive to noise. Trigger pulses consist of a negative current XE "trigger:pulse"  of some 80 mA lasting about 0.2 ms, see figure 24. 

3 Power circuit

3.1 Capacity

The capacity of this circuit determines capacity of the ELC as a whole XE "ELC capacity" . The maximum current the triacs can handle, determines the kW rating of each dump load. Multiplied by the number of dump loads (2 for the standard version, or 3 for 3 dump load version), this gives the maximum capacity of dump loads that can be connected to the ELC and this is the kW rating of the ELC. This total dump load capacity should be some 5 - 15 % above design power output of the M.H. system.

Current rating of the relay determines the maximum current that user loads may draw. Normally, one can calculate current I by dividing power P (in W) by nominal voltage V. But user loads could draw a much higher current than this if:

· These user loads have a poor power factor (see annex G.2) 

· The system gets overloaded (see annex B.3.4).

In this situation, it is better to express capacity of the ELC in terms of kVA = 1000 * maximum current * nominal voltage

Generally, kVA rating of the ELC should be the same as kVA rating of the generator. Then total capacity of dump loads will be only 50 to 70 % of kVA rating of the generator, see annex G.4. 

Of course the internal wiring and connectors, must be rated according to the currents that can be expected. See annex E for more details on factors affecting capacity.

For the standard design described in this manual, components for power circuit make up about half of total component costs. So if only a low capacity ELC is needed, it might make sense to economize on these components by choosing lower capacity ones (see also annex K.4). This design could be seen as a general purpose design: It has a moderately high capacity of 7 kW (10 kW for the 3 dump load version) while it still uses reasonably priced components.

3.2 Relay

The relay XE "relay"  serves to connect the grid and dump load circuits to the generator when its coil is powered by the `logics' module of the protection features. If one of these protection features gives an `unsafe' signal, current to the relay coil is interrupted and the relay will switch off. This way, user loads, dump loads and triacs are protected against too high or too low voltage, and too high a frequency.

If there is no DC voltage supply, the relay can not be switched on. After the generator is started and produces normal output voltage, it takes ca. 0.2 s before the large capacitors in DC voltages module are charged up high enough for the relay to switch on.

In the standard design, relay type T92P7D22-24 from Potter & Brumfield is used. It is available at `Conrad' electronics stores in Holland and Germany. It is rated at 2 times 30 A so with the two sets of contacts in parallel, it could conduct up to 60 A to user loads and dump loads. So capacity of the ELC in terms of kVA is 13.8 kVA XE "ELC capacity:kVA rating" . This is more than enough for the standard, 7 kW ELC.

According to its specifications, coil resistance for this relay type is 350 ( but when measured at 22(C, it was only 330 (. Its coil has a rated voltage 24 V DC. In tests however, it already switched on at 15.3 V and only switches off when voltage drops below 4.4 V. Maximum operating temperature is 65 (C. 

Quite likely, this type is not available in many countries so then one has to choose a relay type based on specifications:

1. Coil rated at 24 V DC with a coil resistance XE "relay:coil resistance"  of, preferably, 350 ( or more. When a 24 V transformer is used, DC voltages module can supply enough current for a relay with a resistance as low as 200 (. Then the time the ELC can function without power supply, drops to less than 1 s. Also, a 24 V transformer will overheat more easily when generator voltage becomes too high, so this is only possible if `overvoltage’ protection feature is set to 250 V. With a small type relay that draws much less current, (500 ( or more), one of the three 2200 (F capacitors in DC voltages module can be left out. Warnings:

· Relay with a coil rated at 24 V AC (Alternating Current) are unsuitable: Their coil resistance is much lower than 350 ( and when powered by a DC voltage, they will draw too much current.

· Relay that switch off already when voltage drops below 10 V are unsuitable because then `fast undervoltage’ feature will not trip in time. Probably all normal 24 VDC relay will switch off only when voltage drops below 4 to 7 V.

· If another relay with a different relay resistance is fitted, `undervoltage' and `overvoltage' protection feature have to be calibrated again.

2. Current rating XE "relay:current rating"  equal or above current rating of the generator (= kVA rating times 1000 and divided by 230 V. If the relay contains 2 or 3 parallel sets of contacts, these can be connected in parallel. Then current rating of the parallel sets will be double or triple the rating of a single contact, see annex E.2. 
Ideally, current rating for the relay should be as high as short-circuit current of the generator since when the generator would be short-circuited, `undervoltage’ feature will make the relay switch off. This would mean that, depending on generator characteristics, current rating of the relay should be several times rated current of the generator. Considering that it will not happen too often that the relay has to switch off such a high current, it seems acceptable to choose a relay type with a current rating at least as high as rated current of the generator. Even a relay with a slightly lower current rating, might still function well in practice, see annex E.2.

3. Voltage rating at least 230 V AC, but preferably higher.

4. A `switch-on' or `switch-over' type. With a `switch-over' type, those contacts that are connected to the middle contacts when the coil is not powered, are left open. `Switch-on' means that contacts are not connected when the coil is not powered, so this is equivalent to `normally off' types.

5. Sometimes, separate current ratings are given for largely resistive loads (`AC1’ rating), and for inductive loads (`AC3’ rating), with the latter one being lower. Probably it is safe to use the higher, AC1 rating, see annex. E.2
6. Sometimes, separate ratings are given for peak currents and for lasting currents. Then generator current rating should be equal or lower than the lasting current rating.

7. Preferably a maximum operating temperature of 65° C or more.

Relay with a 24 V DC coil do function at lower voltages already. This Potter & Brumsfield relay switched on when voltage rises above 15.3 V, and switched off when voltage dropped below 4.4 V. Probably most other 24 V DC relay will show similar values. This means that before the relay would switch off due to a too low coil voltage, `fast undervoltage' feature is activated and makes it switch off permanently, see par. 4.6 

3.3 Triacs

The power element used for switching dump loads, is the TIC263M triac XE "triac:TIC263M"  produced by Texas Instruments. It is rated 25 A and 600 V. If this type is not available, smaller 600 V types requiring 50 or 75 mA trigger current XE "trigger:current" , could also be used, e.g. TIC246M (16 A), TIC236M (12 A), TIC226M (8 A), TIC206M (3 A), or similar types from other manufacturers. If no 600 V types are available and a generator with AVR will be used, also 500 V types (type code ends with `..E') or 400 V types (type code ends with `..D') could be used. 

The TIC263 and some triac types can not be triggered by a positive trigger current when main current is negative (then the data sheet will mention something like `trigger current is not specified for quadrant IV'). There is no problem using such types since final comparators provide a negative trigger current anyway.

Although the TIC263M triac XE "triac:current rating"  it is rated at 25 A, it can do so only when cooled very well and this is difficult to achieve in practice: For 25 A, case temperature must be kept at or below 70 (C. It has a casing that is connected to its MT2 terminal so it must be mounted on the heat sink in such a way that it is insulated electrically and this insulation layer forms an extra barrier for efficient cooling. In effect, maximum current for the triacs is limited to 16 A by heat sink construction, see next par.

There are more attractive triac types with respect to cooling requirements but their electrical characteristics are less favorable. Instead of triacs, also pairs of thyristors XE "thyristor:instead of triac"  can be used and with these, capacities of hundreds of kW are very well possible. See annex H for more details.

Fitting 25 A triacs in an ELC that will be used at only 1 or 2 kW might seem like overdoing things. But heavily overrated triacs have advantages:

1. It makes that a triac might survive a short circuit in the dump loads. The TIC263M has a very high peak current: It can stand 175 A for 20 ms. When generator is rather small, its short-circuit current will be way below this 175 A. By the time overcurrent protection switches off the ELC, the triac might still be undamaged. 

2. It has a larger case, so better heat conductivity and lower cooling requirements.

There is no money to be saved: The TIC263M is even cheaper than the TIC246M that is rated at 16 A.

3.4 Heat sink

A heat sink XE "heat sink"  is a large piece of aluminum with fins that increase its surface area so that it cooled efficiently by surrounding air. It serves more or less like the radiator of a car engine: It prevents the motor from being destroyed by overheating. In this case, cooling capacity of the heat sink determines the maximum allowable dissipation XE "dissipation:maximum allowable-"  for triacs and with that: Maximum current for triacs and maximum capacity of dump loads connected to it.

In general, calculating maximum allowable dissipation comes down to calculating `thermal resistances’ XE "thermal resistance" . Power is dissipated in the junction of a transistor or triac and the resulting heat is conducted in a number of steps to ambient air. Now if thermal resistance is known for each step, the dissipation at which the junction just reaches its maximum allowable temperature, can be calculated. 

With the humming bird, preferably the housing should be completely sealed and small. This makes a heat sink inside the housing impossible, as this would require a larger housing and cooling slots. Having the heat sink at the outside of the housing, poses extra demands to heat sink construction:

1. Electrical safety XE "safety" : The triacs should be well insulated electrically from the heat sink so that it can never carry a dangerous voltage. There is safety at stake here and this insulation should comply with national electricity standards. The Dutch standard prescribes that insulation between any metal part that can be touched and voltage carrying parts, should stand a voltage of 2120 V peak value, while those outside parts should still be grounded. Air gaps between voltage carrying parts and any outside parts should be 3 mm at least (for appliances with non-grounded metal parts, double insulation is prescribed, with a minimum voltage of 4240 V peak value and 6 mm air gaps).

2. Safety with respect to burning XE "safety" : Heat sink temperature should still be safe with respect to burning when touched. In capacity calculations for central heating radiators, a temperature difference of 60 (C between radiator temperature and ambient temperature is used. Assuming a room temperature of 20 (C, a radiator temperature of up to 80 (C apparently is considered safe. With a central heating system, even higher temperatures are possible as the maximum temperature at which the boiler switches itself off, is normally set to just above 100 (C. 
For the moment, maximum temperature is set at 80 (C. At this temperature, still the heat sink can not be touched for more than a second or so. But if one would withdraw one’s hand when it begins to hurt, the skin will not be burned. 

3. Sealing XE "housing:sealing" : The heat sink should be fitted onto the housing in such a way that the housing remains waterproof.

With respect to the first point: There are insulation plates that can be fitted in between a transistor or triac and its heat sink, but these are not useable here: Their thermal resistance is too high, so that a triac might overheat Also their electrical insulation does not comply with the 3 mm air gap demand.

A better solution is to fit the triacs onto aluminum plates non-insulated, and then glue these plates onto the heat sink with an insulating layer in between. For the insulating layer, either silicone sheet + silicone paste could be used, or a special `thermal bonding compound XE "thermal bonding compound"  (see annex E.4). This way, thermal resistance of the insulating layer can be much lower because surface area of the plates is much higher than that of the triac casing. Thermal resistance between triac casing and aluminum plate will be very low if some heat conductivity paste (also called `thermal compound’) is applied. Electrical insulation can be guaranteed by choosing the right thickness of the insulating layer and constructing it carefully.

This heat sink XE "heat sink:construction"  construction could be made by:

1. Find the materials needed: 

a. A heat sink with suitable characteristics. Its thermal resistance (= inverse of cooling capacity) depends on required capacity of the ELC. For the standard ELC with two dump loads of 3.5 kW each, it should have a thermal resistance of 0.7 (C/W or less according to its data sheet. Type SK53-100 produced by Fischer Electronik will do. In the catalogue, a thermal resistance of 0.65 (C was mentioned but in my test, it showed a thermal resistance of ca. 0.9 (C/W (probably the manufacturer measured thermal resistances with a much higher heat sink temperature and this results in lower thermal resistance values). Still, this is a very cheap heat sink for this capacity. Its dimensions are: 180 x 100 x 48 mm, with 9 cooling fins and a bottom plate of 5 mm thick. RS, a German supplier, sells it at ca US$ 10.
The heat sink should have a flat back side and suitable dimensions to fit onto the top of the housing.

b. A large piece of the silicone sheet material that is used to cut insulation plates from for transistors etc. It should be between 0.13 and 0.3 mm thick and sometimes, it is glass-fiber reinforced. Cut out two pieces of  62 x 62 mm.

c. Silicone paste. The transparent type that can be used to glue glass plates together to form an aquarium, will do.

d. Some 4 mm aluminum plate material. Cut out two pieces of 50 x 50 mm.

e. Two M4 x 10 mm screws with sunken head and two M4 nuts. When fitting the triacs later, the nuts should be fixed while the head is not any more accessible. So with a hacksaw, cut slots in the opposite side that can serve to hold the screws with a screwdriver.

Note: instead of silicone sheet (see point b) and silicone paste (point c), also `thermal bonding compound could be used, see annex E.4.

2. Put a triac with its body onto the center of a plate and mark where the screw should come. Drill a 4 mm hole and then use a larger drill to make place for the sunken head of the screw. Make sure that no part of the screw head sticks out above the surface.

3. Sandpaper the side of the plates that will be glued onto the heat sink. This can best be done by holding a sheet of sandpaper onto a flat surface and moving the plates over the paper. If the sandpaper does not touch all of the surface of the plates, this side is not flat and likely, the other one is not either. Then use coarse sandpaper first or even a file to get both sides flat. Make sure that there are no burrs that could penetrate the insulation layer later. Better sandpaper even some more near the sides so that the surface gets slightly convex there. Measure thickness accurately with a vernier calipers.

4. Sandpaper the back of the heat sink. Also the area around the plates should be sandpapered since that area will form the seal with the top of the housing later.

5. Mark where the aluminum plates and silicone sheets should come on the heat sink, making sure there is enough space around them to form a proper seal later.

6. Degrease the parts that will be glued with alcohol. Make sure the work area is clean. Especially tiny metal filings could pose a problem if they would end up in the silicone paste.

7. Glue the parts together with silicone paste, starting with the screws into the plates. There should be no air bubbles left while the layer of silicone sheet and paste should end up as thin as possible. Apply plenty of silicone paste on the heat sink in the middle of where a sheet will come. Then put the sheet on top and roll out the paste to the sides with e.g. a small bottle. Put the plate on top and press firmly, making sure the plate does not slide away from where it should be. With glass-fiber reinforced sheet, the plates can be pressed onto the heat sink with a vice. With plain sheet, one has to be more careful not to press the sheet itself out of the space between plates and heat sink.

8. Once the paste has hardened out somewhat, apply more silicone paste onto the part of the sheet that sticks out at the sides of the plate. This way, the sheet is protected against punctures and the 3 mm air gap is guaranteed. 

9. Silicone paste needs humidity from the air to harden out and paste underneath the plates might still be soft when the surface has hardened out. So leave it plenty of time to harden out completely before fitting triacs or applying force on the plates in another way.

10. Check whether the plates are electrically insulated from the heat sink. Since the insulation should be able to stand a high voltage, preferably it should be tested at such a high voltage. This can be done with a `megger’, an instrument that measures resistance while applying a very high voltage. If this instrument is not available, a check with a tester on `resistance’ range will at least show when insulation fails completely. Then connect 230 V over it and see whether this produces a short-circuit.

11. Measure thickness of the silicone sheet + paste by measuring the height of the plates above the heat sink and subtracting thickness of the plates themselves. If this is more than 0.5 mm, thermal resistance of this silicone layer is above design value so triac case temperature will end up slightly higher. This could mean that capacity of the ELC will be somewhat below the 7 kW design capacity, see annex E.4.

With this heat sink construction, maximum current through the triacs is 16 A (see annex E.4). Mind that:

· This calculation is based on the assumption that ambient temperature is 40 (C or lower. At higher temperatures, capacity will be lower.

· When the heat sink would become too hot (e.g. because too large dump loads are connected or because someone has hung a T-shirt over the heat sink), the `ELC overheat' feature will trip. This way, the triacs are protected against accidental overheating. 

With 16 A per triac, two dump loads and 230 V nominal voltage, the maximum capacity of dump loads XE "dump load:capacity"  connected to the ELC is 7 kW. So the ELC capacity in terms of kW dump loads, is 7 kW  XE "ELC capacity:kW rating" .

For the 3 dump load version, a larger capacity heat sink will be needed. Depending on its thermal resistance, capacity will be around 10 kW or even more.

3.5 Noise suppression coils

The noise suppression coils XE "noise suppression coil"  serve 4 purposes:

1. To eliminate radio frequency noise, which would be annoying to users listening to a radio. Also it might disturb proper functioning of other electronic appliances.

2. To protect the triacs. After being triggered, the rate at which main current increases, should stay below the maximum dI/dt value specified for the TIC263M triac: 200 A/(s. To achieve this, a self-induction of just 3 (H would be enough to protect them, see annex H.

3. The noise suppression coils also play a role in protecting the triacs in case of a lightning strike on an overhead cable, see par. 3.8.3.

4. To avoid interference problems within the ELC. Without noise suppression coils, any wire from the power circuit running parallel to a signal wire on the PCB, would induce short, sharp voltage spikes in this signal wire. This induced noise might cause the electronics to malfunction, see par. 3.9.5.

For light dimmer circuits, complete noise suppression coils are available but often they are rated at 5 A or less. They consist of a ring-shaped piece of some metal-oxide compound with a number of copper windings around it. Generally, these are unsuitable because the wire is too thin so dissipation would become excessive. Only for ELC's that will be used at low capacity anyway, these can be used. 

Some suppliers sell such cores without windings. A core sold by `Conrad electronics' proved quite useful:

Outer diameter D: 
26 mm

Inner diameter d:
14.5 mm

Length l:



20 mm 

It is made from `AL800’ and this material does not have such a high specific resistance as true ferrite. The core is covered with plastic and including this cover, dimensions are: D= 28 mm, d = 13 mm and l = 21.5 . Using ordinary, stranded 2.5 mm( wire, 8 windings easily fit in. The 2.5 mm( wire can very well conduct the 16 A triac current.

Based on specifications for this core with another number of windings, self-induction should be 0.64 mH at 8 windings and then current rating is 24 A. Based on measurements on this core, self-induction at 8 windings should be 1.7 mH but above 0.26 A, the core becomes saturated XE "saturation"  and self-induction drops off sharply. Probably, it is no problem if self-induction of a noise suppression coil drops off sharply once current rises, see annex H.

If this core is not available, any other core made from ferrite with 8 windings will probably do:

· The core of an old high-voltage transformer of a television. There might be a thin plastic plate between the two halves, this should be removed and the two parts glued together).

· High-frequency transformer cores of ferrite. 

· Noise suppression coils from dimmers that have many windings but with too thin wire, can be rewound with less windings (but preferably not less than 8) with thicker wire so that it can stand a higher current.

Ring-shaped cores of ferrite meant to be shoved over a cable to suppress high-frequency noise. 

3.6 Wiring and connectors

Proper wiring XE "power wiring"  of the power circuit is important because:

· Loose connections might be hard to find, as a wire might just connect when the housing is opened.

· If a wire comes loose after e.g. the housing is opened up a few times, it might touch an electronic component and somewhere in the circuit, one or more components might be destroyed, producing unpredictable errors.

· Bad connections or too thin wiring might cause excessive heat production. Too high a temperature inside, will reduce life span of e.g. Elco capacitors.

· A power cable that runs close along a signal wire on the PCB, will induce noise and cause interference problems, see par 3.9.5. With carefully fixed power cables, such problems can be avoided.

Power wires should be thick enough for their rated current. Generally, a safe value for the current a single wire can conduct without overheating, is 10 A per mm² of cross-sectional area (This goes for copper, for aluminum, maximum current is 6.5 A per mm². For layers of windings in e.g. a transformer, a much lower value must be chosen ).

At 10 A/mm(, a 1.5 mm( copper wire can conduct up to 15 A and a 2.5 mm( copper wire can conduct up to 25 A. At such a high current, dissipation in the cable will be quite high, temperature inside housing can rise quite high and life span of some components can be reduced, see next par.. 

In order to reduce heat production inside the housing, it is advisable to choose a wire type that is one size larger. Then 2.5 mm( cable should be used for the standard ELC rated at 2 x 16 A, see also next par.. If the ELC will be used at no more than 10 A per dump load, 1.5 mm( can be used.

The wires to the relay and the wire that connects 230 V Neutral from the generator to 230 V Neutral to the grid, will carry a current that is roughly twice that for the dump loads. Instead of buying some 6 mm( cable, two pieces of 2.5 mm( cable in parallel could be used. This has the added advantage that two parallel 2.5 mm( wires are easier to bend and fit properly than a single piece of 6 mm( cable.

It is advisable to use stranded wire because it is easier to bend and solder onto triac leads. With triacs mounted on the top of the housing and power connectors into the housing itself, power wires to the triacs will be bent every time the housing is opened up and surely stranded wire must be used. The windings for noise suppression coils can be made from the same wire.

If two or 3 contacts in the relay are connected in parallel, it is important that total current will divide itself evenly over those contacts. This will not be the case if connections to the relay will have different resistances. To avoid this situation, all connections should have the same, low resistance and this can only be guaranteed if connections are soldered carefully. If two parallel wires are used anyway, it would be even better to solder wires separately to the relay connections, and have them connected together only at the other end. Then the added resistance in those cables will help dividing current equally.

Proper connectors are important since probably, external connections will have to be mounted and taken loose several times before the ELC is finally installed permanently. An ordinary connector block XE "connector block"  can be used (a plastic strip, often transparent, with a series of brass connectors with two screws each to fix wires). Even if they are large enough to fit thick wires, they are often not rated at a current of more than 15 A, probably because they might overheat if there is a poor connection and then the plastic would melt. There are quality types with a non-transparent type of plastic that can stand higher temperatures and have higher rated currents.

For industrial quality switchgear, there is a system that uses rail onto which connectors XE "connectors on a rail"  (and other components) can be fitted. For this system, connectors in sizes up to 100 A are available. With this, more reliable and neater connections can be made but it is more expensive and needs more space.

To reduce the risk of wrong connections, connector terminals should be properly labeled, especially the ones for external connections.

The generator needs to be protected against overcurrent. Such an overcurrent protection is not included in the standard ELC since I could not find a solution that would serve in all cases. See annex D.3.

In countries where an `earth’ connection is standard in domestic wiring, it is advisable to have an `earth’ connection on the ELC. (this `earth' is different from the `E' on the PCB, do not connect these two). Remember that, even if it is grounded, the 230 V Neutral wire can not be used as an earth wire: A proper earth wire is not connected to any current carrying cable. The only metal part at the outside of the housing is the heat sink, so this part should be connected to `earth’ wire. Then on the connector, terminals should be reserved to connect through the `earth’ wires from the generator, dump loads and user loads. In countries where `earth’ connections are not known, it makes no sense to have one in the ELC as it would be confusing for electricians opening up the ELC.

3.7 Housing

A good quality housing XE "housing"  is vital for good reliability of the ELC. If water, dirt or insects come in and reach the PCB, there might be tiny leakage currents that can make characteristics of the ELC drift. Such leakage currents could have even larger influences on protection features since these work with very small currents themselves. So by the time ELC electronics start to behave funny and users notice there is something wrong, probably protection features will not work either and user appliances might get damaged if the ELC fails. 

Minimum inner dimensions with respect to fitting all components in are: Length x width x height = 160 x 110 x 85 mm if a connector rail is used. If connector blocks are used, minimum height can be reduced to 70 mm. How much bigger the outer dimensions should be, depends mainly on inward protrusions (e.g. in corners where the top is fixed to the housing etc.) With respect to length x width, the PCB (160 x 100 mm) should fit in and on one side, wires to the triacs should pass the PCB (so a width of 110 mm is not necessary all along the PCB length). However, a housing that is just big enough to accommodate all components, is not recommended: Then components would be placed so close together that it is difficult to fit power wires neatly and it would look messy, making testing and troubleshooting more difficult.

Another reason why a larger housing is recommended is because of cooling requirements XE "housing:cooling requirements" . With a standard ELC of two times 16 A capacity, quite some power is dissipated:

· The transformer draws ca. 5.4 W (measured value), all of which is dissipated in the transformer itself, the electronics and relay coil.

· For each dump load, there will be some 1.4 m length of 2.5 mm( cable that carries 16 A: 5.9 W in total.

· Dissipation due to resistance in relay contacts is difficult to estimate, probably it is less than 4.5 W (based on comparison with other types of relay).

So total dissipation XE "dissipation"  inside the housing is 15.8 W at most (dissipation of the triacs is not counted here because they are cooled directly by the heat sink). 

Temperature-sensitive parts are:

· Transformer: Max 60(C (higher capacity types often have a lower design temperature of 50 or 40 (C).

· Relay: Max. 65(C)

· Elco capacitors: Max. 85(C, life span will be much better if temperature is lower.

So ideally, temperature should always remain below 60(C. However, since both the transformer and relay are used well below their rated capacity, a somewhat higher temperature will still be acceptable, especially since temperature will only rise so high only occasionally.

With ambient temperature of 40(C and inside temperature of 60(C, the housing should have a cooling surface area of some 0.12 m( (based on measurements on a prototype). The heat sink area (0.018 m() is ineffective with respect to cooling, see below. This makes that preferably, the housing should have a total surface area of some 0.14 m(. If the ELC will be used at no more than 10 A per dump load, dissipation will be only 11.7 W (when 1.5 mm( wire is used) and a somewhat smaller housing is acceptable. 

Some other measures are needed to keep inside temperature below this 60 (C limit:

· In the above calculation, it is assumed that bottom surface of the housing will be effective with respect to cooling. In fact it is the most important cooling surface since vertical surfaces are more effective in cooling and this is the largest vertical surface. That is why the housing should be fitted to a wall with ca. 20 mm thick washers to create a sufficiently wide air gap.

· The heat sink area on the top cover should be insulated. It will become even hotter than inside temperature (see par. 3.4) so it would heat up inside temperature rather than cool it down. The layer of aluminum foil with plastic on both sides that is placed between the triacs + cables and the PCB in order to avoid interference problems (see par. 3.9.5), will do as thermal insulation.

Other demands to the housing are:

1. Protection class IP55 XE "protection class IP55"  or better (meaning `dust-proof’ and `waterproof against water jets coming from all directions’).

2. Sturdy.

3. Preferably made from some kind of plastic, e.g. Polycarbonate, Polystyrol, ABS, PVC. Plastic types that contain glass fiber are the strongest, but are more difficult to drill holes in.

4. Able to withstand a temperature of 70(C indefinitely (the heat sink can get this hot).

5. With a flat top onto which the heat sink can be mounted.

A waterproof housing is no good if there are leaks where cables enter it. With the housing, also cable passes XE "cable passes"  can be bought that provide a proper seal. Such passes will only work with round types of cable with the right outside diameter. If round cable is too expensive to use for all of the installation, then only short stretches can be used and this connected to another type of cable in a connection box just below the ELC. If the cable passes themselves do not fix the cable firmly, tie-wraps can be tightened around each cable just inside the housing so that it can not be pulled out. 

See par. 7.1.4 for how triacs, heat sink and PCB could be installed onto the top cover.

3.8 Protection against too high voltages

3.8.1 Introduction
Protection against too high voltages is a difficult issue. From a technical point of view, it is questionable whether complicated measures are needed, as the extreme conditions they are supposed to protect against, might be extremely rare. Then it might be cheaper just to repair things if they are indeed destroyed. But there is also a psychological side: If after e.g. an indirect lightning strike both the ELC and many user appliances are destroyed, these users might think that their appliances were destroyed because the ELC malfunctioned. Then they might lose confidence in the technical quality of the M.H. system. Now a protection against too high voltages would make sense: It would guarantee that at least the ELC remains functioning, or when this device would be destroyed itself, this indicates that there must have been quite a strong lightning strike that caused all the trouble. 

Broadly speaking, there are 3 kinds of overvoltage situations XE "overvoltage" :

1. An overvoltage produced by the generator. There could be many reasons for this, see next par.. Generally, voltage will not rise extremely high, but it could last quite long: Up to hours until the operator shuts down the system, see annex A.1.

2. Overvoltage caused by switching off large, inductive loads or by indirect lightning strikes XE "lightning strike:indirect" . These can produce extremely high voltages, but they won’t last longer than a tenth of a millisecond. They are called `voltage spikes’ XE "voltage spike" : Short periods with a very high voltage that appear as a `spike’ on an oscilloscope.
Switching off the relay can produce voltage spikes both at the generator end of the relay (because the generator itself has considerable stator self-induction) and at the end of user loads (because a user load might be inductive).
An indirect lightning strike means that full current of the lightning strike does not pass through the system. It could be that lightning has struck an object nearby a cable, inducing a very high voltage in this cable. Or it has struck a properly grounded Neutral conductor of the overhead cable and most of the lightning current is diverted to `earth' in that way.

3. Direct lighting strikes onto the overhead cable. 

The system can only be protected against direct lightning strikes by proper construction of the overhead cable, see par. 3.8.4. The first two situations can be dealt with by proper design of the ELC. Now these situations require different strategies of dealing with them:

1. Overvoltage produced by the generator in a run-away situation can only be dealt with by making the system withstand even the highest voltages the generator could possibly produce generator (see par. 3.8.2). There is no way of reducing such voltages because there are no components that could survive so much power for so long. Not even dump loads would survive this because quite likely, the run-away situation occurred because dump load capacity is too low. For instance some of the parallel heating elements could have worn out completely. Then the remaining ones will blow out soon after because of too high voltage.

2. Voltage spikes can be dealt with by fitting a component that clamps voltage at a specific, high level and absorbs the energy of this voltage spike (see par. 3.8.3). Now, there is no way to make the system withstand such a high voltage: If the voltage spike is not clamped by a component that is designed for this, voltage will just rise higher until some other component cannot withstand it, absorbs the energy and quite likely, is destroyed by it.

These strategies are quite different and special care is needed to make sure that they complement one another rather than conflict with one another. This means that:

· Clamping voltage for voltage spikes at generator end of the relay should be well above the highest voltage the generator can ever produce (clamping voltage at the user load end might be lower, as that will be disconnected from the generator in a run away situation).

· Highest voltage the system can survive for as long as a voltage spike might last (= less than a ms.) should be above this clamping voltage.

· Highest voltage the system can survive indefinitely, should also be above the highest voltage the generator can ever produce.

The following components are at risk for damage due to overvoltage:

1. On the PCB, there are:

· The transformer. The insulation between primary and secondary windings can stand a voltage of 6 kV and probably, insulation within primary windings can also stand a few kV. This means it can stand voltage spikes quite easily. But it is sensitive to overheating if generator voltage has risen much more than frequency, see par. 3.8.2.

· The 100nF/250VAC `class Y’ capacitor. This is quite insensitive, as it is tested up to 3 kV, see par. 2.2.

· The three 332k resistors in series in voltage dividers module. This type of metal film resistors is guaranteed up to 350 V, so 1050 V for the 3 in series. Probably, they can stand quite a bit more, see par. 2.3.

Components on the PCB are protected somewhat against voltage spikes by the 100R - 100 nF RC filter XE "RC filter" . This has a time constant XE "time constant"  of 10 (s so voltage spikes with a rise-time that is much shorter than 10 (s, come through delayed and dampened.

2. Triacs: TIC263M triacs are guaranteed up to 600 VDC but in tests, they could resist voltage spikes of some 1.4 kV. At this voltage, they switched on by themselves and even survived as long as current through them remained low. If there was a capacitor connected over them so that suddenly a large current would flow once they started to conduct, they were destroyed very fast. This was tested at room temperature and a heated-up triac might have a much lower maximum voltage. 

3. Insulation between wiring, inside the relay and between triac case and heat sink. To comply with Dutch electricity standards, air gaps between any wires, connectors, contacts inside the relay etc. should be at least 3 mm. This will guarantee a spark-over level of at least 2.1 kV. The insulation layer between the aluminum plates onto which the triacs are mounted and the heat sink itself, should stand at least 2.2 kV and preferably much more. See par. 3.4.

4. User loads: Different types of appliances are sensitive to different conditions. Appliances that are sensitive to overvoltage even if it lasts only a few seconds, are: 

· Filament lamps, these are cheap to replace.

· Electronic devices that are protected against voltage spikes by an internal varistor with a rather low voltage rating. When voltage rises above this value, the varistor will overheat very fast, see par. 3.8.3.

5. Generator: It is impossible to give a maximum voltage it might stand since so many different types exist. Probably, compound type generators can stand heavy voltage spikes since there are no electronic components inside. Generators with AVR are more sensitive because electronics inside the AVR might be damaged, but this all depends on how well these are protected. Any well-designed generator should survive when its load is switched off. Then due to its stator self-induction, a strong voltage spike will be generated so a generator must be able to stand such strong voltage spikes. 

3.8.2 Protection against overvoltage produced by the generator

First, one has to estimate how high generator voltage could possibly rise, see annex F.2. To summarize:

1. Compound type generators will always produce a voltage of ca. 2 times nominal voltage at run-away speed (unless there is some kind of overvoltage trip inside the generator).

2. Generators with an AVR will only produce a dangerously high voltage when the AVR fails in such a way that it produces maximum field current. If this would happen, quite likely this will cause a run-away situation and then voltage might be even higher than 2 times nominal voltage.

3. To be safe, the generator end of the ELC should be designed to withstand a voltage of 600 VAC (so 850 V peak voltage) indefinitely. This high voltage can not be reduced by a clamping device that dissipates power as too much power is involved, see par. 3.8.1.

Now the relevant components mentioned in par. 3.8.1 are protected in the following ways:

1. PCB components:  The 100 nF capacitor and three 332k resistors can stand 850 V peak voltage easily and there is no risk that they will be damaged. The combination of a very high voltage and high frequency makes that this capacitor will draw a much larger capacitive current than usual: 38 mA at 600 VAC at 100 Hz and even 45 mA at 120 Hz. This is not dangerous to the capacitor itself or the 100 R resistor connected in series.
The transformer however, is at risk. If voltage would rise proportionally with frequency, reactive current drawn by the transformer will remain constant and the iron packet inside will not become saturated. But in a run-away situation, voltage will rise more than frequency, the iron might get saturated XE "saturation"  and reactive current XE "reactive current"  will increase sharply, especially since at such high voltages, voltage drop over internal resistance of primary windings hardly has a limiting effect. This is the main reason why transformer must be protected by a 32 mA fuse XE "fuse" .
If the fuse blows, protection features LED’s are all off and one can only guess why this run-away situation occurred. If only the fuse would be replaced without searching for a cause, there might be another run-away situation and another blown fuse. Therefor, quite a number of spare fuses should be kept in stock. However, the fuse will blow only in rare cases where voltage/frequency ratio has increased by some 15 to 20 %. With ordinary compound type generators, this will probably not be reached. With generators that do have a higher voltage / frequency ratio under run-away conditions and would cause the fuse to blow every time a protection feature trips, voltage rating of the transformer can be increased, see par. 5.1 and annex E.6.
The fuse should only carry the current to the transformer (current drawn by the three 332 k resistors is negligible). If it would be fitted right where the `230 Line' connection enters the PCB, the fuse would conduct less current than the transformer itself, as the capacitive current drawn by the 100 nF capacitor will annihilate part of the reactive current drawn by the transformer, see par. 2.2.

2. Triacs: According to their ratings, peak voltages up to 850 V are not allowable. They are protected by having them switch on once voltage rises too high. This is achieved by the SIOV-S07K420 varistors connected between MT2 and gate that will start to conduct once voltage rises above 560 V. This way the triacs are triggered, the noise suppression coils will limit the rate of increase of on-state current to a safe value and voltage over the triacs drops to its usual `on-state' value. The triacs are at the user load end of the relay, so in a run-away situation, they are disconnected from the generator after some seconds.
Without these varistors, probably the triacs would still survive peak voltages up to 850 V, but they might be destroyed by voltage spikes reaching much higher voltages, see next par..

3. Insulation between wiring, inside the relay and between triac case and heat sink. This should easily resist a peak voltage of 850 V, see annex E.4.

4. User loads: The `overvoltage’ protection feature is designed to protect these against overvoltage produced by the generator. How well it protects, depends on the setting of its trimmer, see par. 4.7.

In most cases, a run-away situation will be caused by one of the protection features. Then triacs and user loads are already disconnected before the run-away situation started. Only if suddenly a large part of dump load capacity would fail while there is little user loads connected, generator voltage could rise considerably before `overvoltage’ feature trips and makes the relay switch off. In case peak voltage rises above 560V, the triacs will be triggered and what is left of the dump loads, is switched on. This will draw so much power that generator speed (and with that: Generator voltage) can not rise any further. So even in the time it takes for `overvoltage’ feature to trip, generator voltage can not rise that high.

3.8.3 Protection against voltage spikes

Voltage spikes XE "voltage spike"  could be seen as an amount of energy that is suddenly dumped into the circuit. According to the law of containment of energy, it can not just disappear so it either has to be:

· Stored somewhere, e.g. in a capacitor. When this happens, voltage over the capacitor will rise very fast to a peak level corresponding with the energy in the spike. Then gradually, this energy is dissipated by normal loads connected to the circuit.
This effect is only relevant for rather small voltage spikes. A strong spike contains so much energy that voltage over the capacitor would rise so high that some component will start to conduct and dissipate energy, see next point.

· Dissipated somewhere. This goes for stronger spikes. It explains why one can not protect against voltage spikes by making the system withstand an even higher voltage: Then the spike would just reach an even higher voltage until somewhere else a spark is drawn or another component fails. 

Let's have a closer look at what happens when there is a large voltage spike that has reached such a high voltage that some component starts conducting. Then for a short time (t, a current I flows while there is a voltage V. The product of these: (t * V * I equals energy E of the voltage spike. Energy E is a measure of the strength of this voltage spike. Voltage V, current I and time (t depend also on the electrical circuit. Time (t can range from 20 (s for indirect lightning strikes up to maybe a ms for spikes caused by a very large inductive load being switched off. Time (t is inversely proportionally with voltage V at which the energy is dissipated. Once a large spark is drawn, it requires roughly 20 V to keep it going and time (t might become relatively long.

Now the system can be protected against voltage spikes by fitting components that can dissipate the energy of spikes without being destroyed by it. In principle, the following components can be used:

1. Varistors,  XE "varistor"  also called VDR XE "VDR" \t " See varistor" ’s (Voltage Dependent Resistor). These are electronic components that act as a zener diode: Above their clamping voltage, they will start to conduct. Contrary to zener diodes, they have the same clamping voltage for either polarity so they can be used for Alternating Current applications.
Nowadays, varistors are cheap and are used widely in electrical appliances to protect against voltage spikes. The largest commonly available types can absorb one voltage spike with an energy up to 200 J and a current up to 8 kA for 20 (s, or a series of less powerful spikes. Voltage spikes well above this value might make them explode, causing a mess and an awful smell. Then the equipment they are meant to protect, should still be O.K. since voltage has never been above clamping voltage. Each serious spike damages them a little and causes a reduction in clamping voltage. Once clamping voltage has dropped below ca. 325 V, generator voltage itself will make them conduct. Then they will overheat in a matter of seconds and disintegrate, again causing a weird deposit on nearby components and an awful smell.
If one voltage spike with up to 200 J energy could occur, likely there could be more of those spikes in the next months or years. So varistors can not be used up to their maximum rating. The large varistor mentioned above can stand 10 spikes with a current of 2.5 kA for 20 (s. 

2. Surge arrestors. XE "surge arrestor"  These are used to protect telecommunication equipment and the like. They consist of a little container filled with a gas and two electrodes. When voltage over the electrodes surpasses a specific spark-over voltage, the gas becomes ionized, a spark is drawn and voltage over them drops to only 10 to 35 V, so much less than voltage needed to create a spark. This has the following consequences:

· It means that much less energy is dissipated in surge arrestor itself and a major part of the energy in a surge is dissipated in e.g. resistance of the cables in series with it.

· Since arcing voltage is way below peak level of generator voltage, it will act as a short-circuit to the generator once a voltage spark has caused it to arc over. Only at the next zero crossing, current drops to 0 and the spark inside it will extinguish. This is why they are not normally used in power circuits: Then `follow-on’ short-circuit current would be so high that they would be destroyed by this. However, there are special types that can stand a `follow-on’ current up to 200 A for one half period. The short-circuit current of generators of 10 to 20 kVA probably is less than this 200 A and then they could be used.

`High follow-on current’ types can stand spikes with a current of 5 kA. Unlike varistors, they are not damaged by each spike coming close to their maximum rating and correct clamping voltage is guaranteed for 10 pulses up to 5 kA. Probably they can stand many more pulses as long as they are just a little below 5 kA. 
Surge arrestors do not react that fast to spikes as varistors because it takes some time for the gas inside to become ionized and a spark is drawn. Therefor, a spike can still reach a voltage that is quite a bit higher than their rated clamping voltage as measured with a voltage that increases only slowly. For use in a M.H. system, this is not a problem.

3. A spark plug  XE "spark plug" with its air gap reduced to 0.5 mm. This is a do-it-yourself version of the surge arrestor mentioned above. According to PBNA, 1997, maximum insulation voltage of air is 3 kV / mm so a 0.5 mm gap should have a spark-over voltage of 1.5 kV. In tests, this voltage ranged between 700 V and 2.3 kV. Often, spark-over voltage was considerably lower when the sharp-edged, central pin of the spark plug was negative. Also, it seemed to spark over at lower voltages when voltage increased rather fast (more than 25 V/(s). With this test setup, it was not possible to test with voltage spikes with a rate of increase as fast as realistic voltage spikes, so in the range of 1 or more kV/(s.
As with surge arrestors, voltage will drop to some 10 to 40 V once a spark is drawn and consequently, there is a potential problem with follow-on current. Tests up to 55 A (effective current) follow-on current showed no problems at all and probably, it can stand a considerably larger follow-on current. It is not possible to give a current rating, but considering the small surface area of the contacts, probably it will be much less than for a surge arrestor. Very large spikes will cause part of the contacts to melt and blow away so that the air gap ends up wider and next time, spark-over voltage will be higher. If this would be detected in time, the spark plug could be replaced at little costs.

4. Capacitor-resistor circuits The 100 nF capacitor and 100 R resistor in DC voltages module on the PCB form an RC filter . XE "RC filter"  that also dampens voltage spikes. Capacitors dampen a spike not by dissipating its energy, but merely by storing it (see beginning of this par.). The resistor in series dissipates part of the energy while the capacitor is being charged. With respect to strong voltage spikes, capacitor-resistor circuits are not useful: When the capacitor is charged up to 1.5 kV, still only 0.2 Joule is stored and dissipated.

In par. 3.8.1, maximum voltages that different components could stand, were given. With respect to voltage spikes, one could say that the ELC and generator most likely can stand voltage spikes up to 1.5 kV:

1. With respect to PCB components, the three 332 k resistors can stand only 1050 V according to their rating but probably, they can stand quite a bit more and they are protected by the RC circuit that dampens fast voltage spikes.

2. Triacs are protected by the varistors that make them switch on, see par. 3.8.2.

3. The generator should have its own protection.

So the protection against voltage spikes should have a clamping voltage below this 1.5 kV. 

Minimum clamping voltage at the generator end is set by maximum voltage that generator could produce: 850 V peak voltage, see par. 3.8.2.

Now the ELC could be protected against voltage spikes in the following ways:
A. With varistors: On generator end of the relay: One varistor with more than 850 V clamping voltage (DC value) fitted on the connector directly over the generator connections, so inside the generator housing. This varistor protects against voltage spikes caused by the relay switching off. Varistors with such high ratings are quite rare but Siemens produces two suitable types: 

· SIOV-S20K625. According to its ratings, maximum DC voltage is only 825V, but maximum AC voltage is 625 VAC, so just above the 600 VAC maximum generator voltage. It can stand one voltage spike of 6.5 kA or 10 spikes of 2 kA.

· SIOV-S14K680. This one has a DC clamping voltage of 895 V. It can stand one voltage spikes up to 4.5 kA, or ten spikes of 1.4 kA.

On user load end of the relay: A varistor with a clamping voltage between 560 and 800 V DC fitted to the user load end. This varistor will receive the full blow from any spikes coming from the overhead cable so it might get damaged when such voltage spikes are stronger than it can handle. Therefor it is best if it would be fitted outside the ELC housing, especially if the overhead cable is not constructed `lightning-proof’ (see par.3.8.4) Suitable types are:

· SIOV-S20K420: DC clamping voltage is 560 V, current rating: 1 spike of 8 kA or 10 of 2.5 kA.

· SIOV-S20K460: Clamping voltage: 615 V, current rating: 1 spike of 8 kA or 10 of 2.5 kA.

· SIOV-S20K510: Clamping voltage: 670 V, current rating: 1 spike of 6.5 kA or 10 of 2 kA.

To obtain the right clamping voltage, lower voltage varistors can be connected in series. It is not advisable to connected varistors in parallel in order to increase total current rating as generally, total current will divide very unevenly over parallel varistors.
Triacs should be protected by varistors that make them switch on when voltage rises too high, see previous par..

B. With a surge arrestor and varistor: On generator end: Varistor with as high a clamping voltage as possible, e.g. SIOV-S14K680 (895 V DC) to protect against spikes caused by the relay switching off.
On user load end: Surge arrestor type L71-A800X produced by Siemens. For slowly increasing DC voltages, its clamping voltage is 800 V with a tolerance of -15 to +25 %. For voltage spikes with voltage increasing at kV/(s, clamping voltage is below 1.2 kV. Maximum follow-on current is 200 A peak value for one half cycle.
This surge arrestor type has a rather high clamping voltage, meaning that when there is a heavy spike coming from the overhead cable, the varistor might receive part of the blow before the surge arrestor is activated. Type L71-A470X has a clamping voltage of 470 V for slowly increasing voltages and less than 800 V for voltage spikes. This is below the maximum voltage the generator might produce, see par. 3.8.2. If this type is chosen, the varistors that make triacs switch on in case generator rises too high, should have a clamping voltage well below 470 V, e.g. type SIOV-S7K300 (clamping voltage is 385 V). Then the dump loads will absorb power from the generator in case generator voltage is too high and this will protect the surge arrestor.

C. With a spark plug: The spark plug should be connected at user load end of the relay. Since its clamping voltage can be so high, a varistor at generator end makes no sense: Either its clamping voltage will be lower than that of the spark plug and it will absorb all power from spikes coming from the overhead cable, or its clamping voltage is so high that it provides no protection anyway. Now, spikes caused by relay switching off should be absorbed by sparks between the relay contacts themselves. Please note: 

· Spark plugs for cars with electronic ignition might not be useable as inside the porcelain core, there could be resistor in series with its central contact. Spark plugs for mechanical ignition are O.K. When in doubt, check with a tester.

· The air gap in the spark plug must be readjusted to 0.5 mm by bending the lip. This can be done by tapping the plug with its lip on a hard surface. Width of the air gap can be measured by trying how many pages of paper fit in between and then measuring thickness of these pages with a vernier calipers.

Which option is most attractive, depends on conditions:

A. Varistors: This is the standard solution. Clamping voltages are well-defined so it offers a reliable protection and varistors are widely available. If the user load varistor is fitted outside the ELC housing and will be replaced when destroyed, it forms a protection even against direct lightning strikes, see par. 3.8.4.

B. Surge arrestor with varistor: This is a kind of high-tech solution: Its advantage is that the surge arrestor will not wear out that fast by a series of strong voltage spikes. Disadvantages are:

· The right surge arrestor type might be difficult to get.

· Due to its limited follow-on current, it should not be used with generators that have a short-circuit current above 200 A peak value (or 140 A effective current). Generally, this makes them unsuitable for generators larger than ca. 20 kVA

C. Spark plug: This is a less reliable solution. It will protect the ELC reasonably well, but voltage might rise so high that electronic components inside the generator (varistors, a filter, an AVR) could get destroyed anyway. Compound type generators probably have no such components and then it is worth considering if the right varistors are too expensive or unavailable.
It might be even possible to do without the varistors that switch on triacs in case of high generator voltage (see par. 3.8.2). With a voltage spike, triacs will eventually switch on by themselves when voltage rises high enough. Whether they will survive this, depends a.o. on the noise suppression coils: If these limit rate of increase of on-state current properly, likely the triacs will survive.
Instead of varistors, also 1.5nF/630V capacitors could be fitted between gate and MT2 terminal of the triacs. These will trigger the triacs in case voltage over them increases faster than 10 V/(s, which will generally be the case with most voltage spikes. They do not protect triacs against generator voltage rising too high.

Apart from destroying parts, a voltage spike can disturb signals inside the ELC. If it would disturb signals in the ELC part, it could make that a triac is triggered at too low a trigger angle and the effect lasts only one half period. If it is in the protection features, a feature might trip without reason. This effect is lasting: The relay is switched off, there is a run-away situation and the system must be restarted. So if one or more of the protection features has tripped while it seems very unlikely that conditions have been such that this should have happened, remember that it might have tripped because of a voltage spike, see also par. 3.9.5.

3.8.4 Lightning protection

In par. 3.8.1 it was mentioned that the system can not be protected against direct lightning strikes XE "lightning strike:direct"  by fitting components that absorb energy. This rule does not apply in all situations:

· Probably varistors, surge arrestors and spark plugs will limit voltage to an acceptable level during a direct lightning strike, even though they are completely destroyed by it. So if it would be noticed when they are destroyed after a lightning strike and they would be replaced before the next one comes in, in principle the system would be protected. 

· Lightning strikes come in sizes: If there is a lightning strike on the overhead cable but at a distance from the ELC, cable inductance might make that a spark is drawn somewhere closer to the place the lightning struck.

However, these are no ideal solutions:

1. Preferably, also user appliances should be protected against lightning strikes as well as possible. Just clamping voltage at the ELC is not good enough. Due to cable resistance, voltage at the point where lightning struck the cable and at the other end of it, might still reach very high levels. So to protect user loads, the cable should already be constructed `lightning-proof’.

2. If a varistor, surge arrestor or spark plug would be installed inside the ELC housing, it would cause considerable damage when it explodes due to a lightning strike. The housing itself might crack, components nearby could be melted or damaged mechanically and metal deposits might cause leakage currents.

3. If lightning current passes through the ELC housing, it could induce such high voltages in any other wire or print track nearby that components are destroyed. It is not feasible to fit varistors at each end of every piece of conductor, it is much easier to keep this large lightning current out of the ELC housing itself 

So if one would like to protect the ELC against direct lightning strikes:

1. The voltage clamping device at user load end of the relay should be fitted in a separate housing in between the ELC and the overhead cable. 

2. Any time that user appliances were destroyed without apparent reason, there might have been a lightning strike and this protection device should be checked and replaced if it was destroyed. 

3. Varistors are most suitable as they are cheap, widely available and produce an awful smell when destroyed. Then anyone coming near, will smell that something is wrong and the destroyed varistor could be replaced.

4. If the ELC is installed far away from the generator (e.g. in order to use power diverted to dump loads productively), there might be lightning strikes on the cable coming from the generator. Then it is better to have the varistor at generator end of the relay fitted outside the ELC housing as well.

The best way to protect the whole system against direct lightning strikes, is by constructing all overhead cables `lightning-proof’:

1. One of the generator connections should be treated as `230 V Neutral'.

2. On the overhead cable, this 230 V Neutral wire must hang ca. 0.4 m above the 230 V Line wire, so that any lightning strikes will hit the 230 V Neutral wire.

3. 230 V Neutral wire must be grounded properly near the generator and at 100 m intervals along the overhead cable. Earth electrodes can consist of steel pipes buried or hit into the ground. Resistance between earth and an earth electrode should be less than 2 (, preferably even less than 1 ( (so when measuring resistance between two earth electrodes, total resistance should be less than 4 (). It depends on soil conditions how deep the pipes should go for achieving this resistance.

National electricity standards might prescribe different ways to construct overhead cables that are just as effective in avoiding direct lightning strikes.

3.9 Noise problems

3.9.1 Introduction

In figure 24, simplified signals were presented. When measuring on a real generator with an ELC connected to it, especially generator voltage signal looks quite different, see figure 7 XE "generator voltage:signal" 

 XE "generator current:signal" . There are a number of mechanisms that create different types of noise. Some of these are harmless but others might cause the ELC to malfunction. When built and adjusted properly, the ELC can cope with these types of noise or the condition under which it appears, can be avoided.

[image: image6.wmf]-400

-300

-200

-100

0

100

200

300

400

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

time, ms

Generator voltage, V

-10

-8

-6

-4

-2

0

2

4

6

8

10

Generator current, A

Generator voltage

Generator current

(corrected)


figure 7: Scope image of 4 kVA generator with only dump loads connected

To understand the different types of noise that can occur, some background information on generator characteristics and triac characteristics is needed, see annex F.6 and H for this.

3.9.2 Generator voltage itself

Synchronous generators do not produce a nice, sine-wave shaped output voltage by themselves. Possible noise signals produced by the generator XE "generator voltage:noise"  are:

· A ripple voltage XE "ripple voltage"  of ca. 1.5 kHz. In principle, this noise signal could make that sawtooth module sees several zero crossings XE "zero crossing"  when there is just one. In practice, feed-forward effect of opamp 5 and 6 is large enough to prevent this. The generator that produced figure 7 had a filter that reduced this ripple. With cheaper generators, ripple voltage is more pronounced. With a load connected to the generator, this ripple voltage becomes much smaller.

· A pronounced dip caused by the field current circuit. The generator that produced figure 7 did not show this dip.

With one generator, it was noticed that when triac triggering dip (see next par.) coincided with this field current dip, sawtooth signal got disturbed. This could be remedied by increasing the feed-forward effect of the blocks in sawtooth module, but then a more complicated circuit would be needed for the voltage dividers to avoid other problems. So we decided to leave things as they were. If it occurs, it can be remedied by keeping a small resistive load connected permanently to the generator.

3.9.3 Triac triggering dip

This is the most conspicuous effect of the ELC on generator voltage XE "triac triggering dip" \b . In figure 7, there are two triac triggering dips in each half period:

· The one for dump load 1 comes some 0.3 ms after the zero crossing (so trigger angle is nearly 0 and this dump load is fully on). In between the zero crossing and this first triac triggering dip, current is 0 since there was no other load connected to the generator.

· The one for dump load 2 comes ca. 4.5 ms after the zero crossing (so trigger angle is about 90 ( and this dump load is switched on at roughly 1/2 capacity). This triac triggering dip is much more pronounced because generator voltage at the time is much higher. Right at the beginning of this dip, current starts to increase strongly.

A triac triggering dip occurs whenever a triac is triggered and a dump load switched on. Then voltage drops almost immediately and gradually rises back to its normal curve in the next 1 to 2 ms. It is caused by stator self-inductance of the generator that prevents generator current from increasing very fast once a dump load is switched on.

How deep voltage drops during the triac triggering dip, depends on how much resistive load was connected to the generator before this dump load was switched on:

· If there was no load, generator current was 0 and generator voltage will drop to practically 0. 

· If there was a resistive load at the moment a dump load is switched on, the current going into this load, will be divided over the existing load and the newly switched-on dump load. This redistribution mechanism XE "current redistribution"  of existing generator current, makes that generator voltage drops to a fraction of its original level.

A dump load that was switched on already, counts as a resistive load. So in figure 7, voltage drops to half its original value when dump load 2 is switched on.

With an inductive load connected to the generator, this redistribution mechanism will not take place because the current drawn by this inductive load can not decrease so fast. So an inductive user load has no effect on how deep the triac triggering dip will be.

With a capacitive load connected to the generator, this capacitor can provide the current the newly switched-on dump load draws while generator current adapts to the new situation. Then voltage does not drop so sharply once the dump load is switched on, the dip will become less deep and the lowest point of the dip will get a more rounded shape:

· The 100 nF capacitor in DC voltages module is connected to the generator via the 100 ( resistor. However, it is way too small compared to the large current the dump load draws and also the 100 ( resistor limits the current it can provide. 

· If the generator has a filter (see annex F.6), the capacitor of this filter will make that voltage drops a bit less fast if a triac is triggered. Still this capacitor will be too small to make the dip significantly less deep.

· Large capacitors connected to user loads will have a real impact on this dip. These could be capacitors to improve power factor of inductive loads (e.g. electrical motors or fluorescent lamps with magnetic ballast). Or these could be capacitors that are fitted directly over the generator in order to reduce noise problems, see par. 7.4.3.

The noise suppression coils have a negligible effect on the triac triggering dip because their self-inductance is way lower than stator self-inductance.

The triac triggering dip is the main reason why the electronics of the ELC got so complicated. The way it reacts to this dip is as follows:

· Because of their feed-forward effect, opamp 5 and 8 do not react to voltage falling to practically 0 during a half period. They will only switch over if generator voltage really crosses zero and goes more than 14 V in the other direction. This makes that sawtooth signal is not affected by the triac triggering dip. But the resets of sawtooth signal are delayed because of this feed-forward effect.
(Please note: With one generator, the combination of triac triggering dip and field current circuit dip did cause sawtooth signal to become disturbed, see above).

· F.T. zone XE "F.T. zone"  signal is affected by the triac triggering dip: It goes `high' when voltage drops to below its threshold level, meaning that there can be no trigger pulses. But this does not affect the functioning of the ELC:

1. It happens just after one triac has been triggered successfully, as otherwise this dip could not occur. So the fact that the trigger pulse to this triac is interrupted once F.T. zone goes `high', has no effect.

2. Once F.T. zone signal goes low again after this dip, final comparators will produce another trigger pulse to the triac that is already conducting. This has no effect either.

3. Long before the next triac should be triggered, the triac triggering dip has ended and FT zone signal is normal again.

The triac triggering dip does have an effect if the generator has an AVR that reacts to peak voltage, see annex F.1 and par. 7.4.4. 

Triac triggering dips have one positive effect: They make it possible to check how the ELC is doing by measuring generator voltage with an oscilloscope, see annex C.3.

3.9.4 Reverse recovery peak

This peak XE "reverse recovery:peak"  can be seen right after a zero crossing XE "zero crossing" , see figure 7 (the one at t = -10 ms is not clear because the triac triggering dip comes right after it, the other ones are easier to see). Just after a zero crossing, voltage increases much faster than what would be expected for a normal sine-wave. It is caused by the fact that triacs can conduct a reverse recovery current XE "reverse recovery:current"  just before blocking, see annex H. It will only show up when there is no resistive user load or capacitor connected to the generator. Right after a zero crossing, both dump loads are switched off so these do not prevent the reverse recovery peak from occurring. 

The effect of reverse recovery current becomes noticeable only when it stops, so when the triac blocks it. Without a resistive user load connected to the generator, stator self-inductance makes that current through dump loads can not stop suddenly without causing a voltage peak. The 100 ( resistor and 100 nF capacitor in DC voltages module will absorb most of the energy of this peak. Still, a peak can be seen on generator voltage signal right where the triac blocks, see figure 7.

If this peak occurs, it makes that opamp 5 and 8 will switch over immediately after a zero crossing, so the usual delay time (see figure 24) is reduced. But F.T. zone XE "F.T. zone"  module reacts even faster and the peak causes F.T. zone signal to go `low' for some 0.1 ms right after the zero crossing. 

Without proper measures, this short dip in F.T. zone could cause false trigger pulses to be generated: Normally, final comparators will produce a trigger pulse when sawtooth signal is above trigger angle signal, and F.T. zone signal changes from `high' to `low'. This works well when sawtooth signal is reset well before F.T. zone goes `low'. 

Due to this peak, both signals will go `low' at the same time and chances are, that F.T. zone reacts a bit faster, causing a false trigger pulse to be generated. It is even likely that F.T. zone will react slightly faster since there is only 1 opamp involved in it (see par 2.1.3.4 for reaction speed of opamps). And for sawtooth signal to be reset, there are two opamps in series that must change over and the capacitor between output and - input of opamp 7 must be discharged. 

Irrespective of trigger angle signal coming from the P.I. controller, this false trigger pulse XE “trigger:pulse"  would come at a very low trigger angle. So this reverse recovery peak can cause the triacs to be triggered unintentionally at a very low trigger angle.

This problem is avoided by delaying F.T. zone signal a bit by means of the 100 nF capacitor from trigger angle signal to `E’ in final comparators module. This capacitor has no effect on the upward edges of F.T. zone signal because it is charged fast by F.T. zone module via the diode. But at the downward edge of F.T. zone (so when it changes from high to low), this diode blocks and it can be discharged only via the two 10 k resistors in the P.I. controller. This makes that during the 0.1 ms that F.T. zone signal is low due to reverse recovery peak, trigger angle signal hardly decreases. This way, opamp 1 and 3 can not produce unwanted trigger pulses due to the reverse recovery peaks.

3.9.5 Interference problems

Interference XE "interference noise"  means that unintentionally, one wire picks up a signal from another wire due to electromagnetic radiation (so without direct contact or a leakage current). It is as if one wire acts as the antenna of a radio transmitter and the other one as the antenna of a radio receiver. How strong such interference effects are, depends on:

1. Current in the sending wire. So power wires with high currents cause more trouble than just signal wires. 

2. Frequency at which current in the sending wire changes. High frequencies have much stronger effects. Especially voltage spikes can cause trouble since their sharp edges could be seen as a combination of sine-shaped waves with very high frequencies.

3. Distance between sending and receiving wires, their lengths and their orientation with respect to one another. Shorter distances, longer lengths and parallel orientation give the highest interference noise.

This means that power wires to the dump loads can cause strong interference effects, as current through them will change fast once the triac is triggered. Power wires to user loads can also cause interference effects due to current redistribution when there is a purely resistive user load, see par. 3.9.3.

An earlier version produced erratic results when the `Earth' connection of an oscilloscope was connected to `E' while the ELC was operating. Then trigger angle made unexpected, large swings and often one or more protection features tripped without reason. Even connecting a small soldering iron to the same outlet as the ELC, could make protection features to trip. What exactly happens at these moments, is difficult to measure because it happens so fast and only once. Apparently, connecting these items caused voltage spikes in some wires that made other wires pick up stray signals. 

The electronics on the PCB have been made less sensitive for interference noise by the following measures:

1. Small, 100 nF capacitors are connected over voltage supply (so between its `+V' and `E' connection) of all 4 LM324 opamp chips.

2. Two 100 nF capacitors are fitted between Vref and `E' at different places on the PCB. Then still protection features tripped when Vref was touched with a loose tester lead while the circuit was under voltage. So in DC voltage module, a larger 47 (F capacitor was added between Vref and `E' and this problem disappeared.

3. Print voltages are not connected directly to the main, 230 V Neutral wire any more. There is the series of 150 ( resistor, 47 (F capacitor and another 150 ( resistor between `+V' and `E' in final comparators module, with `MT1' connected to the positive end of this capacitor. So any voltage spikes coming from 230 V Neutral via the MT1 connection, are dampened by the 150 ( resistor before they can reach `+V'. For such voltage spikes, the 47 (F capacitor acts as a short circuit. So the same voltage spike is also transmitted with the same degree of damping to `E'. This all makes that a voltage spike coming from the mains can hardly affect voltage of `+V' with respect to `E' any more.

The power circuit has been designed such to reduce the amount of interference noise it radiates:

1. Noise suppression coils limit the rate of increase of current drawn by dump loads. However, their self-induction drops off once they get saturated so they are less effective with large capacity dump loads, see annex Noise suppression coils.

2. Noise suppression coils must be fitted upright, with their axis towards the PCB. This way, windings at the side towards the PCB go all directions and the effects of current in each of them will annihilate one another. If the coils would be fitted lying, windings at the side towards the PCB are parallel and the effects of current in each of them, are added.

3. Power wires should be kept away of the PCB. With the triacs and the wires towards them, this is not possible and therefor, the PCB should be shielded against these power wires by means of a piece of aluminum foil insulated with plastic. It would be even better to connect this sheet to the 230 V Neutral connection on the PCB.

4. Where feasible, pairs of power wires carrying the same current but in opposite direction, could be twisted or at least kept close to one another. This way, the effect of one power wire counteracts that of the other one.

Until now, no more interference problems have been encountered. This may seem weird for a device in which such large currents are switched so close to sensitive electronics. Probably it is because LM324 opamps are quite insensitive to high-frequency noise because their slew rate XE "opamp:slew rate"  (= maximum rate of increase or decrease of their output voltage, see par 2.1.3.4) is limited to 0.5 V/(s. Suppose that output of an opamp must change by 2 V before it will have an effect on subsequent circuits, then the interference noise that produces a false input signal, should last for 4 (s before it has any consequences. A false signal in one direction that lasts for 4 (s means that one half period of this noise signal takes 4 (s and frequency must be 125 kHz. So any interference noise with frequencies above 125 kHz hardly come through these opamps. For protection feature opamps, their outputs must change by some 7 V before they can trip without reason. This means that these are insensitive for noise signals above 36 kHz.

Interference problems might still occur with a different lay-out of the power circuit and with high capacity dump loads. If weird problems arise while high capacity dump loads are used, the following measures could be taken:

1. It might be because noise suppression coils get saturated XE "saturation"  and do not limit rate of increase of dump load current once it has risen above this saturation current. Then try with only 4 to 6 windings on the noise suppression coils (instead of the 8 that are fitted standard) so that they will get saturated only at a higher current.

2. Likely, the trouble is associated with one of the BC237 transistors: They do not have a limited slew rate like the opamps so they can react to noise with much higher frequencies. This is difficult to test since probably, the error will only occur when the housing is closed (and the PCB is not accessible), and when large capacity dump loads are connected to the ELC. To find out which transistor might produce false signals, try the following:

a. Measure generator voltage signal with an oscilloscope at a point outside the ELC and check whether trigger angles for both dump loads are 90( apart. If dump load 2 is switched on right after dump load is switched on, likely the transistor for dump load 2 reacts to noise caused by dump load 1 being switched on.

b. If the ELC just makes a mess out of trigger angles and the system oscillates, likely the transistor that resets sawtooth signal XE "sawtooth signal"  is causing trouble. To check, connect wires to sawtooth signal and `E’, twist them and lead them outside the ELC housing which can then be closed again. Check with an oscilloscope whether sawtooth signal is reset in between its normal resets at zero crossings. Even partial resets (so: voltage drops, but not to its normal minimum value of 0.7 V) can explain the trouble:

· Now the transistor(s) that cause trouble can be made less sensitive by connecting a small capacitor between `b’ (base) and `e’ (emitter) leads. For sawtooth signal, a 4.7 nF capacitor will produce a delay time of 10 (s before this transistor will start to reset sawtooth signal. Probably this is enough to eliminate noise while it will not affect proper functioning of sawtooth reset circuit. 

· For final comparator transistors, a 47 nF capacitor between base and emitter will produce a delay time of 7 (s, which will probably be enough to eliminate noise trouble. But here, a lower capacitor value is desirable because this capacitor reduces rate of increase of trigger current and this makes that triacs are switched on less well. So try much smaller values first and choose a value that is several times higher than the value at which noise problems disappear.

Quite likely, strong voltage spikes or indirect lighting strikes on an overhead cable will cause interference effects (see par. 3.8.3). So if occasionally, one or more protection features trips without reason, it might be because of this.

4 Protection features

4.1 Protection against what

The protection features are meant mainly to protect user appliances against conditions that might destroy certain types of appliances:

1. Overspeed XE "overspeed" : Against too high a frequency. This is dangerous for motor driven appliances, especially if the driven machinery requires much more power when driven too fast, e.g. fans or centrifugal pumps. It can occur if the ELC or dump loads fail and the turbine speeds up to run-away speed, see par. 4.4.

2. Overvoltage XE "overvoltage" : Against too high generator voltage. This is dangerous for many types of appliances. Normally, this can only happen with a compound type generator when the ELC or dump loads fail. So then it is linked with overspeed. It might also happen with a generator with AVR if the AVR fails, see par. 4.7.

3. Undervoltage XE "undervoltage" : Against too low voltage. Then electrical motors might be unable to start and might overheat, see par. 4.5.

Optionally, a protection against underfrequency can be added. This is done by adding a `frequency effect’ to the `overvoltage’ feature. This will make that overvoltage feature will not only trip when voltage is too high in absolute figures, but also when voltage is too high in relation to frequency, see par. 4.8. It is not fitted standard because with most generator types, this frequency effect is not necessary and would only complicate things.

Then there are protection features that are meant to protect the ELC itself:

1. Fast undervoltage XE "undervoltage:fast" : This protects the relay against `rattling' when generator voltage nearly collapses because a very large load is switched on. It works by switching off the relay permanently before supply voltages drop to such a low level that it might switch off because voltage over the relay coil becomes insufficient. 
Having the relay switch off due to lack of power for its coil is dangerous because it would switch on again right away because once this heavy load is disconnected, generator voltage rises to a normal value. The end result would be that the relay would rattle XE "relay:too fast switching"  (switch on and off at a very fast rate), and would not survive for long.
This feature is built into the normal undervoltage feature. Its threshold XE "treshold level"  voltage is lower, but also its time constant XE "time constant"  is lower. So it can act fast, but will only trip if voltage drops rapidly to a very low value. See par. 4.6.

2. ELC overheat XE "overheat, ELC" : This protects the ELC against overheating of the heat sink to which the triacs are fitted. See par. 4.9.
When installed properly, the ELC should never overheat. But this could still happen if:

· System capacity is higher than ELC rating.

· Ambient temperature rises higher than expected. This could happen if a dump load is fitted below the ELC.

· Cooling effect of the heat sink is impaired, for instance because somebody hung a T-shirt over it.

However, the protection features do not protect against all possible hazards:

1. User loads are not protected against voltage spikes or (indirect) lightning strikes, see par. 3.8.3 and 3.8.4.

2. If the relay switches off, only the 230 V Line wire is interrupted. This will interrupt power supply to all connected loads, but it does not guarantee that the grid can be touched safely XE "safety" : 230 V Neutral wire will still carry a voltage if:

· The generator has a filter. This will make it carry only half of generator voltage, but it can supply only a very small current of around 1 mA. 

· The 230 V Line wire is grounded at the generator. Now 230 V Neutral wire can carry normal output voltage and full generator current. Of course this situation should be avoided. If one of the generator wires is grounded, then this wire should be connected to the 230 V Neutral wire of the ELC.

3. Protection features offer little protection to the generator, so:

· In most cases, there must be a separate overcurrent protection device to protect the generator, see annex D.3.
Sometimes, undervoltage feature can be used for this because too high a current usually means that the system is overloaded and that voltage will be exceptionally low, see annex B.3.3 and G.5.

· The generator should be able to stand being driven at overspeed for hours, see annex A.2.

4. Recommended threshold XE "treshold level"  settings and time constants XE "time constant"  should be treated with caution. I can not guarantee that with these settings, user appliances are protected adequately while unnecessary tripping of protection features is reduced to a minimum. Suggestions for better values are very welcome!

If the relay switches off, all loads are disconnected from the generator. This will cause a run-away situation (see annex A.2) and might cause mechanical damage to the generator itself (see annex F.7). With a compound type generator, also generator voltage will increase to about twice its nominal value, even more if transmission ratio was chosen too high. With the relay switched off, only DC voltages module of the ELC is connected to the generator. This has been designed to stand such high voltages indefinitely, see par. 3.8.2.

4.2 Common characteristics of protection features and logics module

All protection features act by switching off the relay so that user loads and dump loads are disconnected from the generator. So the dump loads are also protected against too high voltage.

Protection features have threshold levels XE "treshold level"  that are set by means of the trimmers going with them. They do not react immediately when a variable exceeds the threshold level. There are RC filters that derive a kind of average from the input variable. Then this averaged value is compared with the threshold level. The period over which this average is taken, is expressed as a time constant XE "time constant" \b . A simple RC filter XE "RC filter" \b  consists of a capacitor with one end connected to a stable voltage , for instance `E’ and a resistor from input signal to the other end of the capacitor. Then its time constant (in sec) is just resistance (in () times capacitance (in F). There are no trimmers to adjust time constants: They can be changed only by replacing capacitors or resistors.

The way protection features work, is based on the following principles:

1. When the turbine is started and speed becomes high enough for the generator to produce its rated voltage, power supply to the ELC electronics comes up. Then all 4 features automatically go to `safe' state and the relay switches on in about 0.3 seconds. This is the only way to reset all features to `safe’ state, as there is no button to reset them once they have tripped, see at point 3.

2. If input signal to a protection feature is such that this feature is triggered and goes to `unsafe' state, the following things happen:

a. It makes the relay switch off, so that user loads and dump loads are disconnected from the generator. 

b. The right, red `protection feature' LED XE "protection feature LED's"  lights up, showing which feature made the relay switch off. There is just one LED for normal `undervoltage' and `fast undervoltage', so from that LED, one can not see which made the relay switch off. 

c. It remains in `unsafe' state for as long as there is power supply (so for as long as the generator remains running and switched on), even if its input signal goes back to a normal, `safe' values. 

d. It influences other protection features in such a way that these can not trip any more. So only the LED of the feature that actually made the relay switch off, will light up.
This way, a confusing situation with 2 or 3 LED's lighting up, is avoided. Suppose the relay switched off because of undervoltage, then the fact that there is no load to the generator any more, will make it overspeed and, if the generator is a compound type, also voltage will be way too high. Please note: 

i. `Overheat' feature is not influenced by one of other 3 features going to `unsafe' state, as this seemed superfluous.

ii. If more than one features have tripped, the cause might be a lightning strike on an overhead cable. This will produce such heavy interference’s that two or more features might go `unsafe'.

3. To reset protection features XE "protection features:reset" , one has to shut down the turbine and wait at least 10 seconds. If it was `undervoltage' feature that made the relay trip, it takes at least 15 seconds before the system can be started up again. If one tries too early, `undervoltage' feature will trip again within 1 or 2 seconds after starting up.

The above mentioned principles can be found back in the way protection features work, see figure 20.

Protection features are built up around Opamp 13 up to 16. When output of one of these opamps is `high’, this means a `safe’ signal from that protection feature. As long as all of these opamps are `high’, the BD139 transistor in `logics’ module will receive base current from +V via the 5.6 k resistor, the green LED and the diode in series with its base. So this transistor will conduct and an amplified current will flow from V24 via the relay coil to `E’ and the relay will be switched on. 

If one of the opamps goes `low':

· It will draw `logics’ signal low. 

· Now the current from the 5.6 k resistor will be diverted to `logics’ instead of to the base of the transistor.
Since the output of an opamp can not go lower than ca. 0.7 V above `E’ and the voltage drop over the diode in series with its output, voltage at `logics’ can not be pulled lower than ca. 1.3 V above `E’. This makes that the lower end of the 5.6 k resistor can not be pulled lower than 1.9 V above `E’. To make sure that current is diverted to `logics’ when an opamp goes low, an extra voltage drop in series with the base of the transistor is necessary. Together, the diode, the green LED and the base-emitter voltage of the transistor make up a voltage drop of 0.6 + 1.8 + 0.6 = 3.0 V. So the transistor can only conduct if voltage at the lower end of the 5.6 k resistor is 3.0 V above `E’ and surely it will not conduct if it is pulled down to only 1.9 V above `E’ by `logics’ signal. So an opamp going `low' means `unsafe' and this will make the relay switch off (see with point 2a above).

· The BD139 transistor receives no base current and switches off current to the relay coil. This makes the relay switch off. 

Each opamp has a red `protection feature' LED connected to its output via a 2.2 k resistor. This LED will light up when output is low, indicating whether this protection feature has tripped (point 2b).

Each opamp has a 47 k or 220 k resistor to its + input and a diode between + input and output. Polarity of this diode is such that when output goes `low', it will pull its + input low as well. This creates a feed-forward mechanism that only works in one direction. It makes that if an output goes low, it will remain low for as long as there is voltage supply (point 2c).

There are also diodes from `logics’ to - inputs of opamp 13, 14 and 15. These diodes make that if any of the opamps goes `low', - inputs of all opamps will be pulled `low'. This makes it practically impossible that a feature will be triggered once another feature has been triggered (point 2d). 

For the opamp that was low already, it means that both its + input and - input are pulled low and this seems to counteract the feed-forward mechanism that keeps its output `low'. In practice, this does not happen because its + input is pulled low via one diode, while its - input is pulled low via 2 diodes. With a voltage drop of 0.6 V per diode, this makes that + input will still be 0.6 V lower than its - input, so this opamp will remain `low'.

Each opamp has a capacitor to `E' connected to its - input. When power comes up and everything starts to work, it takes a while before these capacitors are charged up. This makes that during start-up, voltage on - input will be lower than on + input so output will go `high', which is the `safe' state, (point 1). 

For this mechanism to work, there should be no capacitors to `E' connected to + inputs. This is why the capacitors that are needed to create time constants for `overspeed’ and `undervoltage’ feature, have to be connected to `Vref' instead of `E'. Then voltage over a capacitor could be either positive or negative, so single elco capacitors can not be used as they can not stand wrong polarity. Therefor two capacitors are connected in series with opposite polarity.

When XE "protection features:reset"  the generator is stopped or disconnected, power supply to the PCB is interrupted, the large `Elco’ capacitors in DC voltage module discharge and `fast undervoltage’ feature will trip just before the ELC ceases to function altogether. When one would try to restart the system immediately, capacitors in `Vref-delayed’ and `undervoltage’ are still charged such that `undervoltage’ module will immediately go to `unsafe’ state or will trip within a second or so. Only after some 10 seconds, these capacitors are discharged far enough and protection features will go to `safe' state if the system is started up again (principle 3).

There is a `logics’ signal point drawn in figure 20 but there is no `logics’ measuring point on the PCB as this would give little useful information. The green LED on the PCB was necessary anyway to create a suitable voltage drop, but it also indicates nicely whether the transistor receives base current and should switch on the relay. Also it can be heard if the relay switches on or off.

All features use Vref XE "Vref"  as reference value to which an input signal is compared: The opamps have either Vref connected to their + input via a 47 k resistor, or `Vref, delayed’ to their - inputs. To make threshold level XE "treshold level"  adjustable, the input signals themselves are reduced by trimmers acting as voltage dividers.

Input signals and threshold levels can be expressed in two ways:

1. The input variable itself, so generator voltage in V AC, frequency in Hz, heat sink temperature in (C. Normally, this way is used, e.g. for giving recommended threshold settings.

2. The electronic signal that is derived from this input variable, as it appears at opamp inputs: Always in V DC and with a value of around 6.9 V. This way is used for discussing how these features work electronically.

Then a practical comment: Trimmers that set threshold levels, are connected such that turning them to the right (= clockwise), will make that the feature concerned will trip less easily. So turning to the right makes a feature less sensitive to its variable deviating from nominal value. Turning it to the extreme right makes it so insensitive that in practice it will hardly trip at all.

4.3 Vref, delayed

This module produces a delayed reference voltage XE "Vref, delayed"  to the - inputs of opamp 13 and 14, making these go to `safe' state when power comes up. There are conflicting demands as to how much this signal should be delayed:

· As long as Vref, delayed has not approached its normal value, `overspeed' and `undervoltage' feature can not make the relay switch off. So to make these features work within a second after start-up, the capacitor should be charged relatively fast. 

· For the `fast undervoltage' feature to work properly even when Vref itself is already decreasing because print voltages are collapsing, the capacitor should be discharged much slower.

The diode over the 100 k resistor makes that the capacitor can be charged rather fast. For discharging, the diode is in blocking direction so the capacitor can discharge itself only via the 100 k and 10 k resistor in series.

4.4 Overspeed

Threshold voltage for this feature XE "overspeed"  can be set from nominal speed as set by `frequency' trimmer (see par. 2.4) up to 1.5 times this frequency. Time constant is 5.2 seconds. 

It is possible that this feature trips in case of short-circuit or heavy overload, as then generator speed might increase rapidly, see annex F.4.

Recommended setting: 10 % overspeed  XE "overspeed:adjustment" as compared to `frequency' setting. 

To adjust it such, measure DC voltage on middle contact of the trimmer while frequency is equal to nominal frequency (so with the ELC functioning normally under stable load conditions). Adjust the trimmer until this voltage is 7.48 V DC.

4.5 Undervoltage

Threshold voltage can be set from ca. 105 to 215 V AC. For this feature XE "undervoltage" , there are two time constants in series of 5.2 s each. With a single time constant, output voltage would react immediately to a change in input voltage by decreasing or increasing towards this new input voltage. So with one time constant, this feature would still react rather fast to voltage dropping to way below the threshold level. Two time constants in series give an averaging effect in which the values of input voltage before a sudden change, count more strongly. So if generator voltage would drop to way below threshold level for a second or two and then return to normal, undervoltage feature will still not trip. This makes it possible to use heavy electrical motors that draw such a high starting current that generator voltage practically collapses for a few seconds.

Recommended setting for undervoltage  XE "undervoltage:adjustment" depends on whether there is an accurate, reliable overcurrent protection or not:

· If there is no accurate, reliable overcurrent protection device, undervoltage feature should be used to protect the generator against too high current in case of overload, see annex G.5 for the best setting.

· If there is a proper overcurrent protection, undervoltage feature can be adjusted such that it protects user loads optimally without tripping too easily when a heavy load is switched on. It could be adjusted to e.g. 170 V, see also annex B.3.6.
To adjust undervoltage feature, measure generator voltage with the ELC working under stable conditions. When generator voltage would drop to the desired threshold voltage, voltage at middle contact of this trimmer should drop to 6.9 V (= Vref). So at any other stable generator voltage, voltage at middle contact of the trimmer should be proportionally higher: (Generator voltage / desired threshold voltage) * 6.9 V. Then the trimmer can be adjusted accordingly. 

This feature has some limitations that should be kept in mind:

1. It uses `Vunstab’ XE "Vunstab"  as a measure for generator voltage. Some external effects can influence The relation between generator voltage and `Vunstab' can change due to some external effects (see below) and then it should be readjusted.

· Temperature of the transformer influences the resistance of its copper windings. Therefor it is best to test its adjustment in the field, after the ELC has run for a while and has warmed up.

· If another transformer type is fitted. 

· If a different relay type is used that draws more or less current. If a relay with less than 350 ( coil resistance is used, also the 18V transformer must be replaced by a 24 V one, see annex E.6.
It can be that the relation between Vunstab and generator voltage has changed so much that the desired threshold XE "treshold level:outside trimmer range"  voltage ends up outside the range of undervoltage trimmer. or the circuit diagram must even be adapted. Then the 22 k resistor between Vunstab and the trimmer should be replaced by another value. When a transformer with a higher output voltage is used or a relay that draws less current, the same generator voltage will result in a higher voltage at Vunstab. To compensate for this, a higher resistance value is needed. Ideally, upper limit for the trimmer adjustment range should end up between 200 and 220 V AC. This upper limit for `undervoltage’ is equal to lower limit for `overvoltage’, so if the range for `undervoltage’ is correct, then the range for `overvoltage’ will also be O.K.

2. This feature measures voltage as an `average responding’ value, see par. C.2. When its setting is checked with a `True-RMS’ tester, it might seem as if its threshold level varies a little.

3. Undervoltage feature does not compensate for voltage drops in cables after the ELC. It reacts to generator voltage as measured in the ELC. If a large capacity user load is connected at the end of a long, thin cable, voltage at this user load could be way lower than at the ELC and it is not adequately protected.
To account for the voltage drop in a long cable, the ELC could be installed near user loads rather than near the generator, see par. 6.5.

4.6 Fast undervoltage

 XE "undervoltage:fast" This feature is integrated in the normal undervoltage feature. It consists of the 10 k - 27 k voltage divider from `+V' and the diode from + input. It has no trimmer and no time constant by itself. When `+V' drops below 8.5 V, + input will be drawn below 6.9 V and opamp 14 will go `low' irrespective of the voltage of the capacitors that form the time constants for normal undervoltage.

If `+V' drops to 8.5 V, then `V24’ XE "V24"  will be a bit higher at 10.1 V. This voltage is too low to make a 24 V relay switch on, but it is more than enough to keep it switched on once it has switched on. So before the relay might switch off due to lack of voltage supply, this feature will trip and make sure the relay stays switched off until the system is restarted.

Without this feature, the relay could start to `rattle XE "relay:too fast switching" ' if a very heavy load would be connected. This might make that generator voltage drops so low that `V24'  from DC voltages module decreases below the minimum value the relay coil needs to keep the relay switched on. Then once the relay has disconnected all user loads, `V24' would return to normal and the relay would switch on again within a second. This way, the relay would switch on and off a large load at a very fast rate, and it would not survive for long, see also par 4.1.

Calculated back to generator voltage:

 Fast undervoltage will trip eventually when generator voltage is below ca. 107 V AC. 

Even though this feature has no time constant, it won't trip immediately when generator voltage drops below this value: The large capacitors in DC voltages module have a buffer capacity enough to keep the ELC functioning for about 1.4 second after generator voltage has dropped below this value. This 1.4 second period is only reached if these capacitors were charged to their normal value, so when generator voltage was normal just before it dropped below 107 V AC.

Please mind that fast undervoltage might trip when the turbine is started up very slowly while a user load is already connected. This could happen when the turbine is fitted with a flow control valve or a gate valve that is opened slowly. If the relay switches on already while the turbine is producing only a fraction of its normal power, these user loads will make the turbine slow down considerably and voltage might fall below the threshold level. Then it will trip within a second as the large elco capacitors in DC voltages module were not fully charged yet when the relay switched on. To avoid this, either disconnect all user loads during starting-up, or have the turbine start up faster.

4.7 Overvoltage

 XE "overvoltage" Threshold voltage can be set from ca. 215 to 275 VAC. There is one time constant of 2.2 seconds.

Recommended setting XE "overvoltage:adjustment" : 250 VAC. Procedure to adjust it is similar to that of undervoltage: Measure generator voltage with the ELC working under stable conditions. When generator voltage would rise to 250 VAC, voltage at middle contact of this trimmer should rise to 6.9 V. So at present generator voltage, voltage at middle contact should be proportionally lower: (Generator voltage / 250) * 6.9 V.
Overvoltage reacts to voltage as measured in ELC. If cables to user loads are long and thin, voltage drops in the cable could be rather large. Then overvoltage feature might trip while voltage at user loads could still be well below the threshold level. To account for the voltage drop in a long cable, the ELC could be installed near the user loads rather than near the generator, see par. 6.5.

This threshold voltage and time constant are open to discussion. They are a compromise between conflicting demands:

1. When adjusted insensitive, some user loads could get destroyed due to overvoltage.

2. When adjusted rather sensitive, it might trip too frequently.

See par. 7.4.9 for more information.

Overvoltage reacts to voltage as measured in ELC. If cables to user loads are long and thin, voltage drops in the cable could be rather large. Then overvoltage feature might trip while voltage at user loads could still be well below the threshold level. To account for the voltage drop in a long cable, the ELC could be installed near the user loads rather than near the generator, see par. 6.5.

4.8 Frequency effect to overvoltage 
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figure 8: Effect of frequency on threshold level for overvoltage feature

This feature XE "frequency:effect to overvoltage" 

 XE "overvoltage:frequency effect to-" \t " See frequency / effect to overvoltage"  protects user loads against the combination of a normal generator voltage with too low a frequency. This situation can occur if the system is overloaded (so frequency drops) while the generator is designed such that it still maintains its normal voltage. It is dangerous for certain inductive appliances, see at `type 3' in annex B.2.3.

This module is optional. It was not included in the standard design because:

1. In many cases there will be no need for it, as the type of generator used can not produce normal voltage when its speed is well below rated speed. (for the IGC version, it does make sense to include it because an induction generator could easily produce normal voltage at too low a frequency, see par. 5.5.5).

2. To build it, quite a few extra components are needed.

3. It makes it more difficult to adjust, test and troubleshoot overvoltage feature.

It makes use of opamp 20 that is normally used only in the IGC version. See 0 for what components must be added and how overvoltage feature itself must be adapted.

ERRORS in PCB design + description of May 1999 XE "ERROR:in PCB design + notes of May `99" :

In copper pattern for component side, there is a diamond island just below opamp 11 that should be connected through in order to bring 1/f signal (output of opamp 10) to opamp 20. This diamond island is connected to the wrong print track. 

· It is connected to 1/Voltage signal coming from opamp 19 (the top one).
· It should be connected to `freq' line that comes from opamp 17 in the IGC version, but is used to bring 1/f signal to opamp 20 in the ELC version with frequency effect (the print track in the middle).
The easiest way to solve this is by cutting loose this diamond island from the wrong print track (the top one), and soldering a little wire bridge from this island to the right print track (the middle one).

In the description of what should be done to include frequency effect to overvoltage for the ELC version (in annex M.2), the following point should be added:

· The `freq' print track is now used to conduct 1/f signal. So it must be disconnected from the output of opamp 17 by cutting the print track on copper side, for instance just above the 10 k resistors above opamp 20.

With respect to this, the circuit diagram for frequency effect was correct, use this as reference.

This circuit diagram contained another error: The resistor between + input of OA15 and anode of the diode, should be 47k instead of 2k2. In the PCB map, the correct  value was printed.

For this feature, a `frequency’ signal is needed. This is produced by opamp 20 that is wired as an inverting amplifier with amplification factor = -1. 1/f Signal is connected to its - input via a 10 k resistor and Vref to its connected directly to its + input. This inverter will produce an output signal equal to 2 times Vref - 1/f. For small variations around nominal frequency, this is close enough to serve as a `frequency’ signal. 

This frequency signal is used to pull down the reference voltage on + input of opamp 15 in case frequency drops below nominal frequency. This makes that when frequency is below nominal, `overvoltage’ feature will compare its voltage signal from the trimmer, with a lower reference voltage so it will trip at a lower generator voltage already. When frequency is above nominal, the diode blocks and this reference voltage remains equal to Vref.

To avoid unnecessary tripping, frequency effect has about the same time constant as overvoltage: 2.2 sec. If it would have no time constant, frequency effect would make `overvoltage’ trip when both voltage and frequency drop after a heavy load has been switched on, but voltage signal comes through delayed and averaged by its time constant. The 47 k resistor in series with the diode and the 47 (F elco capacitor create this time constant. To make sure that `undervoltage’ feature still goes to `safe’ state when power comes up, this elco is connected to Vref instead of `E’ (see point 1 in par. 4.2). Here, it is not necessary to use a pair of elco’s with opposite polarity since polarity over this elco can not become reversed.

Frequency effect does not work as neatly as described above, see figure 8:

1. The diode causes a voltage drop between `frequency’ signal and + input of opamp 15. Since it has to conduct only a (A to produce a noticeable effect, this voltage drop will be quite small: ca. 0.3 V. This makes that the knee point in the graph lies at a frequency of 4 % below nominal frequency as set with `frequency’ trimmer. Above this knee point, frequency effect does not influence the overvoltage feature.

2. The 47 k resistor and 220 k resistor form a voltage divider, making that only 82 % of the reduction in frequency is passed on to + input of opamp 15. This makes that slope of the part before the knee point, is a bit less than ideal. 

Still it will provide enough protection to inductive loads because:

· Internal resistance of an inductive load will help limit current.

· Irrespective of frequency, `undervoltage’ feature will trip when voltage drops too low. 

This feature has no trimmer of its own and its effect depends on the setting for `overvoltage’ feature. So when `overvoltage’ is adjusted very insensitive, this feature becomes very insensitive too (see dashed line in figure 8).

HARVEY, page 268, mentions that transformers and induction motors driving fans and centrifugal pumps will overheat when frequency is 20 % below nominal while voltage remains normal. With fans and centrifugal pumps, torque required to drive them decreases strongly with speed. Induction motors driving machines that require an almost constant torque (e.g. fridge’s, rollers, mills) might overheat already when frequency is 10 % below nominal and normal voltage. It depends on generator type whether it can produce normal voltage at too low a speed, and with that: Too low frequency, see annex F.3.

If `overvoltage’ feature has tripped, it can not be seen from the LED’s whether this was caused because of a real overvoltage situation or because of this frequency effect. This can cause a confusing situation and it might be that an operator decides to adjust `overvoltage’ less sensitive because it did trip while generator voltage was perfectly normal. Then both `overvoltage’ feature and `frequency effect’ are disabled and user loads are protected worse rather than better. Therefor:

1. Remember that frequency effect can make `overvoltage’ feature trip when there is an overload situation.

2. When this feature is included, both frequency and voltage should be measured when adjusting `overvoltage’ feature. If a tester with `frequency' range is not available, 1/f signal can be measured and this value calculated back to a frequency. 

3. After adjusting `overvoltage’ feature, test whether switching on a large user load causes it to trip even when this does not cause a real overload situation. If it does, there are the following options:

· Leave it as it is and explain to users and operator that this tripping is caused by the generator being temporarily overloaded.

· Adjust `overvoltage’ a bit less sensitive, as long as this does not mean that user loads are poorly protected against a real overvoltage.

Fit an extra diode in series with the existing one. Then the increased voltage drop will make that the knee point in the graph moves towards 9 % below nominal frequency.

4.9 ELC Overheat

 XE "overheat, ELC" Threshold temperature can be set from ca. 45°C to infinity.

Recommended setting XE "overheat, ELC:adjustment" : Generally 70 (C. Sometimes, a higher value is acceptable, see annex E.4.
Resistance of the NTC resistor fitted on the heat sink is nominally 100 k at 25° C. For every °C temperature rises above 25° C, its resistance decreases by a factor 0.9535. So at 70° C, its resistance will be 0.953545 * 100 k = 11.7 k. To adjust it to 70° C, make sure that NTC temperature is 25 ° C and then adjust middle contact of the trimmer to 3.27 VDC.

Since both 25° C resistance and temperature coefficient could differ a more accurate way of adjusting this feature is by heating up the NTC to exactly 70° C and then adjusting the trimmer to 6.9 V DC.

The trimmer and 47 (F capacitor form a time constant of ca. 0.4 second. This has no practical effect since temperature of the heat sink can never change this fast. The capacitor is only needed to make sure this feature goes to `safe' when supply voltage comes up.

5 IGC version

5.1 Controlling an induction generator

An induction generator consists of an induction (or asynchronous) electrical motor XE "induction motor"  that can be used as stand-alone generator when capacitors are connected over its terminals. Standard 3-phase induction motors can be used and these are cheap, rugged and require little maintenance. With the capacitors divided evenly over the 3 phases, it will produce 3-phase electricity. For smaller systems, single phase electricity is more appropriate and for this, the capacitors should be connected in `C - 2C’ arrangement. See HARVEY, 1993 and SMITH, 1994 for information on using induction generators, as this chapter will only deal with the controller needed for this type of generator.

As explained in par. 1.1, main difference between an ELC (Electronic Load Controller) and IGC (Induction Generator Controller) XE "IGC version"  is that the IGC uses voltage as input signal while an ELC has frequency as its input signal. So to change the humming bird ELC design into an IGC, a suitable voltage signal is needed. Since the ELC works with an 1 / frequency signal rather than with a frequency signal, things are easier if a similar `1 / Voltage’ signal is used. Otherwise, PI controller and Overload signal modules would have to be modified.

Seen from the point of control engineering XE "controll engineering" , a M.H. system with induction generator is more difficult to control because it reacts much faster and stronger than a M.H. system with a synchronous generator. The difference between these two systems could be expressed in a kind of time constants XE "time constant" . These time constants could be calculated as:


Time constant  = Energy stored / power produced

With a synchronous generator, frequency is input signal to the controller and this is related directly to speed of the generator. So here, `energy stored’ refers to kinetic energy stored in rotating parts of generator, transmission and turbine. As a rough estimate, time constant for a M.H. system with synchronous generator will be ca. 0.25 seconds. The formula shows that when power is increased, e.g. by adjusting the flow control valve on the turbine higher, time constant will decrease and the system will react faster.

With an induction generator, voltage is input signal and this is related to the voltages over capacitors and currents through stator phases. There is much less energy stored in these parts and consequently, time constant for an induction generator system will be much lower: Only some 5.5 ms. 

With an induction generator, there is also kinetic energy stored in rotating parts and a time constant based on this would end up quite close to that of a synchronous generator. This second time constant describes how fast its speed can change and, with that, its open circuit voltage. The first time constant describes how its voltage under load changes with variations in load. Generally, the smallest time constant is decisive in control engineering.

Considering that delay time XE "delay time"  of low-pass filter is nearly 4 times longer than time constant of the induction generator, it seems weird that an IGC with such a delay time could control an induction generator successfully. By the time the controller reacts to a change in voltage, the induction generator must have adapted itself to this new situation already and have reached a new equilibrium voltage. This means that the IGC can not force the generator to behave stable as it just does not react fast enough for this. The generator itself must be stable by itself: When a change in load causes generator voltage to change, this change in voltage should be limited by some effect in the generator itself. There may be quite a large change in voltage, but it should be self-limiting, meaning that it does not continue to increase or decrease. 

Then it becomes interesting what effects might make the generator stable:

1. Power to resistive loads increases strongly with voltage: Even if trigger angle reacts quite slow to changes in voltage, power diverted to dump loads changes very fast: If voltage increases, dump loads immediately take up more power. Not only dump loads react to changes in voltage, but also resistive user loads. This phenomenon acts as another P-effect controller with no delay time in its input or output signal, in parallel to the IGC controller.

2. Saturation limits voltage: With constant speed and with a very low degree of saturation XE "saturation:degree of-" , power produced by a generator would increase with the square of voltage. Then with resistive loads, power consumed by loads also increases with square of voltage so the system would be indifferent: It is not unstable nor stable. Then the slightest change would make that voltage drops to 0 or increases sky-high. This explains why stable operation is only possible in the range where an increase in voltage leads to an increase in the degree of saturation. Only at very low voltages, the generator is not saturated at all and then no stable operation is possible. The generator crosses this range when it is started up or when the loads draw such a high current that voltage collapses. See e.g. fig. 13 in SMITH, page 36: The curve shows at which combinations of voltage and current stable operation is possible. If one would draw a line from the origin to the lower end of the curve, this represents the range where it will be insufficiently stable, indifferent or even unstable. 

Some consequences are:

1. An induction generator should operate at a sufficiently high degree of saturation XE "saturation:degree of-" , see SMITH page 31.

2. The system might become less stable when a lot of non-resistive appliances are connected. With inductive appliances like fluorescent lamps with magnetic ballast and induction motors, power does not increase strongly with voltage. Still these appliances will not easily cause instability since a higher generator voltage leads to increased reactive current XE "reactive current" , meaning that less capacitance is available for the generator and this will limit a further increase in generator voltage. With electronic equipment and compact fluorescent lamps with electronic ballast, power might remain nearly constant over a wide voltage range. 

The extra P-effect caused by resistive loads can explain why the system reacts faster than expected, see par. 5.5.4.

5.2 How to turn the ELC into an IGC

Because of the small time constant of induction generators, there are demands with respect to the quality of voltage signal that is used as input signal in the IGC version: 

1. It should react fast and have a minimal delay time (so it should not be smoothened too much by filtering).

2. It should be accurate (so not influenced by disturbing effects) 

This makes that `Vunstab’ can not be used as input signal for the IGC part and another voltage signal must be created, see par. 5.3. This 1/V signal is fed to low-pass filter instead of sawtooth signal. Just as in the ELC version, output signal of the filter is used as input to PI controller and overload signal.

For `undervoltage’ and `overvoltage’ feature, `Vunstab’ can still be used since these features worked well with this less fast, less accurate input signal so there is no reason to change anything.

Also other input signals that are used in the controller itself, must be fast and accurate. Then sawtooth signal XE "sawtooth signal"  deserves a closer look. In par. 2.4 it is stated that this signal contains information on both phase angle (its actual value) and inverse of frequency (its mean value). In the ELC version, the fact that sawtooth signal is not a pure measure for phase angle has no consequences since it is already compensated for if P-effect is adjusted only slightly higher.

For the IGC version, it might become a problem since P-effect reacts to generator voltage and not to frequency. This means that P-effect can only compensate in an indirect, complicated way. To avoid this, a `frequency’ signal is created that is fed back to sawtooth signal module in such a way that sawtooth signal becomes compensated for variations in frequency. This way, a better sawtooth signal with fixed minimum and maximum values is created.

Besides these, some minor changes are needed:

1. Now output signal of low-pass filter is a smoothened `1 / V’ signal and this can not be used as input signal to `overspeed’ feature. So an alternative `1/f’ ’ signal is created by inverting `frequency’ signal, see par. 5.4. The accent in 1/f' indicates that this is not the usual 1/f signal from the ELC version.

2. Since generator voltage reacts much faster to a change in dump load power, the `speed limit’ for the PI controller XE "PI controller:speed limit"  ends up much lower. So P-effect must be adjusted much slower and the desired setting could very well end up outside the range that can be set with P-effect trimmer. To change the range for P-effect trimmer, the 220 k resistor must be replaced by a 56 k one.

3. With an induction generator, overload signal could have a too large effect on generator voltage and it might even cause voltage to collapse completely due to too much load being connected to the generator. To avoid this, the 5.6 k resistor between output of opamp 11 and trigger angle signal, should be replaced by a 10 k one. 

4. When too much capacitance is connected to an induction generator, it could produce nominal voltage at too low a frequency. This situation is dangerous for inductive loads, see annex B.3.5. Then also the generator could overheat since it is an inductive load itself. So for the IGC version, it definitely makes sense to protect sensitive inductive loads by adding a `frequency effect’ to `overvoltage’ feature, see par. 4.8. With the IGC version, `frequency’ signal from frequency compensation module can be used directly and there is no need to produce it by inverting `1/f’ ’ signal.

5. The IGC version needs 3 extra opamps so an extra LM324 is needed. This opamp chip must be connected to `E’, `+V’ for its voltage supply, it needs a 100 nF capacitor to reduce noise on voltage supply etc. Power consumption of these extra components is minimal: Only some 4 mA.

6. To protect user loads against high voltage peaks produced by the generator when a large inductive load is switched off, the S07K420 varistors between gate and MT2 terminal of the triacs should be replaced by S07K275 varistors, see par. 5.5.4.

7. According to SMITH, 1994, page 44, voltage during run-away situations typically is twice nominal voltage, but it could be as low as 360 V for small generators or as high as 600 V for large ones. To protect the capacitors and the generator itself against such high voltages,  there should be fuses or MCB’s in the leads to the capacitors, see SMITH, page 42 - 44.

table 1: Resistor values for a low-pass filter with lower delay time

Standard, fc = 17.3 Hz
For fc = 25.7 Hz
For

fc = 29.6 Hz

R1
24k3/1% (or

22 k + 2k2
16k9/1% (or

15 k + 1k8)
14k0/1% (or

12 k + 2k2)

R2
56 k
39 k
33 k

R3
47 k
33 k
27 k

delay time:
ca.20 ms XE "delay time" 
ca. 15 ms XE "cut-off frequency" 
ca. 12.5 ms XE "low-pass filter" 

Then there is an optional modification: Low-pass filter can have a higher cut-off frequency fc and with that, a shorter delay time. Since P-effect must be adjusted way lower than in the ELC version, it will not amplify the remaining 100 Hz oscillation as much. This makes it acceptable that the filter does not dampen the 100 Hz oscillation so strongly in the first place. With a system running at 60 Hz nominal frequency, remaining oscillation will have 120 Hz frequency and the filter can have an even higher cut-off frequency. To change cut-off frequency to 24.7 Hz or even to 29.6 Hz for systems running at 60 Hz nominal frequency, resistors must be exchanged for lower ones, see table 1. 

Because these modified filters have a shorter delay time, the IGC can be adjusted a bit faster and in principle, it should work better. It is not sure whether the improvement is such that changing the filter makes sense. The tests were done with an IGC with the usual filter with fc = 17.3 Hz and it worked fine.

When low-pass filter has been changed towards a higher cut-off frequency, it will dampen sawtooth signal less strongly so a larger ripple voltage XE "ripple voltage"  will remain. Then P-effect must be limited to an amplification factor of 35 (instead of the maximum amplification of 100 mentioned in par. 2.7.1) to avoid problems in the final comparators. This corresponds to a minimum setting for the trimmer of 1.6 k. At 60 Hz nominal frequency, P-effect trimmer should still not be set lower than 1.6 k since then, a filter with an even higher cut-off frequency is used.

The area on the PCB where IGC circuits are located, can also be used for other purposes:

· Opamp 18 can steer an overcurrent warning XE "overcurrent warning"  LED. When an overcurrent trip is used that will interrupt current to the relay coil, this LED will indicate when the trip has been activated, see annex D.3.6. This opamp is connected as a comparator that senses when collector - emitter voltage of the BD139 transistor is below 0.04 V and if it is, the overcurrent warning LED will light up. Even if this transistor is switched on and makes the relay switch on, its collector - emitter voltage will be ca. 0.1 V. So this voltage can only end up below 0.04 V if the trip has interrupted current to the relay coil. Then it is immaterial whether the transistor is switched on or off since the 10 k resistor will draw this voltage to `E’.

· When frequency effect is included in the ELC version, an inverting amplifier is needed. Then the inverting amplifier around opamp 20 can be used for this, see par. 4.8.

Then there is a potential problem that deserves attention: With an induction generator, frequency is influenced by power factor of loads connected to it (see e.g. SMITH, page 38). A dump load being switched on at a trigger angle around 90 ( appears to the generator as a load with lagging power factor and this could lead to an increase in frequency, see par. 5.5.2.

With the induction generator, a typical ELC problem has disappeared: The large capacitors connected to the generator greatly reduce noise on generator voltage. So for the IGC version, a less sophisticated circuit to detect zero crossings, might have worked fine. This has not been tested since it seemed more advantageous to keep the IGC version similar to that of the ELC version for as much as possible.

5.3 1 / Voltage module

The 1/Voltage module in figure 21 produces an 1/V signal XE "1/Voltage"  that is reduced, rectified and inverted with respect to input signal generator voltage. Probably this is a quite unconventional circuit but it works:

1. When both diodes do not conduct, the two 2k21 – 2k21 voltage dividers between +V and `E’ at both inputs will produce the same voltage. Then output voltage of opamp 19 will be the same as input voltage: 12.67 V. This is the output voltage when generator voltage is 0 or very close to 0. 

2. When generator voltage rises above 0, the diode to - input starts to conduct. With its - input pulled up, output voltage will go down from its neutral value of 12.67 V.

3. When generator voltage decreases well below 0, the diode to + input starts to conduct. With its + input pulled down, again output voltage will go down. 

It is quite complicated to work out how much generator voltage is reduced first and then amplified again. The 82 R resistor compensates in such a way that amplification factor for positive and negative half periods are practically the same.

To make sure that output voltage will be the same for positive and negative half periods, these two two voltage dividers must be accurate and that is why 1% resistors were chosen. If such resistors are not available, they can be replaced by matching pairs of ordinary resistors. Both voltage dividers should produce exactly the same voltage, so the ratio `2k2 resistor’ / (`2k2 resistor’ + `12k resistor’) should end up the same for both voltage dividers. If those dividers would not match, there will be a 50 Hz component in `1/V’ signal and in trigger angle signal, causing a DC component in dump load voltage, see par. 7.4.6.

So output of opamp 19 will produce a signal that is high when generator voltage is small (meaning: close to 0) and low as generator voltage is large (either in positive or negative direction). It is not smoothened yet so positive and negative half periods in generator voltage can be seen back as only negative half periods, similar to the (only positive) voltage of a rectifier connected to a transformer. This signal is called `1/voltage’ since it is similar to `1/f' signal in the ELC version. But `- voltage’ would be a more accurate name.

After being smoothened by low-pass filter, this signal is fed to PI controller. There, it is compared with Vref and, depending whether `1 / V’ is above or below Vref, trigger angle is increased or decreased. With the 2.5 k trimmer, amplification factor for `1 / V’ signal can be adjusted and with that, generator voltage the PI controller will regulate towards. Adjustment range is 215 to 235 V AC.

Generator voltage is sensed as an `average responding’ value, see annex C.2. When generator voltage is checked using a `true-RMS’ type tester, generator voltage will vary somewhat with trigger angles for the dump loads. This is because in spite of the large capacitors over the generator, triggering a triac still influences generator voltage signal (compare with triac triggering dip, see par. 3.9.3). This means that generator voltage does not have a pure sine-shape and the standard conversion factor to calculate effective voltage from average voltage, is not always correct, see annex C.2.

Output of low-pass filter is still connected to PI controller and overload signal in the same way as in the ELC version. Therefor, no new name has been given to this smoothened `1/V’ signal, in the circuit diagram’s and on the PCB, it is still called `1/f’.

5.4 Frequency compensation 

To make sure that sawtooth signal XE "frequency:compensation"  corresponds directly to a phase angle, both its minimum and maximum value should remain constant irrespective of frequency. Its minimum value is constant anyway, see par. 2.4. So this can be achieved by making a feed-back loop that controls the slope of sawtooth signal XE "sawtooth signal"  in such a way that its maximum value is kept at a fixed value. (alternatively, one could also keep its mean value at a fixed level, but using maximum value as input signal was less complicated).

The frequency compensation module consists of:

1. A peak detector XE "peak detector" : Via the diode, the 4.7 (f elco capacitor is charged every time sawtooth signal reaches its maximum. This value is stored in the elco capacitor until the next maximum. The 24k3 + 33 k resistors make that the elco capacitor is slowly discharged so that the signal follows the peaks correctly even if new peaks are somewhat less high than previous ones.

2. An integrator: The circuit around opamp 17 is similar to the I-effect circuit around opamp 12. There is the 470 nF capacitor between output and - input and together, the 24k3 and 33 k resistor create an equivalent resistance of 13.9 k in series with - input. These resistors also make that voltage at - input is ca. 57 % of voltage over the elco capacitor.

3. An inverting amplifier around opamp 20 with amplification factor equal to -1. 

Output of opamp 17 is connected to the voltage divider in sawtooth signal with `frequency’ trimmer. This voltage divider sets the voltage at the + input of opamp 7 and with that: Slope of sawtooth signal. In the ELC version, this point was connected to Vref and, once adjusted with `frequency' trimmer, slope is constant. Now, slope varies with output signal of opamp 17 and with that, maximum value of sawtooth signal for a given frequency also varies. 

The integrator of opamp 17 is inverting, as its input signal (= peaks of sawtooth signal) is wired to its -input. If one peak of sawtooth signal is rather high, its - input will be above Vref and voltage at its output will decrease. This makes that slope of sawtooth signal will decrease also and subsequent peaks will become less and less high. This way, opamp 17 act as a I controller XE "I controller"  (`integrating' only, no `proportional' effect) that steers slope of sawtooth signal in such a way that its peaks reach a constant voltage even if frequency changes. If frequency is higher, a higher slope is needed to reach this constant voltage so output of opamp 17 must be higher. Therefor, output of opamp 17 will be proportional with frequency of generator voltage so this signal is called `frequency’ signal.

To be of use, this frequency compensation mechanism must work fast. Frequency of an induction generator can change suddenly since slip frequency XE "slip frequency"  (see SMITH 1994 page 5) reacts immediately when electrical load changes. This unlike a synchronous generator, where frequency is related directly to mechanical speed and its speed can not change fast because of the moment of inertia of rotating parts. Preferably, frequency compensation should react even faster than the delay time of low-pass filter. Then if the load suddenly changes and produces a change in both generator voltage and frequency, sawtooth signal is already corrected for a possible change in frequency by the time the change in generator voltage has passed through low-pass filter. 

Delay time of low-pass filter was ca. 20 ms (see par. 2.6). Unlike with frequency, where a new measurement comes in only when there is a zero crossing (see par. 2.7.2), voltage is measured continuously so there is no extra delay time due measuring frequency.

Frequency compensation has this 5 ms average delay time due to measuring frequency. The peak detector causes no delay time: Once there is a zero crossing, the previous peak value has been stored in the elco capacitor already. The integrator takes some 8.2 ms to compensate fully for a change in frequency. This makes that total delay time is some 13.2 ms, so faster than the 20 ms of low-pass filter.

Note: At 50 Hz, frequency compensation even works a bit too fast, as it takes 10 ms for a new measurement to come in. This means that when one peak in sawtooth signal was a bit higher, it will have overcompensated by 21 % by the time the next peak comes in. It is unlikely that this will cause problems in practice. Almost all tests were done with a 470 nF capacitor instead of the 680 nF one so it must have overcompensated by 75 % at 50 Hz. Still this did not cause noticeable problems. A test with 940 nF capacitance showed only a slight change in behavior. At 60 Hz, it will just not overcompensate.

`Overspeed XE "overspeed" ’ feature needs an `1/f’ ’ signal and the inverting amplifier around opamp 20 creates this from `frequency’ signal.

Now setting of `frequency XE "frequency:adjustment IGC version" ’ trimmer in sawtooth signal module seems irrelevant. If one tries to increase slope of sawtooth signal by adjusting this trimmer towards a higher frequency, frequency compensation module will compensate for this by producing a lower `frequency’ signal and sawtooth signal does not change. 

However, if `frequency effect to overvoltage XE "frequency:effect to overvoltage" ’ module is built, frequency signal is also used there. Then a lower frequency signal means that frequency effect becomes active already at a higher frequency so this makes that the knee-point in the graph moves towards higher frequencies (see figure 8).

Of course the knee point could also be adjusted to a higher frequency by adjusting this trimmer towards a higher frequency. Then frequency effect will become more sensitive, so it will make overvoltage feature trip more easily. Similarly, it can be made less sensitive by adjusting frequency trimmer lower. Still it depends on the setting for `overvoltage’ how sensitive it will react.

To adjust frequency trimmer such that knee point lies at the same point as with the ELC version (so at 4 % below nominal frequency), `frequency’ trimmer should be adjusted such that 1/f’ signal is equal to Vref when frequency is equal to nominal frequency. This can be done easily when testing with the PCB connected to the grid. When testing with an induction generator connected, frequency will never be equal to nominal frequency. Then it is easiest to measure real frequency (in Hz) and adjust frequency trimmer such that frequency signal = 6.9 * measured frequency / nominal frequency

5.5 Test results

5.5.1 Test setup

The test setup consisted of a small, 1400 RPM, 3-phase induction motor with rated current of 1.5 A at 230 V when delta-connected (see SMITH 1994 page 61) or 0.85 A at 400 V when star-connected XE "star- or delta connection" . Resistance of one set of generator windings was 30 ( so when star-connected, resistance between two lines was 60 (.

The induction generator was driven directly by a 700 W electrical drill with a free-running speed of 3000 RPM at 230 V. To regulate power going into the electrical drill, a small welding transformer was connected in series with it.. This transformer served as a kind of high-capacity adjustable resistor: Its secondary windings were nearly shorted and by adjusting it towards a higher welding current, the primary coil draws more current. Then voltage over the welding transformer decreases so voltage over the drill must increase. Both power consumed by the drill and its current were measured. If they had changed due to changes in IGC adjustment or load, either power or current could be kept at the desired value by readjusting the welding transformer. Speed was measured by measuring frequency of a bicycle dynamo driven directly by the shaft of the induction generator.

table 2: Typical values for tests with IGC version

N.B.: Voltages and currents as measured with `true-RMS’ tester.


Star-connected:
Delta connected:

Capacitance
4 and 8 (F
8 and 16 (F

Pdump1 (at 230 V)
69 W
104 W

Pdump2 (at 230 V)
64 W
64 W

Pload (at 230 V)
0 W
200 W

Vdrill
173.0 V
207.4 V

Idrill
2.00 A
2.37 A

P drill
336.4 W
503 W

Speed
1707 RPM
2051 RPM

Frequency
53.63 Hz
64.95 Hz

Slip
6.10 %
5.23 %

VL1-L2 = Vgen.
220.7 V
165.6 V

VL2-L3
226.6 V
171.0 V

VL3-L1
218.3 V
169.6 V

IL1
0.529 A
1.110 A

IL2
0.524 A
0.991 A

IL3
0.598 A
1.116 A

Vdump1
218.3 V
150.2 V

Vdump2
193.5 V
40.2 V

Igen.
0.491 A
1.019 A

An electrical drill has an `universal’ electrical motor (so with brushes) and by itself, speed of an electrical drill drops quite a bit when it has to produce a higher torque. The welding set in series increases this effect: When the drill has to produce a high torque, it draws more current, voltage over the welding transformer increases and then voltage over the drill decreases. This way, drive characteristic of the drill resembles that of a crossflow turbine and also dynamic behavior like start-up could be tested. With a drive system that maintains a constant speed irrespective of torque demanded by the induction generator, this would not have been possible.

It was not possible to test the induction generator at a realistic electrical power output without overloading the drill. Having it delta-connected, was undesirable because:

· With the C-2C configuration, a single phase load will only appear to the generator as a balanced 3-phase load when load current equals total capacitor current / (3 (see SMITH, page 41). Here, load current would be much less so it would not appear as a balanced 3-phase load.

· When load current is quite small compared to total capacitor current, time constant would become unrealistically long and the system might react more stable than normal, see par. 5.2.

· Generator efficiency would be quite low, leading to an even lower power output. 

Therefor, stator windings were star-connected during most of the tests while being used to produce 230 V instead of 400. This means that in this test setup, degree of saturation XE "saturation:degree of-"  was too low to guarantee stable operation: Operating voltage was below 65 % of nominal voltage limit mentioned by SMITH , page 31. So if stable operation was possible with the IGC in this test setup, for sure stable operation would be possible with an induction generator running at proper voltage. Another consequence of the star-connected windings was that voltage rose to very high values at start-up, see par. 5.5.3.

For a short while, the generator was tested in delta-connected. To get as much power out of the generator, voltage setting of the IGC was reduced so that generator losses would be reduces. Also, so little capacitance was used that frequency was quite high, as the drill could produce more mechanical power without overheating at a higher speed.

Based on voltage VL1-L2, frequency and capacitor value, the ideal current Igen for perfect balance can be calculated: 0.515 A for star-connection and 0.936 A for delta-connection (see SMITH, page 41). So in both cases, the generator was operating close to its balance point. Therefor, the 3 line currents XE "line current"  and 3 line voltages XE "line voltage"  are roughly the same. (Line current is current in one of the supply lines. Line voltage is voltage between two supply lines, see SMITH 1994 page 61).

SMITH recommends to find the proper way to connect the `2C’ capacitor to the induction motor terminals by measuring output power with this capacitor connected in both ways. But this can also be found out by checking whether line currents and voltages are more or less equal. In star-connection and with this capacitor connected wrong, line currents were 1.175, 0.342 and 0.850 A and line voltages were 226, 296 and 330 V respectively (with a higher degree of saturation, these values will be less wide apart). Also, one could connect the generator (with capacitors) to a 230 V AC, single phase supply. Then it will start running in the direction that provides the best balance point as a motor. When driven by the turbine, it will produce power rather than consume it, so current is opposite and  it should run in the opposite direction.
5.5.2 Voltage and frequency regulation
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figure 9: Effect of user load on generator voltage and frequency

Trigger angle for dump loads can influence frequency since current drawn by a resistive dump load with a trigger angle XE "trigger:angle"  somewhere around 90 (, is lagging by ca. 33( with respect to generator voltage. This means that it appears as an inductive load XE "inductive load"  that draws a reactive current XE "reactive current" . Then a part of the excitation capacitance is used to compensate for this reactive current, so less capacitance is available for the induction generator itself. It will react to this with an increase in frequency, causing the capacitors to produce some more magnetizing current while the generator needs less so the two balance again. (see SMITH, page 38). 

Trigger angles will vary with the load connected to the system so frequency will vary as well with the load. In figure 9, the result of tests with different loads can be seen.

In figure 9 it can be seen that in the range between 0 and 85 W load, frequency varies between 53.6 and 54.3 Hz. In this range, the value for 0 W load is not representative since  dump load capacity was a bit low. Ideally, it should have been 115 % of system capacity so then dump load 2 should have been switched on at 74 % instead of 83 %. Then frequency at no load would have ended up slightly higher. 

At 118 and 125 W load, the system is clearly overloaded as voltage drops well below nominal value. At 110 W load, voltage is still normal, dump load 2 is completely off while dump load 2 is nearly off so this test gives information about how the generator would react without dump loads being triggered: Then frequency drops to 52.4 Hz, so 1.9 Hz below the maximum value at 25 W load.

The frequency variation caused by varying trigger angle, is acceptable:

· It is well within the 10 % allowable frequency increase mentioned by SMITH, page 34.

· In this test, a heavily undersaturated induction generator was used. With a generator running at a normal degree of saturation, frequency variation would be less.

· In practice, the situation that both dump loads are off while the system is not overloaded either, is quite rare: Either the load will be less than its capacity so dump loads are partially on, or it is overloaded and then voltage decreases while frequency increases slightly again. So the range between 0 and 85 W load is more representative and in this range, frequency varied only 0.7 Hz.

Frequency variation could be reduced by using the 3 dump load version, but considering these results, there is no need for this.

Most of the time, at least one dump load is being triggered at roughly 90 ( trigger angle, drawing a current that lags ca. 33 ( with respect to generator voltage. One could compensate for the frequency increase caused by this by fitting some extra capacitance over the `C’ phase. According to SMITH, page 34, a frequency below nominal frequency is much more dangerous than a frequency slightly above this. So it is best to choose capacitance such that with the IGC operating normally and no inductive load connected, frequency is some 2 to 3 % above nominal frequency.

In par. 5.2 was mentioned that effective voltage of generator voltage could vary with trigger angle because ‘1 / Voltage ’ module reacts to its average value. figure 9 shows that this effect is rather small: As long as the generator is not overloaded, voltage varies between 220 and 224.5 V.

In the IGC version, PI controller can not maintain a constant voltage over the whole range of trigger angles. This is because with P-effect being neutral at 6.9 V, I-effect alone can just not pull trigger angle signal high enough to switch dump loads completely off, or draw it low enough to switch them fully on. In the ELC version, this is no problem since P-effect will be set quite high. Then frequency has to rise only slightly above nominal to make that P-effect will help and pull trigger angle low enough to switch dump loads fully on, and reverse. 

In the IGC version, P-effect must be set much lower, see par. 5.2). This means that voltage must deviate more from nominal value for P-effect to have a noticeable effect. Tests showed that on its own, I-effect can make trigger angle vary between:

· Dump load 2 being 93 % on (then dump load 1 is 100 % on already), and:

· Dump load 1 being only 4 % on (then dump load 2 is completely off already).

The first situation is not relevant in practice since it will only occur if total dump load capacity is 104 % of capacity of the system, while a total dump load capacity of 115 % is recommended. The second situation is so close to the system being overloaded that it should be avoided anyway. So it is no problem if voltage must be slightly below nominal voltage in order to switch off dump load 1 completely.

5.5.3 Behavior during start-up 

For an induction generator to produce voltage, it needs magnetizing current XE "magnetizing current"  from the capacitors (see SMITH page 5). These capacitors only provide magnetizing current because there is a generator voltage. When an induction generator is driven to normal speed after having been off, it does not necessarily start producing a voltage. Only when there is some remnant magnetism XE "remanent magnetism"  in the rotor and it runs fast enough to let the generator produce a few V on this remnant magnetism alone, the capacitors produce some magnetizing current that causes generator voltage to increase further. Then in a kind of chain reaction, generator voltage and magnetizing current rapidly increase to their normal values.
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figure 10: Generator voltage at start-up

This graph was recorded using a `graphical display' tester with limited capacities as an oscilloscope, hence the very poor resolution.

With this set-up, peak voltages of more than 800 V were recorded during start-up, see figure 10. In the IGC used for this test, no varistors were fitted yet and therefor, voltage could rise so high. These high voltages caused the 32 mA `slow’ fuse on the PCB to blow several times as for a moment, the transformer must have drawn a very high current when input voltage was so high while its output is virtually shorted since the elco capacitors were not charged up yet. Also, a number of filament lamps were destroyed during tests. Some other data:

· Frequency at start-up: 60 - 63 Hz. In ca. 0.1 second, this dropped to the normal frequency of just above 50 Hz.

· Rate of rise of generator voltage: Peak voltage for subsequent peaks increases by ca. 10 V per ms.

In figure 10, it is not clear when the relay switches on. Based on short-circuit current of the transformer, the large elco capacitors should be charged up enough for it to switch on ca. 60 ms after voltage has reached nominal value, so ca. 3 divisions from the start of recording. This means that loads and dump loads receive a much too high voltage for some 100 ms.

The varistors that trigger triacs in case of too high voltage do not limit start-up voltage effectively: As long as the relay has not switched on, dump loads are switched off by the relay, see power circuit in figure 19.

When this generator would have run at a normal, higher degree of saturation, peak voltage during start-up would end up much lower:

1. Then saturation XE "saturation"  effect will limit generator voltage to a much lower value. Suppose this generator would have been delta-connected instead of in star-connected, then voltages during start-up would be reduced by a factor 1/(3, so 460 V peak. This is only 42 % above peak voltage at 230 V nominal voltage.

2. When this generator would be moderately saturated at nominal speed and voltage, extra capacitance will be needed to compensate for this. Then it will start producing a voltage already at a lower speed, so with a lower frequency. This will also make that voltage at start-up will rise less high.

Still, there might be problems with voltage rising too high at start-up:

1. Larger induction generators might have less remnant magnetism and might need a higher speed before they start producing a voltage. 

2. With a larger generator and a turbine connected to it, moment of inertia will be much larger and much more kinetic energy will be stored in it. This makes that frequency will decrease less fast so user loads will receive a too high voltage for longer than the 100 ms recorded in this test.

If start-up voltage rises quite high, especially appliances with varistors are at risk. The varistors fitted in the IGC itself are not easily damaged as they have quite high clamping voltages and a high energy absorption capacity. But smaller varistors might have blown after only one start-up. To avoid this, there should be a user load switch between the IGC and user loads and  during start-up, user loads should be switched off.

It is difficult to measure start-up voltage without a scope with `single’ triggering. If the speed at which the generator starts (this can be estimated from its sound) is hardly above normal speed, there should be no problem. Alternatively, a series of small varistors with different clamping voltages can be used to find out how high start-up voltage rises approximately. Connect the one with highest clamping voltage first to the generator connections, see whether it survives a start-up and feel whether it was heated up badly. Stay clear of it during the start-up itself, as it might overheat very fast or even explode.

5.5.4 Reaction to switching loads

If a load is switched on, generator voltage will drop and the IGC should react to this by reducing power diverted to dump loads. Similarly, it should increase power to dump loads when a load is switched off. Switching on and off inductive loads is more complicated since frequency must change also before a new stable situation is reached. Worst case is when a large inductive load is switched off. The reactive current XE "reactive current"  drawn by this load means that less capacitance is available for the generator and it will run at a higher frequency and speed. If this load is switched off, suddenly extra capacitance is available for the generator and its voltage can rise considerably. 
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figure 11: Reaction of 1/Voltage signal to switching on a fluorescent lamp with magnetic ballast (= inductive load)
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figure 12: Reaction of 1/Voltage signal to switching off a fluorescent lamp with magnetic ballast 

figure 11 and figure 12 show how the IGC reacts to switching on and off a 18 W fluorescent lamp with magnetic ballast, which is a rather large inductive load compared to the system. It had a power factor of only 0.55 and at 50 Hz, 1.92 (F capacitance would be needed to compensate for the reactive current it draws, so quite something compared to the 4 + 8 (F capacitance connected to the generator. Switching it on made frequency increase from 53.44 to 55.60 Hz. 

In these figures, generator voltage was measured as the voltage between Vref and 1/f on the PCB. The `1/f' measuring point is located at output of low-pass filter XE "low-pass filter"  so in the IGC version, it gives a smoothened `1/V’ signal. This means that a positive reading of x V corresponds with generator voltage = nominal voltage - x * 38.1 The ’-‘ sign means that a higher reading corresponds with generator voltage being below nominal voltage, as 1/V gives the inverse of generator voltage.

figure 11 shows that when the fluorescent lamp is switched on, voltage varies strongly for ca. 0.5 s, with peaks as high as 300 V and as low as 145 V. Probably the strong fluctuations are caused by the starter of the fluorescent lamp that interrupts current at 0.5 and 2.2 divisions from the start. Only after the second interruption, the lamp starts successfully and remains on. Then voltage is not stable yet (compare with beginning and end of recording in figure 12), but this can be explained by the lamp itself being cold and still not igniting stable after each zero crossing. The moment the lamp actually switched on, must have been before the recording started, as one would expect generator voltage to drop considerably, so a high reading. 

figure 12 shows what happens when this lamp is switched off: Generator voltage rises to 300 V and is above nominal voltage for some 15 ms. The controller acts so strongly that it overshoots and generator voltage dips below nominal voltage for 30 ms. However, the oscillation dampens out quickly, with each subsequent peak in generator voltage being about half as large as the previous dip. This means amplification margin is ca. 2 and PI controller is adjusted correctly (see also par. 2.7.1: When P-effect would be adjusted ca. twice as fast as the recommended setting, the system would just oscillate). 

One period of the oscillation takes 62 ms so frequency is ca. 16 Hz. Using the same method as in par. 2.7.2, one would expect that the 20 ms delay time of low-pass filter would make that oscillating frequency will be around 8 Hz. So the system reacts about twice as fast as controller characteristics would allow! This must be due to the additional P-effect caused by the effect of generator voltage on power consumption of the dump loads, see par. 5.1.

Things were simplified by using rectified and smoothened 1/f signal as a measure for generator voltage. If generator voltage would have been measured directly (not possible with this tester because then `single’ triggering would not work), probably one very high peak would show right after the lamp was switched off. Time base was 20 ms / div so just one period of ca. 50 Hz fits in a division, with one positive and one negative peak. Because the filter smoothens 1/V signal, the real peak must have been quite a bit higher than the 300 V effective voltage seen in figure 12. 

The test generator had a very low level of saturation and with a normal degree of saturation, this voltage peak could not have reached such a high level. Still, user loads that are sensitive to overvoltage even if it lasts only a few milliseconds, are at risk when inductive loads are switched off. It would be very difficult to reduce this voltage peak by making the IGC react even faster because then a normal low-pass filter can not be used. 

To reduce such peaks, voltage can only be reduced by dissipating some of the energy, e.g. with a varistor. This includes the risk that such a varistor wears out very fast. A more attractive solution is to use varistors to make the triacs switch on immediately when generator voltage rises too high. This is why the S07K420 varistors between gate and MT2 terminals of the triacs that were recommended in par. 3.8.2, should be replaced by S07K275 varistors. Then the triacs will be triggered when generator voltage reaches 320 V peak level (instead of 560 V). In the IGC used for testing, no such varistors were fitted. 

Having the dump loads switch on at 320 V peak voltage does not guarantee that voltage will never rise higher: When a large inductive load is switched off, voltage will return to normal only once the generator has slowed down to normal speed. It does guarantee that dump loads are switched on immediately when voltage rises above 320 V, so:

· This will limit how high voltage can rise, because dump loads draw a lot of power at such a high voltage

· This will limit the time that voltage is too high, because the IGC reacts faster, as the usual delay time of low-pass filter and reaction time of I-effect are avoided.

5.5.5 Protection features and overload signal

All protection features worked as designed, including frequency effect to overvoltage.

With an induction generator, chances are higher that it will produce normal voltage at too low a frequency:

1. There might be too much capacitance is connected, e.g. because:

· Frequency has not been checked during installation, or maybe it could not be corrected properly because the small capacitors needed for fine tuning, were not available.

· During installation, frequency might have been checked only with dump loads partially on, so with dump loads drawing some reactive power. Then frequency will drop by 1 or 2 Hz when dump loads are completely off, see par. 5.5.2.

· Appliances are connected that have capacitors over them for power factor correction. It could be that too much capacitance has been connected. Or the appliance itself might fail in open circuit so that it draws no reactive current any more, while the capacitor continues to function, e.g. a power factor corrected fluorescent lamp with magnetic ballast.

2. Frequency can also decrease somewhat when mechanical power from the turbine decreases (e.g. because water supply is too low, a trash rack gets blocked by debris or the nozzle is partially blocked). As long as the system is not overloaded by too many user loads being connected, the IGC will maintain nominal voltage. With the test setup, frequency could decrease from the usual 53.6 - 54.3 Hz to only 46.5 Hz (so nearly 14 %) before voltage started to decrease as well. With a properly saturated generator, this effect will be smaller as voltage will start to drop at a higher frequency already. 

Induction motors driving equipment that requires a constant torque, can overheat already when frequency is 10 % below nominal while voltage is normal (see Harvey, page 268). If a little too much capacitance is connected and then the turbine fails to produce its normal power, one easily ends up in the danger zone. So:

· With an induction generator, adding this `frequency effect to overvoltage’ definitely makes sense when frequency-sensitive appliances might be used. If this makes `overvoltage’ feature trip too easily, do not adjust it less sensitive, but consider moving the knee point towards a lower frequency, see par. 5.4.

· The recommendation of SMITH, page 33 to avoid operation below nominal frequency and rather have it run at a little above nominal frequency, should be taken very seriously.

With an induction generator, overload signal would be counterproductive when switching dump loads partially on, would make the generator lose voltage completely so that the system must be restarted. What it should do, is to produce a fluctuating voltage signal that warns users to switch off appliances so that a more severe overload situation could be avoided.

Overload signal was tested with a 5.6 k resistor between overload module and trigger angle signal as in the ELC version. Even then, overload signal did not cause the generator to lose voltage, but both voltage and frequency reacted quite strongly on it. To reduce its effect, the 5.6 k resistor was replaced by a 10 k one. Then overload signal still produced such fluctuations in voltage and frequency that it would be easily noticed. If in practice, overload signal would cause problems rather than solve them, it should be switched off by adjusting its trimmer to the extreme right.

Warning: If a protection feature trips, the IGC will switch off user loads and dump loads and cause a run-away situation. Then generator voltage will increase to about twice its usual value or even more (see SMITH 1994 page 44) and also frequency will be way above normal. To protect the generator and capacitors against this, there should be MCB’s in the cables to the capacitors, see point 7 in par. 5.2.
5.5.6 Unexpected behavior

Filament lamps less suitable as dump load: Resistance of a filament lamp increases strongly with temperature of the filament and therefor: On voltage over it. When a set of filament lamps is used as dump load and this dump load has been nearly off, its resistance is quite low. So once a user load is switched off and the IGC diverts power to this dump load, it acts as a too high capacity dump load for a short moment and the system might start to oscillate somewhat (see par. 2.7.2: When dump loads capacity has been increased, PI controller should be adjusted slower). So it is better not to use dump loads that consist purely of filament lamps. There should be no problem if a relatively small filament lamp is connected in parallel with a dump load to indicate how much power is diverted to this dump load.

Using filament lamps as user load caused no problem, probably because then the filament is continuously very hot and its resistance does not change that much.

The ELC version has never been tested using filament lamps as dump loads. In principle, it could also oscillate. In practice, it probably won’t: A synchronous generator produces a much more stable voltage and also time constant of the system is much larger so it will not react as strongly.

Small oscillation: When looking carefully at trigger angles on a scope, it was found that they were dancing a little. Setting of PI controller had hardly any effect on it. This oscillation could be found at several points in the circuit. For instance in block wave signal: One moment, it was stable and 0.3 seconds later, time between zero crossings varied by some 0.2 ms. The test IGC had an 470 nF capacitor in the frequency compensation module and with this capacitor, frequency signal oscillated by some 0.2 V. Doubling this value by fitting an extra 470 nF capacitor in parallel caused the oscillation to be reduced to ca. 0.08 V, but it did not disappear (in the final design, a 680 nF capacitor is used). 

The oscillation did not change when trigger angle changed, so it did not have to do with reactive current drawn by dump loads. Also, it was not related to the thyristor in DC voltage module being triggered at varying moments (this influences current drawn by the transformer and, via the voltage drop over the 100 ( resistor, voltage signal could have been influenced). It all looked a bit like interference between two oscillations with a small difference in frequency: At one moment the two are in phase and produce an oscillation with a large amplitude and a little later, they are in counter-phase and annihilate one another. It was found that for a wide range of slip frequencies, frequency at which the oscillation appeared and disappeared, was equal to half the slip frequency of the generator. Since this generator had 2 pole pairs, it was equal to the slip frequency in mechanical terms: The difference between rotational speed of the rotor itself, and that of the 2-pole-paired magnetic field.

So likely, this oscillation was caused by some unknown effect in the generator and the IGC merely reacts to the unstable zero crossings this effect produces. In a 2-pole pair generator, both rotor and stator are symmetrical and a small defect in only the rotor or only the stator should still not lead to such an interference effect. So it seems that there must be small defects in both rotor and stator. The generator has not been opened up to look for such defects.

6 Other electrical components of the M.H. system

6.1 Generator and overcurrent protection

See figure 25 for the electrical wiring of a complete M.H. system.

The generator is an expensive and critical component of the M.H. system. So it is important to get data on the electrical and mechanical characteristics of the generator type that is going to be used. Ideally, a few catalogues from different suppliers should be available when choosing a generator type so that the most suitable type can be selected. If this is not possible, at least the manual, maintenance requirements and technical data of the generator that was chosen, should be delivered with the generator. See e.g. HARVEY, page 263 for what data are relevant.

Many different versions of generators exist, see annex F for more details. Some basic demands are:

1. It should be the right type: With an ELC, a synchronous generator must be used (an induction generator can be used if the IGC version is built).

2. If it is a synchronous generator, it should be single phase. For a 3-phase generator driving a 3-phase system, a 3-phase ELC is needed, see annex K.3.

3. It should be able to stand run-away speed of the turbine. With a crossflow type turbine and optimal transmission ratio, this means that the generator should stand 170 % of its nominal speed. See annex F.7 for more details.

4. The bearings should be able to stand forces exerted by the transmission, see Harvey, page 261.

To reach an acceptable life span, kVA rating of the generator should be high enough to allow for the expected power factor of user load and the extra load caused by switching of dump loads by the ELC, see annex G.

Generator current could become dangerously high for a number of reasons and many options exist to protect it against this, see annex Overcurrent protection.

6.2 Dump loads and dump load lamps

Harvey, page 271 recommends that dump load capacity XE "dump load:capacity" should be 5 to 15 % above kW rating of the system. Since this ELC design has 2 (or 3) dump loads, the extra load to the generator caused by a phase angle regulated dump loads, is much less (see annex G.3.4.2. This makes that it is not that important to keep dump load capacity as low as feasible and it won’t be a problem if total dump load capacity ends up 20 or 30 % higher than kW rating of the system. When the ELC will be used close to the maximum rating of the triacs, capacity of each dump load should not be higher than necessary, see annex E.3.

Ideally, each dump load should consist of a series of heating elements connected in parallel. Then the ELC will remain functioning even when one or two elements burn out. This also allows for fine-tuning capacity of dump loads later by installing some more elements or disconnecting one or two. 

For small systems, it will be cheaper to have each dump load consist of one heating element with the right capacity. Then fine tuning of dump load capacity is difficult and probably, total dump load capacity will be somewhat more than 115 % of system capacity. This is not a problem.

For optimal controlling action, the 2 (or 3) dump loads should have roughly the same capacity. Then for the whole range of trigger angles, there is a linear relation between trigger angle signal and power diverted to dump loads so PI controller can be adjusted optimally for this whole range. If the number of heating elements required for the desired total dump load capacity can not be divided equally over 2 (or 3) dump loads, it is better to choose dump load 1 smaller as this will reduce the load to the generator slightly. Then PI controller should be adjusted with dump load 2 (= the largest one) being triggered around 90°, or just a bit slower than optimal according to the procedure given in par. 7.2.4.

For dump loads, many kinds of air heaters, cookers or water heaters can be used, see HARVEY, page 271. If water heaters are used, they should be installed in a tank that gets a continuous supply of water from the penstock pipe or another source. 

Dump loads should be placed such that the heat (from air heaters) or damp air (from water heaters) can not affect other components. This means that they should have adequate ventilation and must be installed well away from the generator, the ELC and sensitive components like indicators, counters, overcurrent protection and fuses.

Only dump loads with a resistive character are recommended. With special precautions, the ELC can handle dump loads with a slightly inductive character like the transformer of a battery charger, `universal’ type electrical motors etc., see annex K.5. Under no circumstances, capacitors should be connected in parallel to a dump load. These would cause strong peak currents are dangerous to the triacs, the generator and the capacitors themselves. There is no sense in fitting capacitors there either, as they would create extra noise rather than reduce noise.

The brightness of dump load lamps XE "dump load lamps"  show clearly how much power is diverted to each dump load. Even quite fast oscillations can be seen from flickering of these lamps. These dump load lamps might seem superfluous since the LED's on the ELC already indicate trigger angles for the dump loads. But they offer a number of advantages:

1. For troubleshooting, it is important to have information from both the LED's and dump load lamps to distinguish between triggering errors and oscillation problems, see par. 7.4.1.

2. Brightness of dump load lamps corresponds more closely to power being diverted to dump loads than the dump load LED's because:

· Brightness of dump load lamps corresponds more closely to `% on' for the dump loads than to trigger angle, see figure 2.

· Dump load lamps also react to changes in generator voltage. This is relevant when the AVR of the generator oscillates in conjunction with the PI controller, see par. F.5.

If the ELC is installed not too far away from the houses of users, the dump load lamps can be installed outdoors in such a place that they can be seen easily by users. Then they show whether the system still has spare capacity to switch on more user loads. This information could help preventing overload situations.

6.3 Optional components

See figure 25 for where these components could be connected and how they would function.

Earth electrodes XE "earth electrodes" : For adequate lighting protection on outdoor cables, it is necessary to have the 230 V Neutral wire grounded at regular distances, see par. 3.8.4.

Earth Leakage Circuit Breaker (ELCB) XE "Earth Leakage Circuit Breaker (ELCB)" : This is an expensive device that disconnects user loads when it detects a leakage current to earth. The ELCB’s prescribed for domestic wiring in Dutch electricity standard, react to leakage currents as small as 30 mA and provide adequate protection against accidentally touching a live wire. It will also trip when appliances with poor insulation are connected and this can be a nuisance when there are many poorly insulated appliances around. It is only effective when 230 V Neutral wire is grounded only at the generator end of the ELCB and not grounded at any point after it. So if the outdoor cable has to be grounded for lightning protection, each house or cluster of houses will need its own ELCB.

User load switch XE "user load switch" : This might be necessary if `undervoltage' feature trips when the turbine is started up with user loads connected, see par. 4.6. It also serves as an `emergency stop’ switch that might be life-saving in case someone holds a live wire and can not let go of it as the current through the body makes muscles cramp. This is especially important if the turbine can not be shut down fast and easily.

Varistor at ELC end XE "varistor:at ELC end" : This varistor protects the ELC against voltage spikes and worse, see par. 3.8.3 and par. 3.8.4. Alternatively, a surge arrestor or spark plug could be used.

Voltage indicator XE "voltage indicator" . This shows clearly what happens when a large load is switched on or when there is an overload situation. If there is no voltage on the grid, it is handy to know whether the problem is in the ELC or in the generator. It should have a range of 0 to 250 or 300 V. With a compound type generator, the voltage indicator should be able to survive 600 V. 

Instead of the indicator, also a small capacity filament lamp can be fitted. Then with a compound type generator, two lamps should be connected in series as one lamp would blow in run-away situations.

Current indicators XE "current indicator" :. These are needed only for troubleshooting. During a normal overload situation, either overcurrent protection or undervoltage feature will trip and these indicators are not really needed. If overspeed feature has tripped because one or more heating elements in the dump loads are destroyed or their fuses blown, the dump load current indicator will show that this current is too low. If a user load with a very poor power factor is connected, user load current indicator will show that this current is too high.

For measuring currents to both (or all 3) dump loads, one indicator will do. One end of all dump loads is connected to the `230 V Line' wire inside the ELC (see power circuit in figure 19). So these wires can go jointly to the current indicator, and split up only after it, see also figure 25. Make sure that the right wires are connected to one another, as any other combination would lead to either a short-circuit of the generator via a triac, or a short-circuit of one dump load to the other. 

When using a current transformer, things are even simpler: Just have both wires pass through one current transformer and its reading will correspond to the sum of both currents (or to the difference: In case one wire was put through the transformer in opposite direction).  

kWh counter and operating hours counter XE "kWh counter" 

 XE "operating hours counter" : From a technical point of view, these are not important. But they form a proof of how effective and reliable the system works. This can be motivating for operators and users, and important to the agency who has installed the system.

Overcurrent protection for the triacs Fuses to protect triacs and dump loads are not always necessary, see annex D.2.

Main switch + fuse XE "main switch + fuse" : For safety reasons, each house normally has a main switch with fuse. But this is not necessary in all cases:

· If the wiring inside the house is just a few meters of cables, a switch, a lamp and a wall socket, there is little sense in fitting a separate main switch to disconnect this small amount of wiring in case of danger. The lamp and any appliances connected to the wall socket, could just as well be disconnected by the lamp switch and pulling the plug from the wall socket.

· If capacity of the generator is rather low (say less than 10 kVA) and cables inside a house have a normal cross-section of 1.5 mm( or more, a fuse is not needed to protect indoor wiring against short-circuit. If there would be a short-circuit in this part, either the generator overcurrent protection or `undervoltage’ feature will trip.

Varistors at user load end XE "varistor:at user load end" : These could protect user appliances against voltage spikes due to indirect lightning strikes on cables, see par. 3.8.4. For instance, varistor type SIOV-S14K275, with a clamping voltage of 350 V could be used. 

This type has a much lower voltage rating than the one at the ELC end. If overvoltage feature would be adjusted too high, it could be destroyed by overvoltage caused by the generator, see par. 3.8.1. But these varistors have a better chance to survive this as each one has to conduct only a part of generator current. Also, due to cable resistance, voltage at user load end will remain lower.

Fitting varistors with a voltage rating as high as the one near the ELC (clamping voltage of 560 V or more) makes little sense: Then any tiny varistor in a sensitive appliance will have blown long before these large varistors come to their help.

Cable to village XE "cable to village" : Usually, there will be a cable from the M.H. installation to a village, where it might branch out to connect all houses of users. Normally, this cable must be sized based on maximum allowable voltage drop (so not based on maximum power dissipation like the power wires inside the ELC). This usually means that the outdoor cable must be much heavier than wiring inside the ELC. When the long cable to the village works at a high voltage and thus a low current, cable losses are reduced strongly and a thinner cable will do, but then transformers are needed.

There are limits to the voltage drop over  this cable  XE "cable to village:voltage drop over-" : Appliances have an upper and lower voltage limit between which they will function normally and reach an acceptable life span. Now if generator voltage is adjusted to just below maximum voltage, then total voltage drop over all cables should be such that voltage at the appliance is still above minimum voltage. Ideally, total voltage drop from generator to an appliance should be no more than 6 %. A voltage drop up to 10 % can still be allowable if there are no user appliances that are very sensitive to undervoltage. If the ELC is installed near user loads, an even larger voltage drop can be allowable, see par. 6.5. See HARVEY, par. 8.8 for more information.


Of course a large voltage drop also means that quite some power is lost.

6.4 Where to install these components

In figure 25, there are a number of components that are normally installed inside a housing. Inside the housing of the ELC itself, there is no space to install any more components. Also, it would become less reliable if holes are drilled through it to fit e.g. an indicator or if the housing is opened regularly by operators.

So it is best to have one large housing XE "housing:for other components"  just below the ELC for those components that do not have a proper housing of their own. Often this means that all cables to the ELC will pass through this extra housing. Then for the cables going to the ELC, short lengths of cable with round cross-section can be used that fit properly in the watertight cable lead-throughs of the ELC housing. The extra housing for the other components does not need to be watertight and for cables going to other components, a cheaper type of cable can be used.

Then a general advice on electric wiring: Mind safety aspects. XE "safety"  Users might not be familiar with the dangers of 230 V electricity. Sooner or later, children will become curious and might touch everything they can reach. Especially in an area where there has been no electricity before, users should be informed well about the dangers: 230 V can kill! 

People who are interested, can be explained which jobs they can do and trained how they can do these jobs safely. This will be construction and servicing of house wiring. Explain that if the ELC itself fails, chances are slight that they can find and repair an error if they are not trained technicians. If they would try, they might very well cause more problems than solve any. The best way to discourage this, is by keeping an ELC as spare and promising to install it immediately when the old one fails. See also par. 7.4.1.

6.5 ELC near user loads

 XE "ELC near user loads" Normally, an ELC is installed in a power house that also contains the generator and turbine. This power house is located at a site that is favorable with respect to length of canal needed, penstock length, protection against floods etc. Often, the power house is not located near houses of users and a long cable is needed to connect those houses to the system. This standard configuration is convenient with respect to operating the system: When the turbine is switched on, one can see how the ELC reacts. 

But there might be reasons to install the ELC at the other end of this long cable towards houses of users:

1. With the ELC at user load end, the long cable from generator to ELC will carry a nearly constant current and consequently, there will be a nearly constant voltage drop over this cable. Then it becomes possible to compensate for this voltage drop by adjusting generator voltage higher. It could be set even higher than the 240 V upper limit for user appliances. So then a somewhat higher voltage drop in this cable would still be acceptable and a somewhat thinner and cheaper cable could be used.
Warning: Check whether the generator can stand running at this  higher voltage indefinitely.
2. Overvoltage and undervoltage feature will react more closely to voltage as experienced by user loads. So they will protect these more accurately.

3. There is a better chance that users can see the dump load lamps more easily. This can help prevent overload situations, see par. 6.2.

4. There is a higher chance that power diverted to dump loads, could still be of use, e.g. for outdoor lighting, see annex K.5.

5. With this option, it is possible to use a high-voltage generator (e.g. 400 V `Line to Neutral'), have the long cable to the village carry this high voltage and connect the ELC just after the step-down transformer. This way, ELC design does not have to be adapted for such a high voltage, while still only one transformer is needed.

Disadvantages are:

1. Operating the system becomes slightly more difficult, as the person starting up the turbine can not see how the ELC reacts. This can be avoided by listening carefully to the sound, and with that, speed of the generator.

· If speed does not increase above normal speed while the turbine is fully on, the ELC must be working properly and its relay must have switched on.

· If generator speed increases to run-away speed, a protection feature must have tripped and the turbine must be shut down again.

Also, it would help if the operator can see the dump load lamps from the turbine site.

2. Now, lightning could hit this cable between generator and ELC. So both ends of this cable must be protected against lightning with e.g. large capacity varistors, see par. 3.8.4. Also the 230 V Neutral wire must be grounded at regular intervals, but that would have been necessary anyway.

3. No houses can be connected along this cable. The fact that they would receive a somewhat higher voltage is not such a problem. More serious is that they are not protected by the protection features.

4. An extra shed or small building might be needed for installing the ELC and dump loads properly.

7 Building, testing, installing and troubleshooting

7.1 Practical aspects of building

7.1.1 Printed Circuit Board

In principle, the circuit diagram’s of figure 19, figure 20 and figure 21, details on adjustments and calculations on capacity, give all the information about how the ELC functions and how it should be build. With these, an electronic engineer could build one, using his/her experience (or a computer program) to make a PCB design, choose the right heat sink, avoid interference problems etc. But it is a lot of work and there is always a chance that errors are made. Using a ready-made design saves time, reduces chances of errors and makes troubleshooting easier as it is properly documented.

The PCB XE "PCB"  design of figure 22 is two-sided: Apart from the usual print tracks on copper side (the upper half), it also has print tracks for component side (the lower half of the figure). Pattern for both sides is in mirror-image, as with a mirror-image original, a better quality PCB can be printed. Then the original can be put face-down on the light-sensitive layer of PCB material and no stray light can reach areas that should remain dark.

figure 23 shows how components should be fitted on the PCB:

· Text and symbols printed in black give components for the standard ELC. Underscored values are needed for 3-dump load version.

· Text and symbols printed in red give components for the IGC version or another optional circuit.

· Print tracks and text printed in green give copper pattern for component side.

· Print tracks and text printed in yellow give copper pattern for copper side. Where these print tracks overlap the ones on component side, a green-yellow color appears.

This figure is printed as seen from component side. So text printed on component side (in green), now appears readable, while text on copper side still is in mirror image. 

At first sight, figure 23 looks like a mess, as components are hard to see because of the 2 copper patterns printed through one another. But after using this figure for a while, one learns to see the things one is interested in. By then, both copper patterns are very handing for identifying locations on the real PCB and for checking how components are connected to one another. If things are not clear, look up the number of the opamp that is used in a module in figure 19, figure 20 or figure 21, find this opamp in figure 23 and study that area in detail.

figure 23 is needed extensively for building and troubleshooting so a printed copy is needed. If it would not come out properly, one could try:

1. Have this figure printed on an inkjet printer. It was made using a HP DeskJet, so it should come out well on a similar one.

2. Change colors to lighter (or darker ones) using an image-processing program using commands like `brightness' and `contrast' or more advanced options.

3. Delete e.g. the copper side pattern by replacing its yellow color by white. This can be done by first selecting one yellow object using  `magic wand' tool. Then `select similar' to select all yellow objects and then `fill' this selection with white (probably white must be made foreground color first).

4. Convert it to a grayscale image or even to a bitmap image. This way, color information is changed into a black-and-white pattern that appears as gray. It might help to enlarge the image and increase the number of bits before converting it to bitmap.

5. Take good quality pictures of the figure on screen (no flash) and use these. 

Professionally made PCB’s have text printed in ink on component side that shows which components should be fitted where, symbols for connections etc. Producing such a PCB is complicated and expensive and to avoid this, some text was included in copper pattern design. This way, measuring points, connections and trimmers can be identified easily. For information on where components should be fitted, figure 23 must be used

Single-sided PCB XE "PCB:single-sided" : Making a two-sided PCB is a bit more difficult than a one-sided PCB and if this is not feasible, a one-sided PCB can also be used. Then the few, `long-distance’ print tracks on component side must be replaced by wire bridges. Such wire bridges can not branch out to connect several points so there are extra diamond-shaped islands on copper side to fit separate wire bridges to all points that have to be connected to one another.

A double-sided PCB can also be made by gluing two thin, single-sided PCB's together using epoxy glue.

Some general features in the PCB design:

1. Square islands XE "PCB:square islands"  on copper side: Here, measuring points XE "measuring point"  should be fitted. Then on component side, there is a label identifying this measuring point.

2. Diamond islands XE "PCB:diamond islands"  on copper side: These usually mean that this copper side island must be connected through to the component side island just above it XE "PCB:connecting through both sides" . But not all diamond islands must be connected through:

a. Some are just spares, meant for wire bridges in case a single sided PCB is used, or for future modifications. Then there is no corresponding island on component side above them.

b. Some should only be connected through in some cases. Then there is a diamond island above them on component side. See e.g. the two rows in the top left corner:
The top row must be connected through for the 3 dump load version
The bottom row must be connected through for the standard, 2 dump load version.
Connecting through both rows is wrong, it would create a short circuit between outputs of opamp 1, 2 and 3.

3. Diamond islands on component side: Should only be connected through in some cases, see point 2b above.

4. Rectangular strips on copper side. These are just spare space where future modifications could be built.

This PCB design can be used for different versions:

A. Two dump loads: Fit only components with their value or type number printed normally (so: not underscored). On places where both an underscored and normal value is printed, fit the not underscored value. In the print tracks to the dump load LED’s (top left corner), there are two rows of 3 and 2 islands each where component side islands can be connected to copper side islands. There, the two islands of the bottom row must be connected through and the 3 islands of the top row must be left open.
3 dump load version: Fit also components with underscored value or type number and choose the underscored value if both an underscored and not underscored value is printed. Now, the 3 islands of the top row must be connected through and the bottom row must be left open.

B. ELC version: Fit only components drawn in black. There is no need to connect through print tracks going to the IGC area on the PCB.
IGC version XE "IGC version" : Also components drawn in red must be fitted. Then at 3 places, indicated with a red `(’ through a component printed in normal lines, components for ELC version must be left out. At two point, indicated with a red `(’ through a print track on copper side, this print track must be interrupted. The components for overcurrent warning and a parallel set of triacs (see below) are not needed.

C. Frequency effect to overvoltage XE "frequency:effect to overvoltage" : The 47k resistor to + input of opamp 15 (indicated with a red X) must be replaced by a 220 k one. Then a 47 uF elco capacitor and 47 k resistor must be fitted in `frequency effect' area. Further changes depend on whether the ELC or IGC version is built:

· With ELC: Connect through diamond island below opamp 11 labeled `only ELC with freq.effect' printed in red (do not connect through island labeled `freq. IGC only' on the same print track).
Cut print track with red X above opamp 17.
Fit the two 10k resistors above opamp 20.
Fit the right-hand diode labeled `ELC' in the frequency effect area.
Fit the LM324 chip that contains opamp 17 - 20. To make it work, the islands `Vref' and `+V' must be connected through and the 100 nF capacitor below opamp 18 must be fitted.

· With IGC version: Fit the left-hand diode labeled `IGC' in the frequency effect area.

D. Overcurrent warning XE "overcurrent warning"  (see annex D.3.6): Fit the components around opamp 18, overcurrent warning LED itself and its 2.2 k series resistor in the top right corner of the PCB.

E. Parallel set of triacs XE "triac:parallel set of-" : Fit the extra resistors drawn in red above the transistors in final comparators module. Even though there are 3 unused pins on the connector, better not use these since the air gap between these and 230 V Line connection is too small to resist a 4 kV voltage spike. So it is better to use an extra cable to connect the diamond islands to the gates of the extra set of triacs.

Buying a PCB XE "PCB:buying it" : Making a PCB is easy when the right equipment and chemicals are there and one has some experience in it. The trouble is in getting to so far. So quite some time and money could be saved if  an electronics workshop could make a few PCB's, provided that they can produce an acceptable quality PCB for an acceptable price. Or maybe someone else who has build this design, still has spare PCB's as left-over and is willing to sell them, inquire via the Micro Hydro e-group.

Basically, printing PCB's  comes down to:

1. Start with blank PCB material that has a photosensitive layer on top of its copper layer, which in turn is covered by black foil that shields this layer from light. 

2. Design for the copper pattern should be on either tracing paper (kind of paper used for technical drawings) or on transparents like the ones used on overhead projectors. 

3. The black foil is removed, the transparent original is placed right on top of the photosensitive layer and this is exposed to U.V. light. On those places where the original is transparent, the photosensitive layer is exposed to U.V. light, while the black areas where print tracks should come, the photosensitive layer remains as it is.

4. The PCB is developed: Remains of the photosensitive layer are washed away on those areas that were exposed to U.V. light.

5. The PCB is etched: Copper is etched away from those areas where it is not covered by the (developed) photosensitive layer.

Making double-sided PCB comes down to printing on both sides of the PCB and making sure the two patterns are well-aligned.

Now in more detail:

a. Electronics stores have books on making PCB's as a hobby. Try to get one of these to learn more about the process, materials, equipment etc.

b. Materials for making PCB's are quite cheap and making a few extra requires little time. So if more ELC’s might be needed in the future, better make some spare PCB’s right away. Also extra PCB material is needed for practicing.

c. To make the original, PCB design of figure 22 should be photocopied onto special `photocopy quality' transparent sheets or on tracing paper (the kind of paper used for technical drawings) of 80 g thickness. Any thinner tracing paper easily crumbles in the copier and gives paper errors. Quality is important:

· Black areas should be pitch-dark, no white cracks that interrupt a print track.

· White areas should have no stains or specks.

· Dimensions of the copy should be equal to figure 22 up to 1% accuracy, measure both in vertical and horizontal direction. Even more important is whether the image isn't deformed in any other way. The best way to check this is to cut the copy in two and see whether both sides fit well onto one another. Copying machines that give such an accurate image, are quite rare!

When a laserprinter is available, it would be even better to print figure 22 directly onto transparent sheet or tracing paper, so that the copying step is avoided. Likely, the image will not come out deformed of a laserprinter.
Printing on an inkjet printer is no good:

· Black areas are not that black.

· On tracing paper, the wet ink makes the paper expand and wrinkle so that  the print head touches it and makes streaks.

· On transparents for inkjet printers, black areas usually aren't good enough because the ink spreads itself unevenly as it dries up.

d. For the actual printing, mind that:

· The original must be kept right to the photosensitive layer. This is why figure 22 was printed in mirror image so that it can be put face-down on the PCB material: Even thickness of the transparent or tracing paper counts.

· For keeping the two sides of the original aligned, there are two options:

· Make a kind of envelope that holds the PCB well-aligned between the originals for both sides: Cut two guards of ca. 160 x 12 and 100 x 12 mm from waste PCB material and make sure that each guard has at least one smooth, straight edge. Remove the copper layer with sandpaper. Cut the original in two so that you have separate originals for both sides. Then glue the 2 guards onto one side, carefully aligned with 2 outer edges of the PCB pattern (this goes best with double-sided scotch tape). This method has the advantage that alignment can be checked before exposing the PCB.

· Keep the original in one piece and glue guides where needed: Two long ones along the longer edge of the PCB pattern (these should keep the PCB in place and aligned) and two short ones along the short edge (just to keep the PCB in place). Better have these short guards only a few cm long and placed in the middle of the short sides, as this helps evening out some possible deformation caused by the photo-copy machine. 

For printing, a glass plate can be put on supports, with the UV lamp below. Then on top of the glass plate, the original with the PCB can be placed, with e.g. a plastic bag filled with sand to press it down.

· Exposure time for U.V. lighting: Use a reference book or information given by the lamp manufacturer as a start. The best exposure time, distance to the lamp and  experience in printing can only be gained by trying out.

e. The developing bath should have the right temperature (20 - 25 (C, or as given on its packing) and it should flush over and under the PCB a little, either by rocking the bath a little, or by moving the PCB. Take care not to scratch the layer with tweezers.
During developing, at the unexposed areas the light-sensitive layer becomes light-insensitive and turns light blue. At the exposed areas, the layer is washed away and bare copper remains. So let the PCB develop until there are no remains of the photosensitive layer on the exposed areas. Usually this takes just some 2 - 3 minutes. If it takes longer, maybe wipe clean the PCB with a cotton-wool with developing agent and choose a slightly longer exposure time for the next PCB.

f. For etching, it is even more important that the etching liquid is rather warm (say 40 - 60 (C) and constantly flushing. Special etching basins have a thermostat-regulated heating element and air bubbling up from the bottom.
There are little plastic pinchers for holding the PCB during etching and lifting it out to see whether it is etched properly yet. These are unsuitable because they leave a stain of copper on the PCB. Better fit a piece of insulated wire all around the PCB and hook it up at the top, make sure that the cable touches only the edges of the PCB and not the sides that need etching.
Etching should take 20 minutes. Avoid trying to etch another PCB while the etching solution has lost its strength. Especially at high temperature, eventually the layer that should cover the unexposed areas, will dissolve. Then a poor quality PCB will come out when one tries to finish etching with some more etching agent or with a new etching solution. With Fe(III)CL etching agent (coarse yellow pellets), some 45 g will be consumed for printing one PCB. With ammonium persulphate (white small grains), some 22 g is consumed per PCB. But this agent breaks down during storage or when etching at more than 50 (C. 

g. The photosensitive layer that still covers the print tracks, can be cleared off with acetone (available as `nail polish remover'). To prevent oxidation and facilitate soldering, the bare PCB can be sprayed with a product that facilitates soldering and prevents oxidation XE "PCB:soldering flux and corrosion protection" .

h. Safety XE "safety" :

· Avoid looking into U.V. light: It could damage your eyes (and hurt) similar to looking in a welding arc.

· Watch out with chemicals. The `developing agent' could be natron lye: Dangerous to especially your eyes so wear protective glasses. Use a plastic pair of tweezers to handle the PCB. Have plenty of water ready to rinse, or to rinse your clothes, skin or eyes in case it was spilled.

Check whether the PCB is printed correctly XE "PCB:quality check" : 

1. No interruptions in print tracks. No spotted surface because even unexposed areas were etched away slightly.

2. No short-circuits by hair-like lines or stains of copper that were not etched away properly.

3. No part of the circuit should have ended outside of the PCB material. 

4. With a double-sided PCB: The two sides should be aligned properly: A hole drilled from copper side may not end up so close to a print track on component side that there is a chance on short-circuit.

· If all over the PCB, alignment error is within 0.3 mm, the PCB is O.K.

· If at the worst corner, alignment XE "PCB:poor alignment"  error is between 0.3 and 0.8 mm, the PCB is useable but special care must be taken in drilling (try to drill towards the middle of the island at the opposite side) and in soldering (take extra care to avoid short-circuits).
After drilling, check whether holes touch print tracks at component side. If so, it might create a weird short-circuit that will be very difficult to find once all components are fitted. So cut away some copper from the component side print track right away, e.g. with a 3 mm drill that is being rolled between the fingers.

· If alignment error exceeds 0.8 mm, there is a problem. Probably some copper must be cut away at component side to avoid short-circuits (better do this after drilling). If print tracks end up interrupted, this could be repaired by soldering pieces of wire on it that serve as a bridge. If alignment is hopeless, print tracks on component side can be sandpapered away completely so that a single-sided PCB remains.

After printing, holes can be drilled XE "PCB:drilling holes" . Most of the components have thin leads and for these, holes of 0.8 mm are best. The connector, fuse holder, transformer, rectifier, large capacitors, 1 W resistors, zener diode and all trimmers have thicker leads or leads that do not bend to place easily when holes are slightly off. These holes should be drilled with 1.1 mm (1.2 mm will also do, 1.0 mm is a bit tight but still possible). The islands where 1.1 mm holes should be drilled, are slightly larger.

All holes can be drilled from copper side since islands on component side, have their counterpart island on copper side. Even with a hand-held drill, it is possible to drill through 2 and maybe even through 3 PCB’s in one go if they are fixed together exactly right. First drill one hole in each corner of each PCB separately (do not drill holes at random, as the drill bit will break if it ends up in a poorly aligned hole after drilling through the first PCB). Then fit them together using a piece of copper wire with 0.8 mm diameter to line out the 2 or 3 PCB’s. PCB’s can be fitted together with two-sided scotch tape in between them, or with ordinary scotch tape along all sides. After a while, drilling chips will accumulate between the PCB’s. If the PCB’s are pushed apart too much, this should be removed and the PCB’s fitted together again. 

Such small drills bits break easily and therefor, an ordinary electrical drill is difficult to work with, especially since such tiny drill bits often are not fixed well-centered in it. A small, light electrical drill works best, especially when it is fitted in a small drill press. But a hand-held drill will also do. 

Keep some extra drill bits as spare to allow for breaking. Because of the glass fiber in epoxy PCB material, drill bits get blunt after a few hundred holes. Broken or blunt drill bits can be sharpened again on a fine whetstone, but this requires some practice. 

In each corner, a 3 mm hole is needed for fixing the PCB. It is easiest to drill these with 0.8 mm first and then enlarge them with 3 mm.

7.1.2 Buying components

Finding suppliers for all components can be a lot of work and quite frustrating: If the right parts can not be found, either the ELC can not be built at all or components with slightly different characteristics must be chosen and this involves the risk that it will not work at all or behave strangely under some conditions. Therefor:

· Try to find one supplier for as many components as possible. Then if some components have to be changed or replacements must be bought for destroyed components, again only one shop has to be visited.

· In a developing country, do not shop around for the cheapest components. Then off-standard or even defective components might be sold and the faults caused by these defective or off-standard components, might be very difficult to find later on.

· Even though electronic components hardly wear out in time, components that have been stored in poor conditions for long can cause problems: Their leads may become oxidized slightly and then chances on poor quality soldering increase.

· It might be worthwhile to search for a supplier via internet. Major suppliers will have an internet site specifying the kinds of components available with them, order forms, purchase and payment conditions and so on. Often it is possible to search in their catalogue via internet and/or they will send a CD-ROM free of charge that contains their complete catalogue.

Annex L contains a parts list of all components of the ELC or IGC.

The LM329 reference voltage XE "reference voltage:LM329"  might be hard to find. If this is the only component lacking, it is better to use other components instead:

· A 6.8 V, 0.4 W zener diode. This gives a less accurate reference voltage, so frequency will not be regulated that accurately and also protection features will work less accurately.
If Vref XE "Vref"  ends up quite differently than 6.9 V, all calculations in which `6.9' is used, give inaccurate results: Better replace this value for actual Vref voltage.

· Use an LM336-5V and LM336-2.5 V reference voltage in series. These are more widely available. Their pin connections are the same as for the LM329, except that the top pin in figure 23 is an `adjust’ connection. With a 10 k trimmer connected over the + and - pin and its middle contact wired to this adjust pin, voltage of a LM336-5V can be varied between 4 to 6 V. Using this feature, voltage of the two in series can be adjusted to exactly 6.9 V. These extra components can be fitted on the free space with horizontal strips. To reduce chance on noise, better fit all of the Vref circuit there.

Measuring points XE "measuring point"  can be made from the excess length of leads of components. Use 0.8 mm leads as this is a bit stronger. First bend a little circle on one end, with inner diameter smaller than the point of a tester lead. Then make a right angle just under the circle so that the circle will end up parallel to the PCB. Measuring points should stick out ca 10 mm above the PCB surface, but it is easier to cut off excess length only after soldering them on the PCB.

Connecting through copper- with component side islands can also be done using excess length of 0.8 mm leads. To prevent that these short pieces of metal fall out while soldering, one end can be pinched flat so that it becomes slightly wider and fits tightly in its hole.

7.1.3 Fitting components on the PCB

 XE "fitting components on PCB" This is not as much work as it may seem. To make things easier:

1. A good quality of soldering reduces the chance on errors: 

a. The copper layer on the PCB should be clean: No remains of the light-sensitive layers, no oxidation etc.

b. Use fine solder with a resin core.

c. A soldering iron with a fine, silver tip works best. Copper tips get deformed as copper gradually dissolves in the solder. The soldering iron should not be too hot as then resin evaporates too fast and the solder freezes in pointed cones instead of flowing out properly. A soldering iron that is too hot, can be regulated with an ordinary light dimmer. Or its capacity can be reduced by half by fitting a 400 V, 1 A diode (e.g. type 1N4004) in series, for instance included in its plug.

d. Have a proper stand for the soldering iron and place it such that the cable won’t get entangled.

e. Have the PCB fixed in some kind of clamp or put a weight on it so that it does not wobble with the lightest touch.

f. A neat work place at the right height and proper light makes it easier to work precisely and notice when soldering joints are faulty.

g. Take care not to fit wrong parts or parts with wrong polarity. Getting them out is a lot more work and all the heating and tinkering increases chances on lousy connections. Components can be un-soldered by:

· Pulling with a hook from copper wire and touching connections one after the other with the soldering iron. Once the component itself is out, its holes usually are blocked with solder. This can be removed by heating from copper side, and then blowing from component side.

· There are little hand-held vacuum pumps that can suck up melted solder.

· There is a kind of stranded wire that sucks up melted solder.

The first method works well for components with only 2 or 3 leads. For unsoldering an LM324 chip or the transformer, the second or third method will be needed.

h. Mind that some components can be destroyed by overheating when soldering takes too long: Tiny diodes, LED’s. To be safe, solder one lead of a heat-sensitive component and allow it to cool down before soldering the other lead.

2. Keep the work place clean. Watch out for specks of solder and tiny strands of copper wire that could end up under a component and cause an invisible short-circuit that is very difficult to find.

3. Have a series of components at hand. It can be handy to sort components first before fitting them.

4. Have the PCB map of figure 23 at hand. Always have the PCB in the same position in front of you, so that you can find your way around easily.

5. First solder the pins that connect copper- and component side islands (mind that some points should not be connected, see with 2- and 3 dump load version in par. 7.1.1). Apply plastic spray to component side to protect this side against corrosion.

6. Start with the lowest, lightest parts and the ones that do not fit in easily as they have a lot of pins. So first the IC connector for the LM324 chips,  trimmers, connector, measuring points, transistors etc. then the bulk of resistors and tiny capacitors, and then the large Elco’s and transformer. The LED’s should be mounted last as they must be fitted on copper side on such long leads that they reach the top cover when the PCB is fitted inside the housing, see par. 7.1.4.

7. Fit components in batches: Place a series of components with their leads through the proper holes, then solder them, and cut off all excess leads. If in doubt whether the right components were fitted, check them right away. Do not fit too many components in one go because it will be difficult to solder them with all those excess leads sticking through. If two or more PCB’s are needed, place the same component on all PCB’s, then the next etc. and then solder them all.

8. Make sure you know the color code for resistors XE "color code for resistors"  or have a guide at hand (see annex L). Especially watch out with 1% resistors, or just measure their resistance before fitting them.
Resistors should be fitted upright, so with one lead bent nearly 180(. Once resistors are fitted, it is a bit difficult to see their color code and things are easier if for all resistors, the color code starts at the top. So always bend the lead at the end where the color code starts.
If resistors are so close together that their bare leads might touch one another, fit them in such a way that chances on short-circuit are minimal: Either the bare lead of one resistor should be near to the insulated housing of the other. Or bare leads that might touch one another, should both be connected via a PCB print track anyway.

9. Safety XE "safety" : Some resistors have long, bent-over leads that will carry a dangerous voltage when testing with only the PCB connected to mains voltage. To make sure that all parts at component side are safe to touch during this type of tests, these leads should be isolated by shoving a piece of isolation hose stripped from a cable, over them. These resistors are:

· The 100R / 1W resistor in DC voltages module.

· The first 332k resistor from the series of 3 (the one connected to the fuse).

· The 332k resistor between 230V Neutral and MT1.

10. Mind polarity XE "polarity:-sensitive components"  of polarity-sensitive components: 

· LM324 chips: Pin 1 is often marked with a tiny hole, the side towards pin 1 and 14 is also marked with a notch.

· Transistors, thyristor, LM329 stabilized voltage supply, rectifier: Their outline is printed in figure 23.

· Diodes: Cathode (the end the arrow in their symbol points towards) is marked with a black band. 

· LED’s also have their cathode marked, either by a flattened side on the LED itself, by a tiny protrusion on cathode lead just under the LED, by cathode lead being slightly shorter and often by a combination of the two.

· Polarity of diodes and LED’s can be checked  with a tester on `continuity' range indicated by a `diode’ symbol, see annex C.1.

· Elco capacitors: Negative lead (the larger side with its sides standing up in their symbol) is marked with a black stripe, often with `-‘ printed in it. The PCB is designed such that all elco’s should be fitted upright, so with their positive leads towards the top of the PCB.

11. Check the whole PCB for accidental short-circuits. On copper side, spilled solder might cause short-circuits. Watch out for short-circuits via text printed in copper. When in doubt, check with a tester or cut through possible short-circuits with a knife. On component side, bent components could cause short-circuits. If both sides were poorly aligned during printing, the lead of a component might touch a print track on component side.

12. When in doubt, check the whole PCB for wrong components being placed or with wrong polarity.

13. After fitting all components:

· Check component side of the PCB for any leads that might touch and create a short-circuit. 

· Check copper side for droplets or tiny threads of solder that could cause a short-circuit.

If the PCB was not treated with the soldering aid and corrosion protection product (see point 

g in par. 7.1.1), its copper side could be sprayed now with a protective, plastic spray (something like the `fixative' product used to conserve charcoal drawings). Even with this plastic layer, further soldering is possible: It is easier than soldering on a corroded PCB. When a PCB will be tested and fitted in an ELC, the plastic spray could be applied just before closing the ELC housing.

For easy storage or transportation, the LED’s could be bend flat against the PCB.

The PCB with its components fitted, can be tested without being connected to the power circuit, see par. 7.2.2.

7.1.4 Building the power circuit and assembling

See chapter 3 XE "power circuit"  for how the power circuit should be built in order to function properly. Here, advice is given how it could be built easily and reliably.



figure 13: Cross-section through one half of top cover

The most complicated part is the top cover XE "top cover" , see figure 13: 

1. First, fit the plates and the triacs onto the heat sink, see par. 3.4. 

2. The heat sink will be mounted on top of it, with silicone paste to provide a watertight seal and M3 screws in each corner to tighten it. Measure out on the top cover where the window for the plates should come and cut it out. Then measure where the screws will come, drill 3 mm holes through the top cover and 2.5 mm holes through the heat sink. Now an M3 thread can be tapped into the heat sink holes so that no nuts are needed and the heat sink can not be taken loose from the outside. 

3. At the lower side, a row of LED’s will stick through the top cover. Drill 3 mm holes for these, but first check whether there is enough room for the PCB and power wires going to the triacs.

4. Make supports for the PCB. This could be pieces of perspex of ca. 25 x 25 x 5 mm with a sunken head M3 screw sticking through in the middle. These supports will be glued at the inside of the top cover with hard-PVC glue later. 

5. To shield the PCB against interference, make a sheet of aluminum foil with Poly-Ethylene plastic foil at both sides (see par. 3.9.5) Preferably, the plastic layer should be 0.05 mm thick or more. Make holes for the screws from the supports. To earthen the aluminum foil, it should make contact with the copper ring around the top left hole on the PCB (this ring is connected to 230 V Neutral connection). So there, a somewhat larger hole should be made in the plastic.

6. When the housing is opened up, power wires to the triacs must bend at the right place without exerting force on the triac leads or the PCB. So they must be fixed to the top cover near the top side. This can also be done with pieces of perspex glued to the top cover, sunken head screws sticking through these and other piece of perspex fixed by these screws. Likely, this support construction sticks out more than the triacs itself and would make it necessary to fit the PCB further away from the top cover. Then maybe cable supports can be fitted just above the PCB or even against the rim at the top side of the top cover. 

7. Check how high the PCB must be mounted for allowing ca. 1 mm between it and the triacs or cable supports. Fit as many nuts or washers on the screws sticking through its supports as needed. Check whether the leads from the LED’s are long enough. If not, solder pieces of copper wire on the PCB and solder LED leads onto these. If leads are too long, they can be bent in an `(’ shape to shorten them.
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figure 14: Example of a label

8. Make a label for the top cover on plastic sheet, e.g. the type for overhead projectors. Use figure 14 as example or just copy it. To seal off the holes for LED’s, the label should be glued on the top cover with silicone paste and a thin piece of perspex glued on top of it. 

9. Use fine sandpaper to roughen every surface that will be glued later. Degrease with alcohol, ammonia or another solvent if they might have become dirty. Then glue all parts onto the top cover.

Then bottom part of the housing can be prepared. In the downward side, large holes must cut where the cable pass-throughs will be mounted. At its bottom, noise suppression coils, relay and connector rail or connector block must be fitted. A connector rail could probably be screwed onto supports that are already present. The other parts can either be fitted onto perspex supports with screws glued to the bottom, or on a bottom plate that is screwed on supports that are already there. 

The power wiring XE "power wiring"  can best be made from stranded twin cable, see par. 3.6 for the cross-section it should have and how to minimize interference problems. Cut pieces of appropriate lengths, strip the ends and apply solder to the ends. A piece of twin cable should go from the appropriate places on the connector to the triacs on the top cover. One wire of this twin cable, must make the 8 windings through the ferrite core to form a noise suppression coil, so this wire must be considerably longer. The twin cables to triacs should be so long that the top cover can just be flipped over by 180( without these cables pulling too tight.


                      TIC263M
                 MT1 MT2  G XE "triac: TIC263M connections" 
figure 15: Connections of TIC263M triac, top view

Then power wires can be soldered onto triacs and the relay, and fitted to the connector. Mind that each triac should have a varistor soldered over its gate and MT2 lead. See figure 15 to identify the leads. Other varistors (or a varistor + spark plug or surge arrestor) can be fitted right to the generator and user load terminals of the connector, see par. 3.8.3 and 0. 

Then the signal cable between print connector and appropriate points in the power circuit can be fitted. Take care not to cut too deep when stripping insulation of such thin stranded wires, as this would further weaken the spot that is already weakest.

Check all wiring against the circuit diagram’s of figure 19 and figure 20. Place a label on or near the connector that shows clearly how cables going to the outside should be connected. Look for possible short-circuits, e.g. near triacs. Try whether the top cover fits well onto the housing, and can be taken loose and flipped over easily.

7.2 Testing

7.2.1 Safety and efficiency

There are some general guidelines on how to work safely XE "safety:measures"  and efficiently:

· Make sure that the work place is clean, tidy and well-lighted.

· Make a plan first and do not just start to test things at random. Make a list of what should be tested and, if this not obvious, choose under which conditions this test must be performed. 

· Keep a record book and make notes on test conditions, test results, unexpected behavior, ideas for further tests etc. Pictures can be important for checking how a test was set up, for a report or for trainings. You might need the things learned during tests not only in the next half an hour, but also years from now.

· If you are not experienced using measuring equipment, have a quick look through their manual first.

· Work patiently and carefully and take a rest when needed. It makes little sense to try to solve a complicated problem late at night after having worked for hours on a stretch. Chances are high that the next morning, it turns out that the solution found the night before, does not work that well under all possible conditions, or that some vital component or tool was destroyed in a poorly thought out test.

· Even for testing, connect parts carefully and avoid having a bunch of loose wires on the ground.

· Have a voltage seeker at hand to test whether metal parts can be touched safely. A voltage seeker XE "voltage seeker"  is a screwdriver with a little lamp that will light up when the screwdriver bit touches a metal part. Mind that one has to touch the metal cap or clip at the grip for it to work. Also, the light might be too small to be noticed when there is ample light around, so: Test it in an 230 V outlet before every use.

· As extra protection against touching parts that carry a dangerous voltage, one could make a short circuit, e.g. with pliers or a screwdriver with insulated handle. It might seem a bit crude to make short circuits on purpose, but if there is no voltage, it won’t harm. And if these parts did carry a voltage, it is much better to blow a fuse and let the sparks tell that things nearly went quite seriously wrong, than to be electrocuted.
Making a short-circuit for safety reasons is especially useful when working on a section of a grid that has been switched off, but could be switched on again by someone who doesn’t know that people are working on it. Then of course the short circuit should last for as long as this section is under repair, so a piece of cable should be used. And don’t forget to remove it before switching on the section.

· Before testing under voltage, warn inexperienced people explicitly not to touch any metal part. Keep children at a distance!

Remember that when a protection feature makes the relay switch off, only 230 V Line wire is interrupted. So 230 V Neutral wire is still connected to the generator. If the generator has a filter, this wire will carry about 115 V, but can produce a very small current of ca. 1 mA. If 230 V Line wire is connected to earth (instead of the 230 V Neutral wire), it can carry full generator current!

When using a 230 V powered oscilloscope XE "oscilloscope" , remember that `earth' connection of a probe is connected to `earth' of the instrument itself and to `earth' of its 230 V input plug. So when `earth' of a probe is connected to a dangerously high voltage, this will either cause a short-circuit (if the oscilloscope was grounded via its power supply), or metal parts of the instrument itself will carry this high voltage.

Battery operated oscilloscopes have no metal casing that could carry a dangerous voltage. Still one has to take care with connecting earth of a probe because earth of the two probes are connected internally. If earth of one probe is connected to a dangerously high voltage, earth of the other probe (and the circuit it is connected to) will carry the same high voltage. And if one tries to connect `earth' of the two probes to different voltages, a short-circuit is created. This does not necessarily mean that the instrument is damaged, as some scopes are protected against this.

This all makes it difficult to measure currents safely using a current shunt. Better use a current clamp or current transformers, see annex C.4.

7.2.2 PCB connected to mains voltage

Different parts of the ELC can be tested in different ways. Of course the most realistic test is by installing it in the M.H. system and letting it run. If it does not work by then, there is a problem. There might not even be power for a simple soldering iron, let alone spare parts, an oscilloscope etc.

With this test XE "testing:PCB on mains voltage"  and the one described in the next par., an oscilloscope is essential: Without it, troubleshooting becomes very difficult.

The PCB with all electronics can be tested very well by connecting it to a power outlet of the grid. Then only some components near the transformer can carry dangerously high voltages and most of the PCB can be touched safely. 

1. Check whether the 332 k resistors in voltage dividers module, are really 332 k and there is no short-circuit there. If wrong resistors are fitted there, the PCB might not be safe XE "safety"  to touch.

2. Put a few layers of electrical tape on copper side of the `high voltage’ area on the PCB. Cut off very pointed excess leads first so that these will not penetrate the electrical tape. The connections to the following parts should be covered:

· 230V Line and 230V Neutral pins of the connector.

· Primary windings of the transformer

· Fuse and the 100 R resistor + 100nF capacitor that make up the filter.

· The 332 k resistors in voltage dividers module (of the series of 3, only the one at the fuse-end can carry a dangerous voltage).

These resistors have metal parts sticking out at the component side. To insulate these, they should have a piece of insulation (stripped from a cable) over their long, bent lead.

3. Solder an ordinary 230 V cable with plug to 230V Line and 230V Neutral pins on the female connector. Insulate these soldering joints with electrical tape. It can be handy to have a switch in this cable, but then it should be a double one that disconnects both leads. 

4. Put the plug in a 230 V outlet. Then check with a voltage seeker whether voltage on `E’ or `+V’ (or any other measuring point on the PCB) is quite low as compared to 230 V. If not, put the plug upside down in the outlet so that 230 V Line and 230 V Neutral wires are reversed.
Making sure that print voltages are nearly 0 is not only important for safety, but also for measuring with an oscilloscope. Then chassis of the instrument is connected to `earth’ of a probe and it will pick up less noise when it carries less current.

5. For extra safety XE "safety" , one could measure how much current could flow from any print voltage to earth: Measure AC current between `+V’ and `earth’ connection of an outlet or any other grounded point (do NOT try to measure current between 230 V Line or 230 V Neutral and an `earth' connection). Start on 10 A range and when this gives a minimal reading, measure it on mA range also.
This current should be no more than 0.23 mA when the plug is connected right, or 0.70 mA when the plug is connected reversed. If it is higher or the measurement caused a short-circuit, disconnect the plug. Check the 332 k resistors in voltage dividers module and look for short-circuits in high-voltage area of the PCB.
Only currents of 25 mA ore more can be harmful to humans. This way of testing is safe not because the circuit can not carry a noticeable voltage, but because the current it can supply, is limited to less than a mA.

6. Make it a habit to test whether print voltages carry 230 V with a voltage seeker every time the plug has been disconnected and reconnected. 

With only the PCB connected to mains voltage, print voltages are more or less free-floating with respect to 230V Neutral and 230V Line connections. They can be drawn to 0 V, e.g. by touching a part of the circuit or by connecting an grounded oscilloscope. If there are no external connections to print voltages, it is as if the four 332 k resistors in voltage divider module, form a voltage divider between 230V Neutral and 230V Line. Print voltages are connected to one end via a 332 k resistor and to the other via 990 k (the three 332 k in series). Therefor, print voltages will carry either 58 V AC (¼ of 230 V) or 172 V AC (¾ of 230 V) with respect to earth or 230V Neutral wire of the grid. Having them at ¼ of 230 V is preferable and this is why the plug should be connected right, see with point 4 above.

There is no need to connect the PCB to the power circuit. With only the PCB connected to a 230 V outlet, the electronics will still work as in an ELC installed in a M.H. system except for the following:

1. The grid has less noise and the kinds of noise it has, is not influenced by the ELC itself.

2. Grid frequency is constant and is not influenced by trigger angle signal the PI controller produces. So there is no feedback loop that goes from output to - input of I-effect opamp. This makes that inevitably, it will drift to either the upper, or lower end of its range. I-effect can be disabled by short-circuiting `out' to `-in'.
The effects of varying frequency can be simulated by changing frequency setting. A lower frequency setting lets the system react as if frequency is too high, and reverse.

3. Those parts of final comparator module that produce trigger pulses, are not tested.

4. Block wave and sawtooth signal XE "sawtooth signal"  can be slightly distorted. This is because MT1 connection is left open so +V is not properly referenced to 230V Neutral. MT1 and 230V Neutral are still connected via the 332 k resistor in voltage dividers module but this high value resistor can have a considerable voltage drop over it. Then even a small DC leakage current (e.g. from an old-fashioned oscilloscope, flowing from its chassis via earth of its probe to a print voltage) could cause a DC voltage between +V and 230V Neutral. This means an offset error for the blocks and these will produce zero crossings that have shifted slightly, e.g. by 0.1 ms. Then in sawtooth signal, there will be alternatively a somewhat higher, and somewhat lower top.

5. Even when the relay should be switched on (so when all protection feature LED’s are off and the green `logics' LED on the PCB lights up), the relay coil draws no current and voltages at Vunstab and V24 will be higher than normal. So to test DC voltages module realistically, the relay coil should be connected.

6. Without the NTC resistor, `ELC overheat’ feature will always be in `safe’ state. So to test this feature, the NTC resistor (or a 100 k trimmer, see below) should be connected. 

The `earth' of an oscilloscope probe can be connected to `E' measuring point. For getting useful scope images, it is best to use `block wave' signal for triggering. With a 2-channel scope, connect one probe to this measuring point and set the scope to trigger on this channel. If the scope has only one channel but the possibility to trigger on an external signal, connect `block wave' to this trigger signal input. Most signals can best be measured with the scope set to `DC'. For `+V and `Vref' it makes sense to check for voltage fluctuations with the scope set to a sensitive AC range.

This way of testing is useful for:

1. Testing whether a PCB works properly and finding any errors it might contain. Check signals at the measuring points with an oscilloscope and compare with figure 24. If the PCB does not work properly and the error can not be located easily: See par. 7.4 for how to track down errors
Look carefully whether all peaks in sawtooth signal are equally high. If there are distinct (mind point 4 above) high peaks with lower ones in between, block wave signal must be asymmetric because zero crossings are not detected properly. This will cause a DC component in dump load voltage, see par. 7.4.6.
In rare cases, the error might be in a heavily disturbed voltage signal from the grid itself, so check this with an oscilloscope also.

2. Adjusting trimmers. If `frequency' trimmer is adjusted such that the PI controller gives a signal that hardly changes, frequency is calibrated to grid frequency, which is very stable. Only P-effect and I-effect trimmer can not be set yet because they depend on characteristics of the turbine and generator.

3. Learning how the ELC works. All different signals can be measured and the function of trimmers can be checked.

Some tricks are needed to simulate the conditions that will make overload signal and the protection features trip:

· Overvoltage can be simulated by making a step-up transformer: For instance a 230V-24V transformer with secondary windings connected in series with primary windings. Now connect mains voltage over primary windings only, and the ELC over both. Reverse polarity of secondary windings if voltage over ELC turns out to be lower than mains voltage).

· Undervoltage can be simulated with a step-down transformer (as above, but with polarity of secondary windings reversed) or by fitting a number of 330 ( resistors in between 230V Line connection and the grid.

· Overspeed and too low speed (the condition overload signal will react to) can be simulated by adjusting these features quite sensitively, and then varying `frequency' setting.

· Overheat can be simulated by heating up the NTC resistor (e.g. by fitting it to a cup and pouring hot water in the cup), or by replacing it with a 100 k trimmer.

To see how reliable the electronics work, one could test whether it still functions under `stressful conditions’ XE "testing:stressful conditions" : 

1. Heat things up a little using a hairdryer. Temperature inside the housing can be 60 (C (see par. 3.7) for long periods so a short test at 70 - 80 (C is the minimum the PCB should be able to survive. But take care that temperature does not reach 100 (C or more, as then semiconductors and elco capacitors could be damaged.
This test will make that any component that is too heavily loaded due to e.g. a weird short-circuit or a wrong resistor fitted somewhere, will fail completely. So when a failing component is found, check why this component could have become overloaded. It is important to check whether the PCB functions normally while it is heated up as semiconductor components might fail while hot, but behave normally again once they have cooled off. So check with an oscilloscope whether sawtooth signal looks normal, trigger pulses come through etc.

2. Cool off the PCB using a spray can that produces a very cold gas (available at electronics stores). 
This test reveals poor connections: Metal parts that do touch one another normally but are not soldered properly, will come loose once cooled off. This way, such bad connections can be located and repaired. Spray mainly at copper side of the PCB, as it makes little sense to cool all components. 

3. Bend the PCB a little in different directions, push at components etc.
Like the previous one, this is a test for poor connections. It might also reveal threatening short-circuits, e.g. leads from nearby components that should not touch one another but come dangerously close.

7.2.3 Complete ELC connected to mains voltage

Warning XE "safety" : With this test, print voltages are connected to either `230 V zero’ or `230 V line’ via the power circuit, so the PCB is no longer safe to touch. Only if a print voltage is checked with a voltage seeker, and the plug connected upside down if it does carry a voltage, the PCB can be touched safely, see also previous par. 

The complete ELC can be tested XE "testing:ELC on mains voltage"  for building errors by connecting it to mains voltage and connecting dump loads to it. Since the ELC can not influence grid frequency, there is no need to connect real, high capacity dump loads to it.

With too small dump loads, the ELC is not tested up to its design capacity. In principle, this setup could be used to check whether triacs might overheat when running with dump loads of planned capacity. In most cases however, a fuse in the grid will blow well before planned capacity of 2 times 16 A is reached.

Filament lamps connected as dump load lamps show beautifully how power diverted to a dump loads gradually increases or decreases. Triacs will not work when their dump loads draw too little current (see annex H) and to avoid trigger problems caused by this, use lamps of at least 50 W or fit them in parallel to form a higher capacity dump load. An extra lamp fitted to the `grid’ connections on the ELC, will show when the relay has switched on user loads.

This way of testing is more dangerous  XE "safety" than with only the PCB connected to the grid. Now many parts of the power system carry dangerous voltages and also print voltages could be connected directly to the `live' wire of the grid. So: Test whether print voltages carry 230 V AC with a voltage seeker and reverse the plug when they do.

With a grid-powered oscilloscope XE "oscilloscope"  that is grounded via its power supply, it is not possible any more to use `E' on the PCB as reference for scope signals. Either disconnect `earth' wire of the power supply of the scope (with the risk of putting it under voltage when earth of a probe is connected accidentally to a dangerous voltage) or use `+V' as reference, see also annex C.3.

With this way of testing, the parts of final comparators that produce trigger pulses, are tested. But it still has the other two limitations: The grid has less noise and frequency is not influenced by the ELC, see previous paragraph.

This way of testing is useful for checking the power system for building errors.

· If the lamps used as dump loads flicker, there might be a triggering problem, see par. 7.4.3. 

· Measure voltage over the dump loads on DC range: If this is higher than say 30 V DC, likely there is a trigger problem, see par. 7.4.3. But there could be other causes for such a high DC voltage, see par. 7.4.6.

Now also the effect of changing F.T. zone XE "F.T. zone"  (= Forbidden Trigger zone) setting can be seen. Reduce the setting and manipulate `frequency' setting such that a dump load is nearly off. If the dump load goes fully on (the lamp lights up) for a moment just before it goes completely off, F.T. zone is set too low. In theory, this should happen when DC voltage on `F.T. zone' measuring point is below 0.5 V. See par. 2.5 for how it should be adjusted.

This way of testing is also useful for demonstrating how the ELC works as an `electrical brake' to a generator by diverting more or less power to dump loads.

If a tester XE "tester:frequency range"  with `frequency’ range is not available, `frequency' trimmer  XE "frequency:adjustment"  can not be adjusted accurately in subsequent tests. With the ELC connected to the grid, it is easy to adjust it: Look at the dump load LED’s or the dump load lamps and turn `frequency’ trimmer such that dump loads are switched on at about half capacity and this changes only slowly. Then ELC is adjusted to the same frequency as grid frequency at that moment, which will be very close to nominal frequency. Measure voltage at middle contact of this trimmer and take a note so that it can be readjusted properly in the field in case its setting was changed.

7.2.4 ELC connected to a generator set

It is XE "testing:ELC with generator set"  important to have an oscilloscope at hand as now, reaction of the ELC to noise signals must be tested and any hidden faults must be detected and solved.

The electrical circuit could be like in a real M.H. system, but it is not necessary to install fuses and an overcurrent protection. Ideally, the generator set should have the same type of generator as the one installed in the M.H. system. To make that the governor of a gasoline generator set does not interfere, this governor should be adjusted to a frequency that is ca. 10 % higher than nominal frequency. Of course now real dump loads are needed, with a total capacity that is higher than generator capacity. Only then, the ELC can control frequency and it will end up at the value set with `frequency' trimmer.

In this set-up, the generator motor will run at full capacity, with the associated noise, fuel consumption and wear of the machine. With a gasoline engine, power output can be reduced by pulling the throttle towards a lower speed. This can be done even with the bar from the governor to the throttle still attached. Because the engine and the machine frame are vibrating so much, a light but strong type of wire must be used, e.g. nylon fishing thread. This way, there is no risk of overloading the generator set and less heavy dump loads are needed.

With a diesel engine, power output can be varied by varying the gas handle of the engine. Then if `frequency' setting of the ELC is changed, also power output of the diesel engine will change.

With this setup, there are only slight differences as compared to a real M.H. system:

A. If the ELC or dump loads fail, the generator will only overspeed by some 10 % because by then, the governor will control speed again.

B. Power output of the gasoline engine might not be as constant as a M.H. turbine because vibrations of the machine make the throttle handle vibrate as well. This makes that dump load lamps flicker a bit.

C. Total mass of inertia of generator rotor and moving parts of the engine, will be different of that of the M.H. system. This means that P.I. controller will have to be adjusted again in the field.

D. The generator type might be different, meaning that it might produce different kinds of noise and that the system can not run at planned capacity.

E. Due to vibrations and the remaining influence from its own governor, often the throttle of the gasoline engine does not stay at exactly the same position. Then mechanical power from the gasoline engine varies and in turn, the PI controller reacts to this. Usually this causes an oscillation with a rather small amplitude even when P-effect and I-effect are set at way below the setting at which PI controller causes oscillation. So keep this in mind when it seems that the PI controller functions poorly and must be adjusted very slow to avoid oscillation. The turbine of a M.H. system will produce a more constant mechanical power and then this phenomenon will disappear. 

To let the ELC function normally, PI controller should at least not oscillate. With P-effect and I-effect trimmer in their middle position, this is not likely. Adjust them slower (to the right) if necessary, see also below.

Noise on generator voltage is most when there is no user load connected to the generator and only one dump load being triggered, so the other one being completely off. To let the ELC vary trigger angle, pull the throttle handle towards an even lower speed. If dump load lamps flicker so apparently the ELC does not operate smoothly, try to reproduce the conditions under which the problem occurred and check with an oscilloscope whether signals come through undisturbed.

Connect the oscilloscope to generator voltage and find out which of the kinds of noise that are described in par. 3.9 can be found. At least the triac triggering dips XE "triac triggering dip"  should be clearly visible. See how the signal changes when trigger angle changes or when different types of appliances are connected as a user load.

Since voltage signal of a generator will be different from that of the grid, it is advisable to check how the ELC reacts to reducing F.T. zone setting, see also previous par..

Just to see what happens when input signal gets disturbed, FT zone setting can be reduced. Below a certain point, zero crossings will not be detected properly, 1/f signal ends up completely off and the ELC will not regulate properly any more. Remember to readjust it properly afterwards, see par.2.5. 

For adjusting PI controller XE "PI controller:adjustment" , the system should run under conditions that are most likely to cause oscillations. This means that the conversion rate between a change in trigger angle signal and the resulting change in power diverted to dump loads, is maximal, see figure 2. This is the case if neither of the dump loads is completely on or completely off, so if all 3 dump load LED's light up a little (or just 3 of the 4 LED’s with a 3 dump load ELC). Then power diverted to dump loads is between 1/4 and 3/4 of total dump load capacity. If the dump loads have different capacity (see par. 6.2), the system should run with the largest capacity dump load being triggered around 90°. To make the system run like this, generator power can be increased or decreased, or a user load can be connected.

The PI controller can be adjusted using the following procedure (see also par. 2.7.1):

1. Adjust I-effect as slow as possible, so to the extreme right.

2. Adjust P-effect faster until the system just starts to oscillate. This can be seen from the dump load lamps that start to flicker with a distinct frequency of anything between say 2 to 10 Hz. When this setting is found, adjust P-effect to 45 % of this amplification factor. The easiest way is by estimating current position of the trimmer and adjust it to a 2.2 times larger angle as seen from the extreme left position. The most accurate way is by shutting down the generator, measuring resistance between its middle contact and left-most contact, and adjusting the trimmer for a 2.2 times higher resistance.
If there is an oscillation that does not react to P-effect trimmer, probably power produced by the engine varies because the throttle handle vibrates. Try a lighter type of wire to pull the throttle towards lower speed, or increase frequency setting of the controller of the generator set.

3. Adjust I-effect faster until the system just starts to oscillate again. Then adjust I-effect to 1/3 of this speed, so its trimmer to a 3 times higher resistance.

If it turns out that I-effect makes the system oscillate already when it is set at 1/3 of total resistance or more, adjusting I-effect to `extreme slow' in step 1 is not good enough. Repeat step 2 with I-effect disabled completely by short-circuiting `-in' and `out' measuring point to one another at opamp 12. Then remove the short-circuit and adjust I-effect as in step 3.

When P-effect or I-effect should be adjusted slower than the extreme right position of these trimmers, either their trimmer should be replaced by a higher value. Alternatively, the 220 k resistor of P-effect could be replaced by a lower value, or the 470 nF capacitor of I-effect could be replaced by a higher value.

When the generator might have an AVR, try out whether the system becomes unstable when a triac triggering dip distorts the top of generator voltage signal. If the AVR would use peak voltage as a measure for generator voltage, the system might start to oscillate again. To avoid this, PI controller has to be set much slower, see par. 7.4.4.

Try out how the system reacts to switching on and off user loads. Also try out different types of appliances, including inductive ones and those that draw a very high starting current (but check first whether the generator has an overcurrent protection built into it to avoid overloading it). Heavy electrical motors are both inductive and need a high starting current. Pay special attention to those types of appliances that users are likely to use, e.g. fluorescent lamps, television sets, flat-iron’s, refrigerators, power tools like an electrical planer.

Frequency fluctuations can be seen from a scope image of `1/f' signal on `DC’ with a very slow time base. Then with an ordinary scope, there is just a bright dot that moves over the screen and hardly leaves a trace. With a modern, digital scope with `single’ triggering, a complete scope image is captured and saved on screen. To see how well the ELC functions, this image could be compared with 1/f signal line in figure 6. If the oscillation induced by switching a load, dampens out less quickly than in figure 6, in principle PI controller must be adjusted slower. But beware of strange interactions caused by the gasoline engine producing a fluctuating mechanical power, see with point E above.

When the ELC would control frequency well enough with a slow setting for the PI controller, it still makes sense to adjust it optimally because this might help reduce chances of user appliances being destroyed by overvoltage, see par. 7.4.9.

Also try out the protection features. Overspeed can be simulated by reducing capacity of dump loads or by increasing power output of the generator engine. With a compound type generator, this will also cause overvoltage. With an AVR type generator, overvoltage can best be simulated using a step-up transformer with only the PCB connected to the grid, see par. 7.2.2. Undervoltage and underspeed (to test overload signal module) can be simulated by connecting more user loads than the generator can supply, or by pulling the throttle of the engine towards a lower speed.

If the generator and dump loads have enough capacity for this, it is worthwhile to test the ELC at design power output and feel (or measure):

· Heat sink temperature. This should be no more than 18 (C above ambient temperature, see annex E.4.

· Temperature inside the housing (check at the upper side as this will be the hottest). This should be no more than 20 (C above ambient temperature, see par. 3.7
If a tester with `frequency' range XE "tester:frequency range"  is available, frequency trimmer XE "frequency:adjustment"  can be adjusted such that the system runs at the desired frequency. Make sure that PI controller is properly adjusted and that the ELC has warmed up. If such a tester is not available, `frequency' trimmer should have been adjusted in the test with only the PCB connected to mains, see previous par..

If no oscilloscope will be available during installation in the field, the above tests are the last chance to solve any remaining flaws in an easy way. So it makes sense to experiment extensively in order to find any hidden flaws, to understand the way it functions and to find out what kind of user appliances it can power safely etc.

7.2.5 ELC installed in the M.H. system.

See par. 7.3 for how the ELC should be installed.

A battery-powered oscilloscope would be handy, but is not absolutely necessary when the ELC has been tested successfully with a generator.

Testing the complete M.H. system with the ELC connected to it, is the final test XE "testing:ELC in M.H. system" . If it is successful, the M.H. system has been successfully built and installed, and is ready to be handed over to the organization or enterprise that will manage and use it. Ideally, by the time the ELC is brought to the site to be installed, it should just work. Also the technician who will install it, should have gained enough experience to understand how it functions and how it should be installed. Only the PI controller has to be adjusted again since the proper setting depends on the moment of inertia of moving parts of turbine and generator, and on capacity of the dump loads. Then there are still plenty of things that should be done.

In general, any feature that has not been tested, can not be assumed to work. The fact that it did work when connected to a generator set, does not mean that there is no need to test it again in the field. There is a risk that components are destroyed during certain potentially dangerous tests. But trying to avoid this by not testing under these conditions, is not the right answer:

· If there is a risk that the generator can not stand run-away speed, maximum allowable speed should be asked from the manufacturer and if necessary, a lower transmission ratio must be chosen, even if this would mean that at nominal speed for the generator, the turbine will run above its optimum speed and consequently, will have a lower efficiency. 

· If there is a risk that the generator might overheat, a proper overcurrent protection should be installed. Or generator current should be monitored during the test or its temperature checked every few minutes, so that the test can be stopped before it burns out. Of course the technician who is doing the tests, should take responsibility for possible damage and the budget should allow for replacements of those components that get destroyed during tests.

· When the ELC is opened up, there is a risk of causing short-circuits or other trouble. Such risks can be minimized by being prepared, working carefully and having the right equipment. If still something is destroyed, it should be `charged to experience’: The next time, this error will be avoided.

Before going to the site, make a plan of what features will be tested, how these will be tested and what materials and measuring instruments are needed for this.

Safety XE "safety" : If the installation is not safe to touch (e.g. because of bare electrical connections or a V-belt transmission without guards) and there are people watching, maybe assign one person with the task to keep especially children away from dangerous parts.

Starting up XE "starting up:testing" : At the site, the ELC can be connected, all wiring checked, water supply to the turbine installed and then the system is ready for action. In annex A.3, the normal start-up procedure is described. For a first test it is better to let it run at low capacity first:

· If there is a gate valve in the pipe towards the turbine, this can be used to reduce both flow and head available to the turbine. It can be opened just enough to let the generator reach its nominal speed and produce a voltage. This way, both generator current and run-away speed are limited.
Reducing the flow before the inlet of the pipe has the same effect, as then the pipe will become only partially filled with water. 

· If there is a flow control valve on the turbine, this can be used to reduce the flow. Now generator current will be limited, but it could still reach normal run-away speed when a protection feature trips.

Basic ELC functions: The first test is whether the ELC works when the turbine is started:

1. The relay should switch on.

2. The dump load LED’s should light up as well as dump load lamps.

3. From the sound, it becomes clear whether the ELC maintains frequency at a fixed value.

Generator current: It is important to test whether the generator produces approximately its design current XE "generator current:design" (= planned current, see annex G.1) soon after starting. Suppose actual generator current would be much higher than design current, then the generator might overheat while one is busy with testing other things.

Measure actual generator current XE "generator current:actual"  using a current transformer, or disconnect all user loads and estimate power consumed by each dump load by measuring voltage over it (mind that an `average’ responding tester will underestimate effective voltage, see annex C.2). 

When generator current is close to design current during this test, it could still end up much higher under other conditions, see annex D.3.1.

Power output XE "power output:design"  (see annex G.1): If a kWh counter is available, it can be connected temporarily between the generator and ELC. Check its indicator plate for a number that defines how many revolutions of its wheel add up to one kWh. Then use a watch or stopwatch to time how long it takes for the wheel to make a given number of revolutions and calculate actual electrical power output XE "power output:actual"  from this.

If a kWh counter is not available, one has calculate electrical power from measured currents and voltages. Ideally, only resistive user loads should be connected so that no power factor calculations are needed. Power going to dump loads that are partially on, can only be calculated reliably if its current and voltage are measured using a `true-RMS' type tester, see annex C.2).

If actual power output is lower than design power output, this might be disappointing but generally, there is no technical problem. If actual power output would be higher, there is a risk of overloading the generator: 

· When the turbine has a flow control valve, this valve can be adjusted such that the generator just produces its design power output. Mark this position clearly so that after testing, either the flow control valve can be locked in this position, or a guard mounted that prevents it from being adjusted any higher.

· If there is no control valve, either:

· Turbine power output must be reduced in another way, e.g. by reducing net head (by partially closing an ordinary valve just before the turbine, or by placing the turbine a bit higher up), or by choosing a lower transmission ratio or spoiling turbine efficiency in another way.

· Calculations on generator size (see annex G) should be done all over to see whether this generator can handle such a high power output. Then possibly, setting for overcurrent protection or undervoltage feature must be changed as well, see G.5.

Dump load capacity XE "dump load:capacity" : Ideally, dump load capacity should be between 105 and 115 % of system capacity, but a somewhat higher capacity is still acceptable, see par. 6.2. Measure voltage over dump load 2 with no user loads connected. 

Dump load capacity is O.K. (so: between 105 and 115 % of system capacity) when voltage over dump load 2 is between 69 and 84 % of generator voltage when measured with an `average responding’ tester. When using a `true-RMS’ tester, voltage over dump load 2 should be between 86 and 95 % of generator voltage.

ELC Features: Some features need to be tested more extensively because the M.H. system will react differently than the generator set used in the previous test:

1. PI controller XE "PI controller:adjustment" : It must be adjusted again, as proper adjustment depends on total moment of inertia of generator and turbine, and capacity of dump loads, see previous par..

2. Starting with user loads connected XE "starting up:with user loads connected" : If the turbine is started slowly, `undervoltage' feature might trip right after the relay has switched on because user loads make the generator slow down, see par. 4.6.

3. Can the generator stand run-away speed: XE "run-away:speed"  When a protection feature trips and the relay switches off dump loads and user loads, generator speed will go to ca. 170 % of nominal speed and this might destroy the generator, see annex A.1.
With a compound type generator, its voltage will go up to about twice nominal voltage. ELC electronics are designed to stand this, but it is worthwhile to check this in practice.

4. Inductive appliances XE "inductive load" : When the generator has an AVR and the ELC has no `frequency effect’ to its overvoltage feature: Check whether inductive appliances might be damaged by the combination of too low speed with a normal voltage (see also annex B.3.5. This can be done by measuring current through a fluorescent lamp or CFL (Compact Fluorescent Lamps, with an ordinary screw fitting) with magnetic ballast. If the lamp is O.K., then likely other inductive appliances like transformers and motors will be safe as well.
Wait a few minutes until the lamp has warmed up and current through it has stabilized. Then gradually create an overload situation by switching on more user loads so that frequency drops . Continue this test until generator voltage has dropped to say 170 V AC. If current through the lamp does not increase above 110 % of its value for normal voltage and current, there is no problem at all. If it has increased more than 25 %, life span might be reduced seriously. 
In principle, each fluorescent lamp could be protected by fitting a fuse that just allows their normal current. But probably it is better to protect all inductive appliances by fitting `frequency effect’ to overvoltage XE "frequency:effect to overvoltage"  feature. Or to advise users only to buy electronic CFL's (these can be recognized by their small weight and small dimensions of the part where the ballast must be, as compared to CFL's with magnetic ballast). These electronic CFL's have the added advantage that their power factor is practically 1, so much better than for ordinary fluorescent lamps or CFL's with magnetic ballast. Of course this test could have been done with the generator set if that has the same type of generator.

5. Overspeed / overvoltage XE "overspeed" 

 XE "overvoltage" : Test what happens when the system gradually gets into a run-away situation. Reduce dump load capacity by disconnecting some of the parallel heating elements. Then start the turbine with the flow control valve or a gate valve partially open and gradually increase turbine power by opening the valve further. If turbine power can not be regulated, have a number of user loads connected when starting, and gradually disconnect more and more of them. Now either overspeed or overvoltage feature should trip. Measure frequency and voltage and write down the values just before it tripped. The feature that did not trip, can not tested easily so one has to rely on the adjustment that was made before.

6. Overload signal / undervoltage XE "overload signal" 

 XE "undervoltage" : Test what happens when the system gradually becomes overloaded. If there are not enough appliances around to create a real overload situation:

· Some of the heating elements that are used as dump loads, can be connected as user loads.

· A large, makeshift heating element can be made from an appropriate length of heating element wire wound spirally and fitted on nails on a wooden board (make sure nobody touches this!!). 

· Turbine power can be reduced by gradually shutting down its valve. This leads to a less realistic test as now the generator will run at a reduced capacity and its voltage will drop less.

Gradually switch on some more, small capacity user loads to worsen the overload. Now first overload signal should become active: Demonstrate its signal and explain its function to users. Eventually, undervoltage feature will trip. Again measure frequency and voltage and make notes on frequency and voltage at which this happens.
It could be that the overcurrent protection trips before overvoltage feature does, as generator current will increase during an overload situation, see annex B.3.4. This does not necessarily mean that either of them is adjusted wrong.

7. If there is a large electrical motor XE "motor starting"  as user load, it should be tested whether this motor can be started successfully. Test this also with a number of other user loads connected. See annex B.3.7 for possible measures if it can not be started successfully. 

8. Power test XE "testing:power test" : Have the system run for at least 2 hours at design power output with no user loads connected so that all power will go to the dump loads. Check regularly whether the generator, the ELC heat sink or any part of the wiring gets too hot.
The generator will be more heavily loaded if user loads with a poor power factor are connected and/or if the system is slightly overloaded. So repeat this test under such conditions.

If a tester with `frequency' range is available, frequency XE "frequency:adjustment"  can be checked and, if necessary, readjusted. 

Generator voltage XE "generator voltage" : Ideally, voltage at user load connections should always stay between 200 and 240 V (standards might differ a bit between countries). To allow for voltage drops over cables, generator voltage should be close to the upper limit, but never surpass it. Mind that an AVR might be disturbed by triac triggering dip so that generator voltage can vary slightly with trigger angle. And a compound type has no accurately regulated voltage by itself. So generator voltage should be measured a few times with different user loads.

If generator voltage is a bit too low or a bit too high, maybe the AVR or compounding mechanism can be readjusted, see the generator manual for this. If a compound type generator has no adjustment possibilities, generator voltage can still be increased somewhat by adjusting the ELC to a slightly higher frequency than nominal frequency. Adjusting it to a lower voltage by setting the ELC to a lower frequency is not recommended.

Also check whether the setting for overvoltage XE "overvoltage:user loads destroyed by-"  feature is a good balance between protecting user appliances, and avoiding too frequent tripping, see par. 7.4.9. On follow-up visits, ask users and operators if any appliances might have been destroyed due to overvoltage, and whether frequent tripping becomes a real nuisance to them.

Keep records Make notes on the tests performed, test conditions and results. Also make notes on major variables like generator voltage, current, frequency, the difference between heat sink temperature and ambient temperature. Test results could provide arguments for changing adjustments of protection features, see par. 7.3.

Testing the different features also provides an opportunity to demonstrate how the system works to operators and users, and what they should do to avoid or solve certain problems. If they realize that the system is installed and tested carefully, they are more likely to use it with caution themselves, see par. 7.3.

7.2.6 Testing the IGC version

Most modules XE "testing:IGC version"  are identical to the ELC version so these could be tested in the same way with only the PCB or complete IGC connected to the grid. To simulate a higher or lower voltage, setting of `voltage’ trimmer can be varied. 

When testing the IGC version with only the PCB connected to main voltage, the adjustment range of voltage trimmer will seem to be completely wrong: It can not be adjusted to 230 V. This has to do with print voltages being distorted as long as `MT1' is not connected to `230V Neutral'. Now, there is an extra set of three 332k resistors between print voltages and 230V Line and `+V' will carry 92 V AC with respect to 230V Neutral. This means that 1/Voltage module will measure only 138 V instead of 230 V. 

So for testing the PCB as a whole, `MT1' must be connected to `230V Neutral'. This causes the danger that `230V Neutral' and `230V Line' get interchanged accidentally and all electronics will carry a dangerously high voltage! So one has to work as carefully as with a complete ELC connected to mains voltage. Check very carefully with a voltage seeker before touching anything and make sure to reverse the plug when electronics are under voltage. Disconnect `MT1' from `230V Neutral' again when testing other things.

There are no generator sets with an induction generator, so a test setup must be made with an induction generator driven by an electrical motor (see par. 5.5.1 for an example) or a combustion engine. With this test setup, the same things could be tested as in the field, see below.

Even if the IGC would be made so carefully that likely it will work right away, such a test setup is very valuable for technicians to gain experience with induction motors used as generators. Installing an IGC in the field without experimenting with an induction generator and IGC first, might mean that it will take much longer before the system works reliably. Even if a battery powered oscilloscope is available, it will only work for a couple of hours and one might have to go back just to get its batteries charged. Also a small soldering job or replacing a destroyed component can be very difficult in the field.

For testing in the field, a battery-powered oscilloscope would be handy, but is not absolutely necessary if the IGC has been tested properly in a test set-up. A tester with `frequency’ range is very helpful. Without it, frequency can only be found by measuring `frequency’ signal (divide by Vref voltage and multiply with nominal frequency to find actual frequency). This is only possible if the IGC works and will only give a reliable value if `frequency’ trimmer was adjusted normally, see par. 5.5.5.

In the field, at least the following things should be tested:

1. Whether the generator builds up voltage properly when the turbine is started. If not, shut down the turbine and check:

· Whether there was any load connected to generator (except for the IGC). Try again without this load.

· If the generator has been overloaded so much that voltage collapsed, remnant magnetism might be lost. This might also be the case when it was not used for long or when it was exposed to mechanical shocks during transportation. Restore remnant magnetism by having some 1.5 V batteries in series connected over any 2 of the 3 stator terminals for a few seconds, see SMITH, page 8. Mind that for large capacity generators, the batteries must provide quite some current: Use new, large capacity dry cell batteries or rechargeable, NiCd batteries, as even penlight size NiCd batteries can easily provide large currents. 

· Check whether the capacitors were connected properly and check calculations on total capacitance needed.

· Measure or estimate the speed at which the generator is running (this can be done with a bicycle dynamo, see par. 5.5.1) and check whether this is above nominal speed. If the turbine has a flow control valve, generator speed can be increased up to run-away speed. If there are no other faults, it should start generating at a speed a bit above nominal speed, see par. 5.5.3.

2. Check whether the `2C’ capacitor is connected over the right generator terminals. This can be done by measuring voltages over the 3 stator terminals and checking whether they are approximately equal, see par. 5.5.1. Measuring currents gives even better information, but at least 2 current transformers are needed for this. See also SMITH, page 40.

3. Measure frequency and check whether this is acceptable. Ideally, it should stay within 100 % and 110 % of nominal frequency with all kinds of user loads connected. To achieve this, it should be a few % above nominal frequency with no user load connected. See also par. 5.5.2. Correct frequency by adding or reducing the amount of capacitance.

4. Check whether the system survives a run-away situation. Then voltage and frequency will become very high until the MCB’s in the wires to the capacitors switch off, see point 7 in par. 5.2. Make sure to have a few spare 32 mA fuses for the PCB because likely, they will blow!

5. Check what happens if the system gradually comes into a run-away situation, see point 5 of the previous par..

6. Check what happens if the system gradually becomes overloaded, see point 6 of previous par. If generator voltage collapses, likely remnant magnetism gets lost, see point 1b above.

7. Test whether the system can start large user loads, see point 7 of previous par.. Especially starting induction motors might be a problem because of the high start-up current they require and the low power factor at start-up, see annex B.2.3. 
Remember that refrigerators have induction motors: If users might consider buying these, it should be tested up to what capacity these can be started successfully.

8. Check frequency again with as many inductive loads connected as might happen in the future. Then likely, frequency rises too high and `overspeed’ feature will trip. If this seriously limits the possible use of the system:

· Maybe this feature can be adjusted a bit less sensitive.

· Maybe users can come up with a schedule so that not all these inductive loads will be used at the same time.

· Maybe some user loads could be power factor corrected by fitting capacitors. But too much capacitance would lead to a too low frequency, which is even more dangerous, see par. 5.5.5. 

9. Finally: A power test, see point 8 of previous par.

For some general points, see the last two parts of the previous par.

7.3 Installation

Most likely, a complete M.H. system must be installed and this involves a lot more than just installing an ELC. See e.g. HARVEY for more information.

The ELC itself should be installed such that it is protected against too high temperatures and well-ventilated XE "housing:cooling requirements" :

1. Find a cool spot on a wall in the shade. It should be so high that it is out of reach for at least small children, but also not just below the roof where hot air will accumulate. Make sure there is adequate ventilation. A power house that can be locked, would be best but the ELC can be installed in just a shed.

2. Keep dump loads well away from the ELC so that heat from dump loads will not lead to an increased ambient temperature around the ELC. Preferably, the dump loads should be in another room, with plenty of ventilation.

3. Mount the ELC on a wall, so that heat sink is placed with its bottom plate and fins vertically.

4. Mount it with thick washers between its bottom and the wall, so that there is at least a 10 mm air gap between the wall and bottom of the housing. Then the bottom area will serve as cooling surface for heat dissipated inside the ELC housing.

All wiring must be installed, see chapter Other electrical components of the M.H. system. Then the ELC can be tested, see par. 7.2.5
For the grid and house wiring, safety XE "safety:standards"  is a major issue, especially if most potential users have no experience with electricity. So arrangements should be made about a standard for house wiring and the wiring inside a house should be checked before this house is connected. Some safety measures for working on electrical wiring could be:

· Everyone should have a voltage seeker and know how to use it.

· When a section of a grid has been switched off and the switch is away from where people are working on it, this section can be short-circuited for as long as people are working on it.

See also par. 7.2.1.

Demonstrations are especially relevant with respect to what kinds of user appliances can be used, what will happen if the system is overloaded and what they should do to avoid overload situations as much as possible:

· Explain and demonstrate how much electrical power different appliances need. People might intuitively think that a silent flat-iron consumes less than a karaoke set that can be heard all over the valley.

· Show how `overload signal' works and explain that they should switch heavy appliances off when this happens.

· Show how `undervoltage' feature works and how the operator can restart the system.

Future problems can be avoided if users have realistic ideas of what the M.H. system can provide and what not. Then hopefully, the following problems could be avoided XE "user appliances" :

1. Some users have bought appliances that consume more power than their share of system capacity allows. Others would like to buy these as well and this might make the system become useless because it is overloaded as soon as it is switched on.

2. Users buy expensive, sensitive appliances that might get destroyed when voltage or frequency is off-standard for some time.

3. Users buy appliances that only make sense when electricity supply is reliable, e.g. fridge’s and freezers.

In the end, such problems can not be solved by technical tricks, but only by users and operators using and managing the system in a sensible way. They should come up with smart agreements on how the system can be used, and stick to such agreements, see annex J. So no flat-iron in every house, but maybe one or two that can be shared and used during off-peak hours. Another issue is who is responsible for what. This goes for official functions in the user group as well as for operators. If everybody is allowed to start up or shut down the system as he/she pleases, it won't last for long.

The adjustments XE "protection features:adjustment"  of protection features and overload signal XE "overload signal:adjustment"  could be discussed with operators and users. Then demonstrations will help users and operators to understand how these features work and test results might reveal potential problems. The adjustments recommended in this manual, are only a best guess and might be on the conservative side. The optimum setting will be a compromise between poor protection of user loads and too many unnecessary tripping. In the end, users must face the consequences of both of these risks. If a protection feature trips quite often while the types of appliances it is supposed to protect, are not even used, it is stupid not to adjust it less sensitive. And if certain appliances were destroyed while it did not trip, it should be investigated or tested what might have happened and whether a more sensitive adjustment might prevent such problems in the future. 

Once the M.H. system has been successfully installed, tested and demonstrated, responsibility of the organization or enterprise who did this, does not end. An agreement can be drafted on maintenance and repair, including costs and a time in which a technician will come in case of technical trouble, a guarantee term etc. Follow-up visits can be scheduled for technical checks and discussing any problems the users or operators might have encountered. Operators can agree to keep records, e.g. on electricity production, operating hours, maintenance work, a protection feature that tripped. These could be helpful for keeping their own system in good condition. Besides, the agency that installed it, could use these for promoting this technology in new areas. 

Probably users will grasp the opportunity to have an official commissioning ceremony. 

7.4 Troubleshooting guide

7.4.1 General advice

The following things might help locating and repairing errors XE "troubleshooting:general" :

1. What happened: Write down under what conditions an error occurred. Ask users what exactly happened when the system started to fail. If an error can not be reproduced or described, it is very difficult to solve.

2. Problems outside of the ELC: Don't forget the other components in the M.H. system. If the system does not function properly, one easily assumes that the error might be in the ELC. But it might just as well be in an external connection that was made hastily, a blown fuse or a destroyed dump load. HARVEY, page 335-344 gives a troubleshooting guide for a complete M.H. system.

3. Have a spare ELC: Proper troubleshooting on the ELC itself in the field, is very difficult. It can only be done by an experienced electronics engineer who is familiar with the design and has the circuit diagram and print lay-out at hand. One needs a set of spare components and an oscilloscope. With a M.H. system that doesn't work, there is no power supply for a grid-powered oscilloscope and battery powered oscilloscopes are very expensive. Inexperienced people trying to repair an ELC might very well do more harm than good.
So the best way to keep the ELC functioning, is by keeping a spare one at hand. This makes that there is no need for inexperienced people to try to repair it. If replacing the ELC does not solve the problem, this indicates that the error must be in some other part of the system. 

In this troubleshooting guide, it is assumed that the ELC is built neatly and, except for a few problems, functions quite well. This guide does not provide an adequate answer for all kinds of errors and combinations of errors that could possibly exist. So if it is not possible to find the error and solve it using this guide, the ELC must be inspected thoroughly and then tested all over.

The next paragraphs deal with different kinds of trouble XE "troubleshooting:what kind of trouble"  of problems. To find out in which category a problem might fall:

a. Check the signals on measuring points against the graphs in figure 24, starting with DC voltages module and work towards final comparators module. If no oscilloscope is available, DC and AC voltages as measured with a tester, can be checked against the values mentioned in this figure. If nothing works, likely there is a voltage supply problem, see par. 7.4.2
b. Triggering errors can be distinguished from oscillation problems by comparing the dump load LED's on the ELC with the dump load lamps. If the LED's show the same variations as the dump load lamps, it will be an oscillation problem, see par. 7.4.4. If according to the LED’s the PI controller reacts more or less normal, it must be a triggering error, see par. 7.4.3.

c. If dump loads are switched on while frequency is way too low, or dump loads are switched off while frequency is much too high, see par. 7.4.5.

d. A triggering problem could cause a large DC component in dump load voltage. But there are other possible causes for a too large DC component, see par. 7.4.6.

e. See par. 7.4.7 for problems related to protection features.

f. The most difficult faults are those that can not be reproduced because they occur only occasionally. Then it might help to do the `stressful conditions' test again, see par. 7.2.2
g. Small, stupid errors can be a real nuisance too. So maybe read par. 7.4.8 first.

h. See par. 7.4.9 if user loads might have been destroyed due to overvoltage (only relevant after installation).

Having an oscilloscope at hand would be a great help. Just looking at triac triggering dips in generator voltage gives a lot of information already, see annex C.3.

7.4.2 Voltage supply problems

If there is a voltage supply XE "troubleshooting:voltage supply"  problem, likely the ELC does nothing at all: The relay does not switch on, all LED's are off and triacs are not triggered so dump loads are switched off completely. If only +V or Vref is affected, the ELC might react differently: The relay could switch on but switch off soon after as one of the protection features is triggered. Dump loads could be switched fully on or fully off.

The cause might be quite trivial, e.g. a loose wire between the PCB and power system. Measure DC voltages and check with nominal values. Check whether AC voltage is 0 for the ones that should be stable.

If DC voltage module seems OK but still the fuse blows or one or more DC voltages are way off, likely too much current is being drawn by some other module. So:

1. Check whether components get abnormally hot. Pay attention to components inside this module getting hot because they have to produce too high a current (transformer, bridge rectifier, thyristor, 78L15 stabilized voltage supply, LM329 reference voltage). Also look (or scent) for components in other modules getting hot because they draw too much power.

2. Check which voltage is affected most and whether it is pulled up or pulled down. Then look for short circuits, wrong components fitted or components fitted with wrong polarity that might explain this, see also par. 7.4.8.

3. Disconnect other modules from the DC voltage that is affected most. If this solves the problem, the disconnected module must have drawn too much current.

4. Measure current being drawn by disconnected modules, by temporarily connecting them via a tester on current range. Measuring currents is a bit tricky, see annex C.1.

If DC voltages look normal and still no LED's light up at all, probably the `230V Line’ and `230V Neutral’ wires to the PCB have been interchanged. Then voltage dividers measure no generator voltage and F.T. zone XE "F.T. zone"  is continuously `high' XE "troubleshooting:F.T. zone stays high" . This makes that outputs of final comparator opamps are continuously `low' so none of the dump load LED's lights up and the triacs are not triggered.

To check whether F.T. zone is continuously high, one could measure F.T. zone signal with an oscilloscope. But it is very well possible to check this with a tester on DC range: If F.T. zone is continuously high, it will give a reading of some 13.7 V instead of the usual 1.0 V DC.

7.4.3 Triggering errors

These XE "troubleshooting:triggering errors"  might make that dump loads are either switched on completely, switched off completely, switched on at half capacity and even that dump loads lamps start to flicker. But dump load LED’s still react normal, so there is a discrepancy between trigger angle XE "trigger:angle"  signal as produced by the PI controller, and real trigger angle for the dump loads. 

Triggering errors often are asymmetrical, meaning that triacs conduct wrong during only the negative, or only during positive halves of sine-shaped generator voltage. This will give a very large DC component in dump load voltage, which can be measured with a digital tester on DC range . See also par. 7.4.6. 

Usually, triggering errors only occur when trigger angle is either close to 0, or nearly 180°. Possible causes are:

a. Forbidden Trigger zone is set too low, see par. 2.5 for standard adjustment.

b. Dump load capacity is less than 50 W so that latching current is not reached and triacs switch on erratically, see annex H. 
Especially when only a small filament lamp is used as dump load and dump load lamp in one go, it will easily flicker: Resistance of the lamp changes strongly with its temperature so current drawn by it can change from well above latching current to well below it.

c. A triac type is used that has different characteristics, e.g. it needs a higher trigger current or latching current is higher. Try to find its data sheet and compare with annex H.

d. Wiring errors in the last bit of final comparators or to the power circuit. Check whether MT1 is connected properly.

e. P-effect is adjusted so high that the ripple voltage that remains after the low-pass filter, is amplified too much, see par. 2.7.1. Measure resistance of P-effect trimmer. To be safe, it should be more than 2.2 k for 50 Hz nominal frequency and more than 1.3 k for 60 Hz frequency.

f. The dump loads have an inductive character. Then the triacs do not block at the zero crossings (so when generator voltage actually `crosses zero’), but a bit later when their current drops to 0. This makes that a trigger pulse XE “trigger:pulse"  meant to produce a low trigger angle, might come too early: The triac has not blocked yet from the previous half period, so triggering it has no effect. Soon after it does block, but no trigger pulse follows to switch it on.
Dump loads with a slightly inductive character could be used, but only in parallel with a resistive dump load of sufficient capacity and with a higher setting for F.T. zone, see annex K.5.

If there are no errors in the ELC and dump load capacity is high enough, still there might be triggering errors. Then the general answer to triggering errors is to adjust F.T. zone XE "F.T. zone:adjustment"  a bit higher than the value recommended in par. 2.5 . If this still does not solve the problem:

1. Maybe there is an error in sawtooth signal, so check voltage dividers and the blocks of sawtooth signal module. 

2. Maybe generator voltage signal contains more noise than the ELC can handle, or a different kind of noise than it was tested with. Try whether problems disappear when a resistive user load is connected. If it does, noise on generator voltage can be reduced by:

· Fitting a `grid filter’ between the generator and ELC. This is a device containing noise suppression coils and capacitors that blocks high-frequency noise quite effectively.

· Fitting a capacitor over the generator terminals, e.g. the type used for power factor correction or a `running capacitor’ for single phase induction motors (a `motor start’ capacitor is unsuitable as it will be destroyed when connected permanently). A few (F should be enough to reduce lower frequency noise considerably. Mind that a capacitor might interfere with the voltage regulation of a compound type generator, see par. F.5.
With a compound type generator, the capacitor could better be connected over the grid, so that it is disconnected when there is a run-away situation.

· Having a resistive load switched on permanently with such a capacity that the ELC works fine. This would consume quite some power so less power will be available for user loads and it should only be tried if other measures were not possible or not effective.

3. Maybe there is an interference problem. For instance, it could be that switching on dump load 1 induces such noise in print tracks that final comparators produce an erratic trigger pulse for the dump load 2 triac,. Then trigger angle for both dump loads will be almost the same, so the dump load lamps will burn equally bright. It can also be seen by measuring generator voltage on an oscilloscope: The triac triggering dips will practically overlap and there won’t be a second one some 90 ( after the usual one for dump load.
Check the lay-out of power wires inside the housing and the aluminum foil sheet between the PCB and the triacs, see par. 3.9.5. 

7.4.4 Oscillation problems

If the dump load lamps react as the dump load LED’s indicate, there are no triggering errors. Still dump load lamps might flicker if PI controller XE "PI controller:unstable, oscillation"  produces an unstable trigger angle XE "trigger:angle"  signal. XE "troubleshooting:oscillation problems"  The usual cause is that PI controller is adjusted too fast and needs readjusting, see par. 7.2.4. If the ELC is fitted to another generator, or if capacity of the dump loads has been changed, PI controller must be readjusted.

Another possible cause of an oscillating trigger angle is the overload signal: It was designed to make all lamps flicker and quite likely, this is exactly what it does, even when this is not expected and not wanted. Adjust it less sensitive if necessary.

With generators with an AVR that reacts to peak voltage XE "generator:AVR reacts to peak voltage" , PI controller might oscillate when a dump loads is triggered at around these peaks, so at around 1/4 and at around 3/4 of total dump load capacity, see also annex F.5. Then distortion caused by triac triggering dip XE "triac triggering dip"  heavily influences peak voltage as measured by the AVR and this will react to it by increasing or reducing field current. Consequently there is a change in generator voltage, which by itself also influences power diverted to dump loads and thus makes generator speed increase or decrease. End result is that the combination of AVR and ELC oscillates. To avoid this problem, PI controller can be adjusted much slower. Then it will not react as swiftly to changes in user load either so the best solution is to choose a generator with an AVR that uses average voltage as input signal.

7.4.5 Dump loads are switched on at wrong frequency

It could be that wrong resistors are fitted around `frequency’ trimmer. XE "troubleshooting:dump loads on at too low frequency"  Measure voltage at middle contact of this trimmer: It should be ca. 0.70 V for 50 Hz and 0.85 V for 60 Hz nominal frequency.

If these resistor values are OK and still dump loads are switched on at too low a frequency, a likely cause is that sawtooth signal XE "sawtooth signal"  is disturbed: There is some kind of noise that causes sawtooth signal to be reset more often than there are real zero crossings. Then 1/f signal will be too low (check this with a tester on DC range, it should be ca. 6.9 V) as 1/f signal is the mean value of sawtooth signal. Then PI controller will switch dump loads completely on. What kind of noise is causing the trouble and where it comes from, can only be tested with an oscilloscope.

· It could be an interference problem, see with par. 3.9.5
· Measure pulse train and block waves with an oscilloscope. If these show an erratic signal, check generator voltage signal with an oscilloscope. If there is such noise that voltage goes more than 14 V negative during a positive half period, or more than 14 V positive during a negative half period, the feed-forward effect of block wave generators is too small. Such noise could be reduced by fitting a resistive load, a `grid filter’ or a capacitor, see with par. 7.4.3.

The reverse situation could also occur: Dump loads are switched off while frequency is too high. If DC voltage of 1/f signal is way too high, probably one of the block wave signals does not cause sawtooth signal to be reset. Check the circuit around opamp 5 and 8, and the capacitors, resistors and diodes that generate pulse train signal.

7.4.6 DC Component

Generator voltage and voltages for both dump loads should be pure AC voltages XE "troubleshooting:DC component" . To check for a DC component, measure these voltages also with a digital tester switched to DC range. If there is a DC component in either of them of just 1 V or less, this is perfectly alright. If it would be say 5 V or more, it becomes important to find out where it comes from:

1. The ELC: If trigger angles  XE "trigger:angle"  for positive and negative half periods are not exactly the same, the dump load is switched on asymmetrically. This causes the DC component in dump load voltage.
As an indirect effect, this dump load will draw an asymmetrical current from the generator and generator voltage will also show a DC component. But this DC component in generator voltage will be much smaller than the DC component in dump load voltage that caused it. 

2. Generator voltage itself has a DC component. Then this will appear in dump load voltage too. Then DC component in dump load voltage will be the same as DC component in generator voltage if this dump load is switched fully on. And naturally it will be proportionally smaller if it is switched on at a fraction of its capacity.
The most likely cause for a DC component in generator voltage would be that a user appliance draws a large, asymmetrical current from it, see annex I. If all suspect appliances are switched off and still there is a DC component, likely problem is in the ELC, see with point 1 above.

This par. deals only with a DC component caused by the ELC, see point 1 above. See annex I for how to deal with the second cause.

When there is a very large DC component, it usually means that a triac is not triggered at all during either the positive, or negative, half periods. Then likely, there is a triggering error, see par. 7.4.3. 

When the DC component is not that large, it might be that signals in the ELC come through distorted. Some fast checks:

· Make sure that `MT1' is connected properly to `230 V Neutral'. If not, `+V' differs considerably from `230 V Neutral' and even a small leakage current can cause the blocks to work less accurately, see par 7.2.2.

· Check for short circuits, bad soldering or interrupted print tracks in voltage dividers module and around opamp 5 and 8.

· Check the 100 k 1% resistors in voltage dividers module. Check also for possible leakage currents in that part of the circuit, e.g. due to dirt. Measure DC voltage at the middle points of both voltage dividers (use pin 2 and 3 of opamp 5 for these) with respect to `E': It should be exactly half of `+V'.
If accurate 100k resistors are not available, it makes sense to select matching pairs: For each branch of the voltage dividers, the upper and lower resistor should have equal resistance, so that voltage at its middle point will be 1/2 times `+V'.

· If these resistors seem OK but still DC voltage at the middle point of the right-hand voltage divider in figure 19 (so at pin 3 of opamp 5) deviates from 1/2 * +V:

· Check the 1 M resistor to `E' and series of 332k resistors to `230 V Line' (via fuse and 100R 1W resistor). These should be more or less equal also.

· Check resistor values in F.T. zone module. If these don't balance, this can distort middle voltage of the right-hand voltage divider 

· Check the capacitors, resistors and diodes that generate pulse train signal from block wave signals.

If the problem remains unsolved, an oscilloscope will be needed. First check whether all tops in sawtooth signal are equally high. If not, check pulse train and block wave signals. Compare measured signals with figure 24. Replace the LM324 that is used for opamp 5 and 8 if these opamps do switch over at exactly the same moments.

If sawtooth signal seems normal, the problem could be in final comparators module or triacs.

· Check whether trigger pulses are strong enough. Check whether the 150 R resistor in between `t1' (or `t2') and collector of the BC237 transistor is really 150 Ohm. Then measure peak voltage over it and calculate trigger current XE "trigger:current" : It should be some 85 mA.

· Check whether the triac actually switches on properly when it receives a trigger pulse. If not, the triac must be defective. Or the dump load connected to it has a capacity less than 50 W, causing it not to reach its latching current, see par. 7.4.3
A DC component in dump load voltage can be dangerous to some types of user appliances due to the following mechanism:

1. If there is a DC component in dump load voltage, there must be a DC component in current drawn by dump loads as well, as they are resistive loads.

2. This in turn will cause a DC component in generator voltage, as generator voltage will be lower for those half periods that the generator has to produce a higher current.

3. A DC component in generator voltage can be dangerous to inductive appliances like fluorescent lamps with inductive ballast, transformers and the like: They will draw a DC current that is not limited by their self-induction, but only by their internal resistance. If this additional DC current leads to saturation XE "saturation"  of the iron inside, self-induction will drop sharply and also the AC component of current being drawn can increase strongly. Then the appliance can be destroyed due to overheating.
I can not predict what DC component in generator voltage is still safe. When there is a DC voltage, it can be measured whether this might damage sensitive appliances, see annex I.

7.4.7 A protection feature trips without apparent reason

Then the first problem is to find out under which conditions this feature tripped XE "troubleshooting:protection features" . Once this is known, these conditions can be reproduced and what happened, can be measured:

1. Compare setting of its trimmer with the range given for that feature (see par. 4.4 up to 4.9). Try whether it trips also if its threshold level XE "treshold level"  is adjusted a bit less sensitive.

2. Measure its input signal carefully. Maybe the feature works alright but the system is a bit overloaded under certain conditions or does not behave as expected.

3. If `undervoltage' trips right after starting up, possible causes are:

· The ELC is started again too soon after being switched off. It should be off for 10 seconds to reset protection features, and even 15 seconds if `undervoltage' had tripped.

· The generator is started up too slowly, open the turbine valve faster.

· The generator is started up with a considerable user load connected to it, that makes it slow down as soon as the relay switches on. Then switch of this load during starting.

4. If `undervoltage' feature trips while the system was running for some time already, the most likely cause is an overload situation: User loads demand more power than the capacity of the system in terms of its kW rating. Then when switching on a large user load, generator voltage might have dropped below threshold level for undervoltage or fast undervoltage for some seconds, see par. 4.5 and 4.6.
A different kind of overload can occur if user load has a very poor power factor. Then the generator has to produce a very high apparent power while real power is still within the kW rating and dump loads might even be switched on for a fraction. Now with a generator that is not oversized enough to allow such a poor power factor (see annex G.2), voltage might collapse and undervoltage feature might trip. But it is more likely that the overcurrent protection (not included in the ELC) will trip, see below.

5. If `overspeed' or `overvoltage' trips, it could be due to:

· The dump loads are not functioning, so that the ELC can not control generator speed. One would expect loose connections or too low a capacity of the dump loads. But a short-circuited dump load might have the same effect (see annex F.4).

· PI controller is adjusted very slow. Then the ELC might not react fast enough to a large user load being switched off and temporarily, generator voltage and/or speed rises too high.

· With a heavy overload situation or short-circuit, certain types of generator could lose voltage and draw less mechanical power so that its speed will increase, see annex F.4.

6. If several features have tripped at the same time: According to par. 4.2, this should not be possible. If it did happen, it could be due to:

· Interference noise, see par. 3.9.5.

· A lightning strike. This will cause such high voltages and currents that interference noise is inevitable.

Disabling protection features temporarily: When testing and troubleshooting, a protection feature that trips very easily is a nuisance. Then it is acceptable to disable this feature by adjusting its trimmer to the extreme right (= `insensitive'). Of course then the one who is doing the tests, should take care that no parts get destroyed by the condition this feature was supposed to protect against.

Think twice before deciding to permanently adjust a protection feature less sensitive just because it trips often. The setting should be based on the maximum and minimum voltage and frequency that user appliances can stand. Then there is a safety margin and the circuit is designed such that if it fails, it will probably cause the relay to switch off. This all makes that protection features can trip under conditions when it was not necessary, but this is unavoidable if one wants them to trip when needed. See also par. 7.3.

If overcurrent protection (not included in the ELC, see annex D.3) trips, the cause might be:

· A short-circuit. This could be in a user load or in a dump load.

· Too low power factor of user loads, making that the generator has to produce too much apparent power.

· An overload situation, see annex B.3.4.

7.4.8 Common building errors

Once it is clear which module doesn't function properly, it makes sense to look for common building errors XE "troubleshooting:common building errors" :

1. Soldering errors, e.g.:

· A tiny short-circuit between two print tracks, caused by touching the PCB with a hot soldering iron. 

· Two neighboring islands are soldered together completely. Look for large clumps of solder and check in figure 22 whether the islands underneath are connected. Also check for similar short-circuits between an island and a print track.

· A lead of a component was not soldered to its island at all.

· The solder did not flow out properly because the lead was oxidized or dirty. 

· A lead was cut off too short, so that it does not stick out through the PCB. The soldered island might look alright, except that no piece of the lead sticks out above the solder. This error might be difficult to find as it might disappear when the PCB is taken out for testing. Depending on whether the PCB is bent a little, whether a wire touches the component, temperature effects etc., the short lead might still touch the solder and make a connection, or just not touch and make no connection. Then it can only be found by feeling whether all leads of components are fixed properly.

2. Leads of components making a short-circuit at component side. Check for bent components and short-circuited leads especially when the PCB has fallen or was transported without being packed properly.

3. Wrong components fitted. This is especially likely with the many different resistor values that are used all over.

4. Components fitted with wrong polarity. This could easily happen with diodes and `elco' capacitors. Of course also transistors, LM329 reference voltage, 78L15 voltage supply, LM324 opamp chips and triacs won't work when connected wrong. Such components might also be destroyed by wrong polarity, so check this after it has been fitted correctly. 
Components fitted with wrong polarity might have drawn so much current that DC voltages module was overloaded and, possibly, damaged, see at point 6 below.

5. Components that were destroyed because of overheating during soldering. Small semiconductor components like diodes, LED's, transistors, 78L15 and LM329 can not stand the high temperatures that could develop when soldering takes too long. With normal soldering, this will never happen. Problems could arise if one tries to take a soldered component out, or if one uses a soldering iron that is too large and too hot.

6. When there has been a short-circuit or a component fitted with wrong polarity, this might have damaged the LM329 reference voltage or 78L15 stabilized voltage supply. So check these if such an error has been repaired and still the PCB does not work.

In developing countries, sub-standard components might be sold. Finding such faulty components is very difficult for inexperienced people. Therefor it is recommended to buy components from a reputable source, see par. 7.1.2.

7.4.9 User loads get destroyed by overvoltage

Problems with overvoltage to user loads will only reveal after installation and by then, the ELC might have functioned for months. So this paragraph is a bit odd after the previous paragraphs that dealt with problems that caused an ELC to malfunction.

The threshold voltage and time constant of overvoltage feature XE "overvoltage:adjustment" 

 XE "overvoltage:user loads destroyed by-"  (see par. 4.7) are open to discussion. They are a compromise between conflicting demands:

1. If it is adjusted insensitive or if the time constant is chosen too long, sensitive user loads could be damaged by overvoltage: 

a. Filament lamps wear out too fast if voltage is just some % above their rated voltage.

b. In electronic appliances, there might be a varistor to protect against voltage spikes. This varistor might burn out or even explode within a second if its rated voltage is surpassed. Time constant of overvoltage feature is 2.2 seconds, so it won’t react fast enough to protect such varistors!

c. Inductive loads like transformers, magnetic ballasts from fluorescent lamps could be destroyed by the combination of a rather high voltage and too low a frequency.

2. If it is adjusted too sensitive or time constant is too short, it might trip when a large user load is switched off. Depending on characteristics of the generator itself and on settings of the PI controller, this could cause generator voltage to be too high for a short moment.

The chosen compromise should be checked after installation:

I. Try out at what setting this feature just trips when a large user load is switched off.
If this setting is very close to the chosen setting or even more insensitive, overvoltage feature would trip too often, so a less sensitive setting is needed or a longer time constant. 

II. Ask users to bring any electronic appliances that were destroyed or produced a bad smell. Check these for burned varistors and destroyed transformers or blown fuses. Also ask them whether filament lamps last much less than their their normal life span (= ca. 1000 operating hours).
If it looks like some user appliances were destroyed due to overvoltage, overvoltage must be adjusted more sensitive.

Hopefully there will be a good margin between the settings found under point I and II above. If not, there is an overvoltage problem…

If user appliances were destroyed due to overvoltage, try to find out more about what actually happened: see point 1a, 1b and 1c above:

1. If filament lamps wear out way too fast, likely  voltage setting was too high (see point 1a above). 
Then clearly overvoltage must be adjusted more sensitive to solve the problem.

2. If varistors blow up, apparently the time constant is too high (see point 1b).
It can be reduced by choosing a lower value for the 47 uF capacitor (replacing the 47 k resistor for a lower value would also result in a lower time constant, but this could give side effects).

3. If inductive loads like transformers and magnetic ballasts were destroyed, there must have been a combination of a rather high voltage with too low a frequency (see point 1c).
Now the proper answer is to include `frequency effect to overvoltage’, see par. 4.8.

4. If varistors blow up and/ or overvoltage feature trips too often: Check adjustment of the PI controller as the problem might disappear when the PI controller is adjusted optimally, see below.

The first 3 mechanisms are inter-related:

· Overvoltage setting influences the reaction to peaks in generator voltage lasting less than the 2.2 seconds time constant. With a more sensitive setting, difference between generator voltage and voltage setting ends up larger and this makes overvoltage feature trip faster.

· `Frequency effect to overvoltage’ has no trimmer of its own and its reaction also depends on overvoltage setting, see par. 4.8.

The PI controller also plays a role in this: When it is adjusted optimally, it will react fast to a large user load being switched off by increasing dump load power (see figure 6). By the time total power drawn from the generator is back to normal, generator voltage will also be back to normal. So a properly adjusted PI controller can help reducing the width of peaks in generator voltage caused by switching off user loads. Then there is less chance of varistors getting destroyed and also overvoltage feature will trip less frequently. Setting of the PI controller is certainly relevant for compound type generators. For AVR type generators, the AVR might react faster than the PI controller anyway and then setting of the PI controller has no effect on the width of voltage peaks.

This all makes that there is no straight answer to overvoltage problems. If for instance varistors did blow up and one reduces the time constant, it might be than now overvoltage must be adjusted less sensitive in order to avoid too frequent tripping. Then in the end varistors might still blow up while now filament lamps and inductive appliances are less well protected also.

Probably the optimum setting and time constant can be found only by trial and error. If no satisfactory setting can be found, it is time to look to factors outside the ELC itself:

· Find out under what conditions overvoltage feature trips (probably: When a large load is switched off). Maybe this situation can be avoided so that it won’t trip too often even when adjusted rather sensitive.

· Advise users not to connect types of appliances that have proven to be too sensitive. Then a rather insensitive setting becomes possible.

· Quality of voltage regulation of the generator plays a role in this, see annex F.1. For a given generator type, voltage regulation will improve if it runs at a lower % of its rated capacity. Or another generator could be bought that has better voltage regulation or more spare capacity.
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Run-away situations

A.1 Causes and effects

A run-away situation  XE "run-away:situation" occurs when there is no load or very little load connected to the generator. Then it draws little mechanical power from the turbine and consequently turbine + generator will accelerate to run-away speed within 1 or 2 seconds. At run-away speed, turbine efficiency has dropped to practically 0 so it can not produce mechanical power to let turbine + generator accelerate further.

Run-away speed depends mainly on turbine type chosen:

· For an ordinary crossflow turbine, run-away speed XE "run-away:speed"  is 170 % of optimum speed at the same head. For a very well-designed and neatly built crossflow, run-away speed might be a bit higher at 180% of optimum speed. 

· Other impulse-type turbines like Pelton and Turgo turbine XE "turbine types" , will have a run-away speed of ca. 190 - 200 % of optimum speed.

· Reaction type turbines (propeller, Kaplan or Francis turbine) can have run-away speeds much higher than 170 % of optimum speed.

Above, run-away speed is given as a percentage of optimum speed. With respect to the generator, it is more important to know how high run-away speed is as compared to nominal speed of the generator. 

Usually, one will design a M.H. system such that with the generator running at its nominal speed, the turbine will run at its optimum speed. But there might be M.H. system around that, with the generator running at nominal speed, have the turbine runs at less than optimum speed, e.g. because:

· Transmission ratio was chosen too high, e.g. because pulley's etc. for obtaining the right transmission ratio, were not available).

· At design time, the head was underestimated. When actual head turns out to be more than expected, optimum speed for the turbine will also end up higher.

Now run-away speed for the generator will be even higher than the values above: First one has to calculate generator speed for optimum turbine speed (which will be higher than nominal generator speed). Then this value must be multiplied by the appropriate percentage as given above, to find run-away speed for the generator.

So to limit run-away speed for the generator, the M.H. system should be designed such that with the generator running at nominal speed, the turbine should run at its optimum speed or even above optimum speed, see next par..

Because of their high run-away speed, reaction type turbines are not recommended. Pelton turbines also have a somewhat higher run-away speed than a crossflow turbine and are suitable only when the generator can stand such a high speed.

When the ELC is operating normally, it prevents a run-away situation. It controls trigger angle for dump loads in such a way that frequency is kept at its nominal value. So even with no user load connected to the generator, it will not speed up because all power turbine + generator can produce, is diverted to dump loads.

When one of the protection features trips, the ELC causes a run-away situation because it disconnects the generator from dump loads and user loads. The same happens when overcurrent protection trips. Of course user loads are protected against possible damage because they are disconnected. Other possible causes XE "run-away:causes"  are:

· The overcurrent protection trips, see annex D.3.

· There is a short-circuit and generator characteristics are such that it loses field collapses, see annex F.3.

· The generator or its AVR is defective.

 The generator itself and ELC electronics should be able to withstand a run-away situation for hours, so:

· Mechanically, the generator should stand being driven at such a high speed for hours. Centrifugal forces increase with the square of speed and there is a risk that field current windings are pulled out of their slots in the rotor. When choosing a generator type, it is very important to find out whether it will survive run-away speed. 
Also electrically, the generator should stand the high frequency and - possibly - high voltage that is associated with run-away speed. If it is O.K. mechanically, probably it will be designed such that there is no problem electrically.

The electronics on the PCB should be able to stand the high frequency and voltage, see par. 3.8.2.

A.2 What if the generator can not stand run-away speed

To increase maximum speed of a synchronous generator, its rotor windings could be reinforced by an electrical workshop, see HARVEY, 1993, page 261. Induction motors have a very sturdy squirrel cage instead of rotor windings. So such motors used as generators, and can easily stand speeds of twice their nominal speed.

HARVEY 1993, page 193 and following, also mentions non-conventional governing systems that could be used to reduce speed during run-away situations:

· Choosing a lower transmission ratio than the optimum one: Then during normal operation, the turbine will run above its optimum speed (`at the back side of the power curve’) and turbine efficiency is reduced slightly. If there is a run-away situation, run-away speed for the generator will be considerably lower.
This is an attractive option if run-away speed must be brought down only a little: To reduce overspeed to 150 % of normal speed, a transmission ratio of 0.88 times optimal ratio must be chosen and then efficiency will be reduced only minimally. For reducing overspeed to only 130 % of normal speed, transmission ratio should be reduced by a factor 1.31 and then turbine efficiency will be reduced by ca. 15 %.

· Hydraulic braking effect: Pelton turbines can be equipped with guides that spoil performance at overspeed, reducing its run-away speed to only 130 %.

Mechanical solutions are also possible, e.g. a brake that brings the turbine to a complete stand-still when speed rises too high. Or a mechanism that disconnects the generator shaft from the pulley driving it, so that the pulley can rotate freely while the generator shaft slows down. But it will be difficult to find a mechanism that will work fast and reliably for years without maintenance. 

Modified ELC XE "run-away:modified ELC" : If the above options are not feasible, the ELC can be modified to avoid run-away situations as much as possible. During normal operating conditions, the ELC + dump loads function as an electrical brake and overspeed is avoided. Now the electrical circuit can be adapted such, that it will continue to work like this even when the overcurrent protection or a protection feature trips:

1. Inside the ELC, the `230 V Line' wires to dump loads should be taken from before the relay instead of after it. This makes that dump loads are not switched off when a protection feature trips, only user loads are switched off

2. The overcurrent protection should be placed after the ELC, so between ELC and the grid instead of between generator and ELC. This makes that when it trips due to too much user loads, the ELC is still connected to the generator. 

3. Dump loads should be made as reliable as possible. A series of good quality heating elements connected in parallel should be used that have a safety margin with respect to their voltage rating.

4. Wiring between generator, ELC and dump loads should be made very reliable. There should be no switches in these wires and preferably no fuses either. If fuses are used for the dump loads, every element should have its own, overrated fuse.

5. During testing, the generator should be protected against overspeed in another way, e.g. by:

· Only partly opening a gate valve in the penstock pipe.

· Having a rather large load connected directly to the generator.

· Reducing transmission ratio temporarily.

With these modifications, some important protection features are disabled:

1. Overcurrent protection won't trip when turbine power is increased, as the extra power produced will go to the dump loads.
Also when user loads have a very poor power factor, overcurrent protection will not protect the generator adequately. Then user loads might draw a current just below the value needed for the overcurrent protection to trip. But dump loads also draw considerable current and total current drawn from the generator can be well above the maximum as set by the overcurrent protection.

2. Dump loads are not protected against too high voltage. So with a generator that produces a too high voltage when speed is above nominal, there is the risk that when one heating element of the dump loads would fail, the other ones will be destroyed by too high voltage and the generator might still accelerate to run-away speed.

3. There is no protection against short-circuit in the dump loads. Depending on generator short-circuit current, (see annex F.4), generator and/or triacs might be destroyed due to too high current, or the generator might still accelerate to run-away speed.

4. The ELC is not protected against overheat, since triacs will have to conduct even more current if overheat feature trips and user loads are switched off.

To reduce chances of damage as much as possible, operators should be instructed to shut down the turbine immediately when there is no electricity on the grid because overcurrent protection or a protection feature has tripped. If there is a flow control valve on the turbine, it should be made very difficult to adjust it towards higher power.

For a self-excited generator, short-circuit current might be below nominal current, see annex F.3. Such generators can not be protected against overspeed as described above because a short-circuit in user load would make the generator overspeed immediately.

This all makes that using the ELC to prevent run-away situations, is a poor solution.

A.3 Restarting the system

Users will notice that there is a run-away situation because their electricity supply fails. Then the operator will have to go to the power house to restart XE "starting up:restarting"  the system, or at least shut down the turbine so that the generator will not run at overspeed any longer than necessary. 

The procedure for restarting could be as follows:

1. Check whether there is really an overspeed situation by listening to the sound of the machines. It could be that users received no power because an overhead cable has broken or a fuse blown.

2. If a protection feature tripped, check which one it was, as this information will be lost, once the turbine is shut down. If no LED’s at all light up, likely the overcurrent protection device has tripped (with some types of overcurrent protection, the ELC might still receive power and LED’s light up, see annex D.3)

3. Shut down the turbine by closing down water supply to the turbine. When penstock is quite long, any valve in it must be closed slowly to avoid a pressure surge, see HARVEY page 119. 

4. If relevant: Replace a fuse or reset another type of overcurrent protection device, check connections etc.

5. Prepare for restarting the system: 

· Safety XE "safety" : If anyone else might be checking connections, warn them that voltage will come up soon.

· If large electrical motors might be connected, some of these must be switched off because the system can not provide enough current to start them all at the same time. They can be switched on later one by one. 

· Switch off the user load switch.

6. Restart the system by opening the penstock valve or a sluice. If this causes another run-away situation because overspeed or overvoltage feature trips right away, there must be something wrong with the dump loads: Shut down the turbine again and check for loose connections, destroyed heating elements and blown fuses (if any).

7. Switch on the user load switch. If this leads to an overload situation, too many user loads are switched on or some of them draw a very large starting current. 

8. Check whether the system runs normally. This is especially important when it is not yet clear why there was a run-away situation. 

· Does the turbine produce enough power? It could be that water supply is insufficient, causing the turbine to run irregularly. This can be checked by listening for air coming through the turbine, or by estimating roughly how much power is produced by the generator. User load power can be estimated from user load current indicator and dump load power from dump load current indicator, from dump load LED’s, or from brightness of dump load lamps.
A more accurate way to check turbine power is by switching off user loads and see whether this causes the ELC to switch on both dump loads at nearly their full capacity. Then the `both on’ LED burns most brightly and dump load lamp 2 burns nearly as bright as dump load lamp 1.

· If overcurrent protection had tripped: Check whether power factor might have been too poor. This can be seen from user load current becoming abnormally high when those user loads that were on before the run-away situation, have been switched on again.

9. Keep record XE "record keeping" s on what caused the system to switch off and the time the system has been out of operation. This can be helpful for finding and solving any technical problem. Also, it could help in finding out which users cause frequent overloads and convince them to think about their fellow electricity users before switching on large loads.

Overload situations

A.4 What happens during overload situations

An overload situation XE "overload situation"  means that there are too many, or too large capacity user loads connected to the M.H. system. When, starting from the normal situation (with total user loads drawing less power than actual power output of the system), more and more user loads are switched on, the M.H. system will react as follows:

1. With each extra user load being switched on, the generator must produce more electrical power so it will require more mechanical power from the turbine. Since turbine mechanical power is practically constant (see below), this will cause the turbine and generator to slow down and frequency to drop a little.

2. The ELC senses the drop in frequency and reacts to it by reducing power diverted to dump loads. This way, the additional user load being switched on, is compensated for by a reduction in power diverted to dump loads. So the ELC controls frequency and, after a short transition period, frequency is brought back at its nominal value again.

3. When total user load exceeds actual power output of the system, the ELC can not control frequency any longer: By then, power diverted to dump loads has dropped to 0 and it can not drop any further (when power diverted to dump loads would become negative, it would mean that dump loads produce power rather than dissipate it, which they can not). So now the drop in frequency caused by an extra user load being switched on, is not corrected. So frequency will continue to drop until somehow, a new balance point is found where mechanical power produced by the turbine matches mechanical power taken up by the generator.

So in an overload situation:

· At least frequency is below nominal.

In most cases, also generator voltage will be below nominal because there can only be a new balance point when user loads draw less power. And many types of user appliances will only demand less power when their input voltage drops. What will happen exactly, is difficult to predict, as it depends on the characteristics of different components, see next par.

A.5 Components that influence overload characteristics

A.5.1 Turbine

When the optimum transmission ratio was chosen, optimum speed for the turbine will match with nominal speed for the generator. So when the generator runs below nominal speed, the turbine will run below its optimum speed and turbine efficiency will be reduced. So in an overload situation, the turbine will produce less mechanical power than during normal operation. However, this effect is quite small as long as it does not run more than say 30 % below optimum speed. Only when speed drops even lower than 70 % of optimum speed, efficiency decreases to 0 as speed drops to 0. 

If a lower transmission ratio was chosen in order to reduce run-away speed (see annex A.2), turbine power output can even rise a little as its speed drops.

With respect to overload situations, the most interesting range lies between 100 % and 70 % of normal speed and for a coarse analysis, it can be assumed that turbine mechanical power remains practically constant.

However, this only goes for impulse type turbines XE "turbine:impuls type (crossflow, pelton)"  like crossflow and pelton turbines. With these, flow through the turbine is not influenced by turbine speed, so hydraulic power going into the turbine is constant: It is not influenced by the reduced frequency at overload conditions. For reaction type turbines XE "turbine:reaction type (francis, propellor)"  (e.g. francis and propeller turbines), flow will decrease when turbine speed decreases, so hydraulic power will drop when there is an overload.

A.5.2 Generator 

The voltage regulation mechanism in a generator is designed to keep generator voltage at its nominal value. But below a certain minimum speed, the generator can not maintain nominal voltage anymore and voltage will decrease when speed drops further. How high this minimum speed is, depends on the field current regulation mechanism and on current drawn from the generator, see annex F.3. So generator characteristics determine the relation between frequency and voltage. Generalizing somewhat, one could distinguish two types (see also annex F.1 and Harvey, page 268):

I. Minimum speed is the same as nominal speed or only slightly below. This goes for compound type generators and generators with a `frequency roll-off AVR’ 

II. Minimum speed is way below nominal speed. This goes for generators with a `wide-range AVR’.

A.5.3 User loads

Different types of appliances react differently to a lower frequency and lower voltage:

1. Induction motors XE "induction motor" : Appliances with such a motor will generally draw less power when frequency drops: This makes that their speed will drop and then the driven machine will need less mechanical power. Especially fans and centrifugal pumps require much less power when they are driven less fast.
To start an induction motor XE "motor starting" 

 XE "induction motor:starting current" , a starting current of typically 4 to 6 times full load current is required (see Harvey, page 282 under `locked rotor current’). So switching on an induction motor driven appliance can very well cause an overload situation. This also depends on the characteristics of the driven machine:

i. Machines that require a high starting torque XE "induction motor:starting torque"  (like the compressor of a refrigerator) might not start up at all because almost immediately, voltage drops to such a level that the induction motor can not produce this starting torque. Then this motor will continue to draw this large starting current, overheat quite fast and could be destroyed within minutes. So too low voltage is very dangerous for induction motors that drive machines requiring a high starting torque. 
If starting torque is the same as torque during normal operation, this should still be considered a high starting torque. Only machines that do not produce anything while starting up (e.g. a saw-bench that will only be used to saw anything once running) or that require much less mechanical power when running at low speed (e.g. fans and centrifugal pumps) have a low starting torque.
Take into account that if the cable is quite long, such large starting currents can cause an excessively high voltage drop. Then voltage at the motor can be very low while generator voltage is still acceptable and `undervoltage’ feature might not trip!

ii. Machines that have a large moment of inertia to accelerate. Therefor, they require a several seconds to start up even at normal voltage. By that time, turbine and generator speed will have dropped considerably and with that: Frequency and voltage. At reduced voltage, those machines would require even longer to start up. Still, there is little chance that their motor will overheat as they will accelerate and reach normal speed eventually. Problem is that `undervoltage’ protection feature might trip before they have started up and voltage returns to normal.

Induction motors also classify as inductive loads: See at point 3 below.

2. Resistive loads XE "resistive load" : Such appliances do not react to a reduction in frequency. This goes for filament lamps, heating elements and, to a lesser extend, appliances with transformers and `universal’ electrical motors (the ones with brushes, like in electrical drills). Universal electrical motors draw a high starting current until they reach their normal speed. Transformers might draw a large starting current if they have to charge large capacitors at starting.

3. Inductive loads XE "inductive load" : Induction motors, fluorescent lamps with magnetic ballast and transformers all are inductive loads. Inductive loads draw a reactive current XE "reactive current" \b : A current whose waveform is lagging behind by 90( to voltage waveform. The mechanism that limits reactive current is the self-induction of coils inside the appliance. Clearly this mechanism will work well at nominal frequency and nominal voltage. It also works as long as voltage and frequency decrease or increase by the same factor. But when frequency drops considerably while voltage drops only a little, inductive loads will draw more reactive current.
Often there is a knee point at which the iron packet inside coils gets saturated XE "saturation" , self-induction drops considerably and from that point onwards, reactive current increases sharply when frequency drops further. Due to the increased reactive current, losses inside these appliances, the cables and the generator, increase. This might destroy them due to overheating. It might seem unlikely, but right when there is a power shortage, these types of appliances can be damaged because they draw too much current.
The increase in reactive current drawn by an inductive load also means that the generator must produce more reactive current. Reactive currents are usually expressed as a power factor XE "power factor:user load"  (see also par. G.2). So at a reduced frequency, this power factor becomes worse and the generator is more heavily loaded.

These types are just some broad categories of simple electrical devices. I can not predict whether sophisticated electronic appliances could safely be used outside of the voltage and frequency range given on their type plate. 

In practice, often total user load will be a mixture of appliances from several of the above classes. In this mixture, one class might be dominant as it consumes a large part of total power.

Then of course it is relevant how much power the user loads would draw at nominal frequency and voltage, as compared to the power the turbine + generator can produce:

A. Mild overload: User loads would draw only slightly more power than the system can provide.

Severe overload: User loads would draw much more power than the system can provide.

A.6 Some conclusions

A.6.1 Introduction

From here onwards, the constant electrical power the turbine + generator can produce under normal operating conditions, is called `power output' XE "power output"  of the M.H. system. Once the M.H. system is installed and running, power output can be measured easily. For planning the project and designing the system, one needs an estimate or target for this key figure: The design power output XE "design power output" .

Even though the classification of relevant components in the previous paragraphs is rather coarse, the situation becomes quite complex as each combination of generator type and user load mixture could lead to different behavior during overload situations. Therefor only some general conclusions can be drawn.

A.6.2 With a mild overload, power output is still close to normal.

In a mild overload, both turbine efficiency and generator efficiency won't change much and with an impulse type turbine, hydraulic power will be constant also. So then power output at a mild overload will be close to normal also.

However, this does not always apply:

· When turbine speed drops below 70 % of optimum speed, turbine efficiency drops and electrical power will drop as well.

· It only goes as long as speed of turbine + generator is constant. Then the amount of kinetic energy stored in the rotating parts, is constant also. When looking at what happens when large loads are switched on or off, generator speed can increase or decrease fast so this kinetic energy changes. This makes that for a few tenths of a  second, the generator can produce quite some more electrical power: The extra mechanical power needed for this, is taken from stored kinetic energy.

· It only goes for impulse type turbines.

A.6.3 Usually both frequency and voltage are below nominal

Even with generator types that can produce nominal voltage at a speed well below nominal speed (see class II above), the combination of normal voltage with a reduced frequency is not likely to occur. When resistive loads are the dominant type, power consumed by these loads does not decrease when frequency drops. This situation is unstable: The dump loads are completely off already so the ELC can not control frequency any more. So frequency will continue to drop for as long as power drawn by user loads exceeds power output. When frequency has dropped so far that the generator can not maintain normal voltage, also voltage will drop. A reduction in voltage does have a strong effect on power drawn by resistive loads. Then at a reduced voltage, power drawn by resistive user loads will balance again with power output so a stable situation is reached and frequency and voltage will decrease no further.

There is an exception to this rule: An overload situation with too low frequency while voltage remains normal, can only occur when there is an induction motor driving a highly speed-sensitive machine (see with user load type 1 above). Power drawn by such induction motors decreases when frequency decreases. Then power drawn by all user loads might balance again with power output so that speed drops no further.

Even with such appliances, this situation can only occur during a mild overload situation (see situation A above). Induction motors are inductive loads and once the iron inside gets saturated XE "saturation" , reactive current XE "reactive current"  will increase so much that losses become excessive and more power is consumed rather than less (see user load type 3 above). Then frequency will drop further until voltage also decreases considerably.

A.6.4 During overload, generator current is well above design current

This follows directly from the fact that electrical power (= voltage * current) is nearly constant, so generator current must increase as voltage decreases. Generator current could increase even stronger as inductive user loads (see user load type 3 above) might draw much more reactive current XE "reactive current"  when frequency has decreased even more than voltage.

The increased generator current during overload situations means that the generator might get overloaded and could be damaged. Preferably, it should be protected by an accurate, reliable overcurrent protection, see annex D.3. If this is not feasible, the undervoltage feature should be adjusted such that it protects the generator against overload, see annex G.5.

A.6.5 Overload situations can be dangerous for user loads 

This goes especially for the following types:

A. Induction motors driving a machine requiring high starting torque (see user load type1-i above). These motors are especially at risk if:

· They are not started by hand, but automatically (e.g. a refrigerator: The thermostat switches on and off the motor).

· They are at the end of a long, thin cable. Due to voltage drop over such a cable, voltage at the motor might be too low to let them start up, so they will continue to draw a high starting current. Meanwhile, voltage at the ELC could be such that the undervoltage does not trip. 

B. Inductive loads (see user load type 3 above) can be destroyed if the generator can maintain nominal voltage even when speed is considerably below normal (see generator type II above). When the iron inside gets saturated XE "saturation" , reactive current XE "reactive current"  could rise so high that this alone could cause it to overheat.
Most electronic appliances contain transformers and these could be damaged. Possibly, they could be damaged in other ways too, e.g. because they won’t be switched off properly when power suddenly fails.

Certain types of sophisticated electronic equipment might also be at risk.

The `undervoltage’ protection feature should protect induction motors driving high starting torque machines: When they do not start up successfully, voltage will remain quite low for more than a few seconds, and this should make it trip.

Ideally, threshold level for undervoltage XE "undervoltage:adjustment"  feature should be chosen as follows:

· Find out what is the most sensitive appliance that is being used or probably will be used in the future. 

· Look up, estimate or test the minimum voltage it needs.

· Estimate voltage drops in the cables between ELC and this appliance

· Allow for a safety margin.

This means that its optimum setting depends on local conditions and the recommended setting of 170 V in par. 4.5 is only a rough guideline.

The best way to protect inductive loads is by choosing a generator type that can not produce normal voltage when its speed is below nominal (see with generator type I above). If this is not feasible, a `frequency effect’ can be added to `overvoltage’ protection feature, see par. 4.8.

If the above mentioned measures are not feasible or not effective, some types of user loads could still be protected by fitting a properly rated fuse, if they do not have one already. This will works for induction motors and other inductive loads. It will probably not for sophisticated electronic equipment, as such devices could be damaged in more complicated ways than just drawing too much current

A.6.6 Overload situations cost money

For users, there could be extra costs due to:

· Appliances that are destroyed during an overload situation, have to be replaced.

· Appliances that can stand overload situations, will not function properly when voltage is too low. Only purely resistive loads like filament lamps and heating elements will function, but at reduced capacity and filament lamps will have a reduced efficiency as well. Therefor, power produced during overload has little economic value.

· Likely, productive end-uses are impaired even more than normal household uses. For productive end-uses, not only electricity is needed, but also machinery, labor, materials etc. If production is impossible because of lack of electricity, these other inputs remain unused, but still cost money.

So if a M.H. system is frequently overloaded, it becomes unreliable and less valuable for users. This in turn affects the organization that manages the system. Users might become reluctant to buy appliances, which limits the use of the M.H. system. They could refuse to pay their electricity bills on time or not want to do their share of maintenance work. Generally the project is at risk when people lose faith in it.

These economic losses can be minimized in the following ways:

1. Implement the technical measures mentioned in the previous par.

2. The overload signal can be used to reduce the number of overload situations by warning users. Again, it will only make sense when adjusted properly.

3. Users themselves play a major role in avoiding overload situations and they should be taken seriously. They should be informed about how the M.H. system works, its possibilities and its limitations. The overload signal can be demonstrated to them and they should understand how they can react to it to avoid a more severe overload situation. If users want less sensitive settings for protection features, these can be readjusted, after explaining possible consequences to them. It should be encouraged that they make agreements themselves that will limit the chance on overload situations, e.g. with respect to:

· Maximum number of users that can join the system.

· Types of appliances that can be used: Once a few people have bought their own flat-iron, it will be much more difficult to restrict the use of such large electricity consumers.

· Total consumption of appliances that can be used at peak hours, e.g. the number of lamps that can be on during evening hours.

· The hours at which certain types of appliances can be used.

· Payment system for those users that consume more power than average, e.g. for productive end uses during daytime.

· The way they plan to enforce such agreements: Who is responsible for checking on users, fines etc.

For systems with many users, load-shedding devices that disconnect part of the grid in case of overload can be of use, see annex K.6. Such device has not been developed yet.

A.6.7 Ability to start a large motor

It could be that starting XE "motor starting"  a heavy induction motor is not possible because it causes undervoltage feature or overcurrent protection to trip. But once running, power output could very well be enough to have this motor do its job.

The ELC was designed to allow heavy motors to be started: The large Elco capacitors in DC voltages store enough current for the relay to remain switched on for a second even if generator voltage falls away completely (see par. 2.2). And the undervoltage feature has two time constants of 5 seconds in series that make it less sensitive to sudden drops in generator voltage that last less than a few seconds (see par. 4.5). 

If it is still not possible to start a badly needed motor, the following measures could be considered in order to increase capacity to start heavy motors:

1. With motors driving equipment that requires little torque at low speed: Make a soft-start switch. Three-phase motors are often started with their winding connected in star, and only switched to delta-connection once they have reached normal speed. For single-phase motors, a large capacity heating element could be connected in series, and the motor could be connected directly once it runs at normal speed. For equipment requiring constant torque, maybe there is a V-belt that can be allowed to slip when starting, and gradually pulled tight again once the motor runs.

2. Reduce starting current drawn by the motor by increasing its power factor, see e.g. SMITH page. 79.

3. If voltage at the motor is so low that it hardly accelerates after being switched on, measure voltage at the motor and near the generator. If voltage drop over the cable is excessive, see whether a heavier cable can be constructed, or the equipment moved to a place closer to the generator or a large capacity cable.

4. Set `undervoltage’ feature less sensitive. Of course this includes the risk that other user loads are not protected adequately any more.

5. Reduce the minimum voltage required by the ELC by fitting a 24V transformer, see annex E.6 at "lower minimum input voltage".

6. Increase the time the ELC can function without power supply. Extra Elco capacitors could be fitted in DC voltages module. 

7. Fit a series of penlight batteries with a total voltage of 15 to 18 V as battery backup power for the ELC. Negative lead from the batteries could be connected to `E’. Positive lead could be connected to `Vunstab’ via a diode (to prevent that batteries can be charged from `Vunstab', so cathode towards `Vunstab') and a pushbutton switch. As long as the switch is operated, both undervoltage and fast undervoltage feature are disabled so the relay will remain switched on, irrespective of how low generator voltage drops or long it takes for the motor to get started. Meanwhile, other user loads are not protected against too low voltage. So it should only be used when all other inductive loads and induction motors are switched off. Once the pushbutton switch is released, these features are active again and user loads are protected against undervoltage.

Measuring instruments and measuring problems

A.7 Using a digital tester

Definitely, one needs a tester for almost every testing or troubleshooting job.

A digital tester is more useful than an analog one for several reasons:

· It is more accurate, especially with very low voltages and currents.

· On voltage ranges, it has a much higher input resistance, meaning that the circuit one is measuring on, is practically not influenced by connecting the tester to it.

· It has a better overload protection, meaning that one does not have to be that careful with adjusting it to the proper range before connecting it somewhere. Some expensive types select the proper range themselves (`autorange'), so that one does not have to mind about this at all.

· When taking notes on measured values, the digital display gives a reading as a number already, avoiding reading errors.

· Good quality digital testers are more robust with respect to shocks.

Unlike an oscilloscope, testers do not show a graph of how a voltage fluctuates in time. Still, they can be used to check at least some aspects of AC voltages by:

1. Measuring both on AC and DC voltage range. Then the DC value gives information about mean value of the measured signal. The AC value tells something about how much the signal varies around this mean value. In figure 24, both DC and AC values are given.

2. Measuring a frequency on `frequency’ range. If this gives a stable reading that is consistent with what was expected, this frequency must be the dominant frequency in the signal.

Not all digital testers have a frequency range. For installing and troubleshooting an ELC, a frequency range is handy. With an IGC, a frequency range is essential. 

Apart from a DC and AC voltage range and possibly a `frequency’ range, all testers have at least some of the following ranges:

1. DC and AC current ranges: These are necessary but measuring currents directly with a tester, requires special attention, see below.

2. Resistance range: Handy to check resistors if you are not sure about the meaning of their color marking, or whether its resistance conforms to its nominal value. This range can also be used to check cables for proper connections, to check whether two points are short-circuited and to check polarity of diodes and transistors. A resistance range is essential.

3. Diode voltage drop / continuity range (often indicated by a `diode' symbol: This range is meant to check diodes and other semiconductor devices. If it measures a very low voltage drop, the tester will give a `beep’, meaning that the two points touched by the tester leads, must be connected by a wire. This is the `continuity’ feature: It makes it possible to check for connections without having to look to the tester for a reading. This range is handy, but not essential.

4. Capacitance range: Handy for checking values of capacitors as this can deviate considerably from their nominal value, but not essential.

5. A `hef’ range: This gives the amplification factor for transistors and, if a normal `hef' value is found, the transistor will most likely be O.K. This range is not needed for the ELC / IGC.

Measuring currents  XE "current measuring" directly with a tester is troublesome because:

1. It means the existing circuit must be interrupted somewhere, and consequently it must be reconnected properly after the measurement. When this is done hastily, there is a risk of wrong connections and short-circuits, either during the measurement or afterwards. The easiest point to measure a current is at a switch. When the switch is `off’, the tester can be connected over the switch connections and all current will flow through the tester.

2. Unlike voltage ranges, connecting a tester on current range can have a considerable influence on the circuit one is measuring in. The current shunt inside the tester has a resistance so there will be a voltage drop over the points where the tester leads are connected. Without measuring a current, these two points would just be connected so there would be no voltage drop. This added voltage drop means the circuit might react differently when current is measured.
For a good quality tester, current shunt for the 10 A current range had a resistance of about 0.05 ( and for the 300 mA range, it was some 6 (. So when a current is close to the maximum of a range, voltage drop over the tester could be quite high!

3. For measuring a current, usually the positive tester lead must be placed in a separate socket and the range switch must be set to either `DC current’ or `AC current’. If afterwards the tester is going to be used to measure e.g. a voltage, one easily forgets to put back the positive tester lead in the standard socket for all other measurements. This means that by connecting the tester leads, one causes a short-circuit! Just setting the range switch to `voltage’ does not prevent this short-circuit, as the current shunt is permanently connected between `current socket’ and `COM’ socket to which the negative tester is connected. Especially people (like me) who have worked with old analog testers in the past, easily make this mistake as with those testers the positive tester lead did not have to be set to another socket after a current measurement.

4. With a tester set to current measurements: When one tester lead is connected to a point that carries a dangerous voltage, the other tester lead will carry this voltage as well and should never be touched or connected to metal objects. 

See annex C.4 for how some of these dangers can be avoided.

A tester can be used for checking whether components XE "checking components"  are defective and have the right value:

1. Resistors: Measure their value on resistance range. Also handy if you are not sure about the meaning of their color code.

2. Capacitors: Measure capacitance on capacitance range, if your tester has one. For checking whether a capacitor is destroyed: Measure on resistance range (mind polarity with Elco capacitors): If a capacitor shows a resistance that increases towards infinity as it gets charged, it is O.K.

3. Diodes XE "diode" 

 XE "polarity" 

 XE "anode" 

 XE "cathode" : Check polarity using `diode voltage drop' range. When the tester shows the normal value of about 0.6 V, the diode must be connected in conducting direction: With the red, positive tester lead to the anode and the black one to the cathode. The cathode is the end the arrow in the diode symbol points towards. Cathode is usually marked by a band or another mark. If the tester indicates `infinity', the diode must be blocking. If a diode shows an abnormal value in conducting direction, or does not show `infinity' in blocking direction, it must be defective. 
LED's can be tested like diodes. Their voltage drop will be ca. 1.6 V and, when connected in conducting direction, the LED should light up a little.
With digital testers, the red tester lead that is `positive' for voltage measurements, will supply a positive voltage for `voltage drop' and resistance range. For analog testers, polarity might be reversed on these ranges. When in doubt, try out the tester on a diode with a properly marked cathode.

4. Transistors: Can be checked by measuring their `hef' value (= amplification value, see above) if the tester has this range. If not, a transistor can be seen as two diodes, which can be checked as in point 3 above. With an NPN transistor, the two anodes are connected to `base' and both `emitter' and `collector' are a cathode (the transistor types used in the ELC are all NPN types). A PNP transistor has both cathodes connected to `base'. If both diodes are O.K., most likely the transistor will function.

5. Switches, fuses, connections, transformers, relays and the like can be checked using either resistance range or voltage drop range. Voltage drop / continuity range is handy if you are only interested in whether there is a connection or not: You only have to put the tester leads at the right places and if the tester says `beep', there is a connection.

Complicated parts like thyristors, triacs, opamps, can be checked by measuring how they perform in the ELC circuit. When it remains doubtful whether a component is faulty, this component must be exchanged for a new one to see whether this solves the problem. 

In theory, a good quality digital tester can be used as a voltage seeker for finding out whether an object is safe to touch: Have it adjusted to `230 V voltage' range, hold the metal end of one tester lead in your hand and touch the object with the other lead. But this practice can be dangerous and I would strongly advise against it XE "safety" :

· Poor quality testers might have a too low internal resistance value at this range, so that you might receive a higher current from it than is safe.

· If the tester would accidentally be adjusted at another range, there is a risk that you will get the full voltage from the tester lead.

· If the tester is malfunctioning or adjusted to the wrong range, you might think that the object carries no voltage, while in fact it might.

Voltage seekers XE "voltage seeker"  are cheap, simple and safe, provided you test them before use on a point that does carry voltage to make sure that you can see the little lamp with the amount of ambient light that is present. So only use voltage seekers for checking whether objects are safe to touch.

A.8 `Average responding’ and `true-RMS’ testers

Electricity appears in two basic forms:

· DC XE "DC, Decent Current" , Decent Current. This means that there is a constant voltage or current and polarity is always the same. This type of electricity is produced by batteries, stabilized voltage supplies etc.

· AC XE "AC, Alternating Current" , Alternating Current. This means that there is a repetitive voltage signal and polarity changes twice during a complete cycle. AC electricity has the big advantage that its voltage can be changed easily and cheaply using transformers. This is why electricity from the grid is always AC and most user appliances are designed to use AC.

Normally, AC and DC are mutually exclusive: A DC voltage is practically constant (so: no AC component) and mean value of an AC voltage (so: its DC component) is 0. But in electronics, there are often more complicated signals that have a both a DC- and AC component.

AC voltage signals are fully defined by their wave pattern. This can be measured with an oscilloscope and that shows exactly how voltage varies over a complete cycle. But often, shape of an AC voltage signal is not that interesting, either because it will be the sine-wave from the grid or a generator, or because wave shape doesn’t matter. Then relevant information about this AC voltage signal can be summarized in:

· Frequency,  XE "frequency"  in Hz. This is the number of complete cycles per second.

· Amplitude,  XE "amplitude"  in V. This is the highest value that is reached during a cycle. Usually, amplitude is given as a positive value as amplitude for positive half cycle and negative half cycle are the same.

· Effective voltage XE "effective voltage / current" , in V. This gives information about power content of an AC voltage signal. By definition, effective voltage, is the constant, DC voltage that would dissipate as much power in a resistor as the AC voltage signal would.

The same applies for AC current signals, but then amplitude and effective current are expressed in A.
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figure 16: Dump load voltage as measured with `average-responding’ and `true-RMS’ tester types

This figure is based on a the assumption that generator voltage is a pure sine-wave, while in practice it will be influenced by switching on a dump load.  XE "dump load power:voltage and trigger angle" 
Now most testers use a short-cut in measuring effective voltage or current and such testers are `average responding’ XE "tester:average-responding or true-RMS"  XE "average responding" . Only for pure sine-wave shaped voltages and currents, these testers give a correct reading of effective voltage. Expensive testers or very modern ones, measure effective voltage correctly and these are called `true-RMS’ testers. Since most voltage signals in the ELC and IGC are not pure sine-waves, the difference is relevant.

An ordinary `average responding’ tester set to an AC range, works as follows:

1. It filters out a possible DC value from its input signal.

2. It rectifies the remaining AC signal. This gives a DC signal that varies with twice the original frequency.

3. It filters out the DC value of the rectified signal, giving the average value of this rectified AC signal. For a sine-wave, this will be 2/( times amplitude of the original sine-wave.

4. Real effective value of a sine-wave is 1/(2 times its amplitude. So it multiplies this average value by a factor (/(2*(2) = 1.111 to produce the effective value of the AC signal. This value is presented on the display.

This procedure works well as long as shape of original input signal was more or less a sine wave. For other types of signals, the factor `1.111’ used in step 4 to calculate effective voltage from average voltage found in step 3, usually is not correct. For a block wave signal, an `average responding’ tester will overestimate effective voltage by a factor 1.111 as here, average value is the same as effective value but this correction is still implemented. But most distorted signals have narrower peaks than a sine-wave and then an average responding tester underestimates effective value.

More advanced testers are `true-RMS' XE "true-RMS" , with `RMS' standing for `Root of Mean of Square'. This means that in step 3, they first take the square of input signal, then take the average of this square and finally calculate the root of this average. By taking an average over the square of rectified voltage rather than the average of this voltage itself, a true-RMS tester calculates effective voltage correctly. So it does not need to apply the correction factor of 1.111 of step 4 and it can not apply a correction factor that is only correct for sine-wave signals.

The difference in reading between an `average responding’ and `true-RMS’ tester can be quite large if wave-form differs considerably from a sine-wave, which is the case with dump load voltages: See figure 16. The difference is even larger if one calculates dissipation in dump loads based on voltage over them: For example at 90( trigger angle, an average responding tester will show that voltage is only 50 % of nominal voltage so dissipation is just 25% of its capacity. A true-RMS tester would show that voltage is 70.7 % of nominal voltage so dissipation would be 50% of its capacity, so twice as much! The true-RMS value is right: No power is dissipated as long as phase angle is less than 90(, and then full power is dissipated when phase angle goes from 90( to 180(. So logically, power dissipated in the dump load will be 50 % of its capacity.

A more critical thing is when measuring generator current using an `average responding’ tester in order to adjust an overcurrent protection device. With an ELC with only one dump load being triggered at 90(, real effective value of generator current would be 1.12 times higher than the reading given by the tester, so dissipation inside the generator due to stator resistance, would be 1.25 times higher. For the humming bird ELC / IGC, the difference is much smaller because each dump load is small compared to other loads connected to the generator and generator current will be more like sine-wave. With the standard 2 dump load version, real effective current could be 1.031 times larger than `average responding’ reading and with 3 dump load version, only 1.014 times higher. 

In figure 24, normal values for AC voltage measured at different points are given for both types of testers. So for checking whether signals on the PCB are correct, one has to know which type of tester was used in order to compare them with the right standard value. 

A.9 Using an oscilloscope

There are many types of oscilloscopes XE "oscilloscope"  (often shorted to `scope XE "scope" \t " See oscilloscope" '). They could be distinguished by:

1. Their specifications with respect to maximum frequency and accuracy. A rather low frequency of 20 MHz would be more than enough for measuring in an ELC.

2. One, two or even more channels. Often, there is a separate input channel for `external triggering’, but whose wave form is not shown on the display.

3. Powered by the grid, by batteries or by a connection with a computer.

· Grid-powered oscilloscopes are not that expensive: A few hundred US$ for the cheapest types. Normally, they have a kind of small TV screen to project the image and no memory to store images. This also means they do not have advanced trigger modes like `single’, see below. The `earth’ connection of each probe is connected to chassis of the scope and `earth’ wire of the power plug and this could lead to dangerous XE "safety"  situations or short-circuits, see below. They are rather large, heavy and could be damaged in transport.
Normal grid-powered oscilloscopes have a kind of TV tube as screen. This means that the image fades away within a few tens of a second. So only repeating signals with a frequency above say 5 Hz can be seen properly. With slower signals there is just a dot moving over the screen, but no line as the footprint written by this dot fades away too soon.

· Battery-powered oscilloscopes are quite expensive: Around 1000 US$ for simple models. One set of rechargeable batteries lasts a few hours and then either the grid adapter must be used, or a fresh set of batteries must be fitted. They have quite advanced features, are small, light and robust, so they can be transported easily. They have a completely plastic casing and the `earth’ connection of probes is electrically insulated, even when the grid adapter is used. Usually, `earth’ of each probe is still connected to `earth’ of the other probe and `earth’ of the external trigger input.
Battery-powered oscilloscopes have a memory to store data and an LCD screen to show it. So the footprint remains on the screen until it is overwritten in a new cycle. This means that even slow signals appear as a line.

· With computer-connected scope devices, the image is shown on the computer screen and adjustments are also made on the screen. The device itself consists only of some electronics to convert analog input signal to digital data, and store this before sending it to the computer. They are about as expensive as grid-powered oscilloscopes, but might have a much lower maximum frequency.
With these devices, slow signals will also appear as a line.

4. Special features like:

· Advanced trigger modes like `single’ (captures a reading of an event that happens only once, see e.g. figure 10), `glitch’ (captures readings of voltage spikes ).

· Possibilities to store scope images in a memory, or send them to a computer.

· Tester ranges that make it serve as a high quality digital tester.

For testing and troubleshooting in ELC’s, a battery-powered oscilloscope is ideal, but probably too expensive. So it is assumed that only a grid-powered oscilloscope is available. It makes little sense to carry such an instrument to a M.H. site because likely, there is no power to use it when it is needed most: When the ELC doesn’t function. Even if a power source could be brought along as well, it might be too much trouble to bring this all along and the oscilloscope might be damaged by transportation. This means that installation and testing with the M.H. system must be done with only a digital tester and no oscilloscope will be available by then. 

Troubleshooting in the PCB itself is very difficult without an oscilloscope. Different signals should have correct shapes and by far the easiest way to check this, is by looking at a scope image of them. Consequently, an ELC should be tested carefully before it is brought to the field, see par. 7.2.1. With these tests, a grid-powered oscilloscope can be used.

For experienced electronic engineers who understand the ELC design very well and have enough time, it is possible to locate almost all building errors with only a good digital tester. With this, AC and DC voltages can be measured to find which module doesn’t function properly, then resistor values can be checked, short circuits and loose connections found etc. When a module does not work properly, one has to make a hypothesis about what might go wrong and try to check whether this is the case by using AC and DC measurement. Compared to working with an oscilloscope, it is like working blindfolded and using only one's sense of touch: An oscilloscope surely works faster.

Solving noise problems is practically impossible without an oscilloscope. Often these noise effects are unexpected, so it is very hard to formulate a smart hypothesis. Also checking them is very difficult with only a tester.

With an oscilloscope, it is quite easy to check how the ELC is doing by looking at triac triggering dips XE "triac triggering dip"  in generator voltage. This can be done at any outlet powered by the M.H. system since these outlets are connected to the generator for as long as none of the protection features have tripped. It takes a little experience but once you recognize the triac triggering dips, they show beautifully:

· Trigger angles XE "trigger:angle"  for both dump loads XE "dump load power:voltage and trigger angle" . This gives a rough idea of power diverted dump loads and how much spare capacity there is to switch on more user loads.

· Whether triac triggering dips appear regularly. If they show up erratically, there might be a triggering error, see par. 7.4.3. If they appear, but at varying trigger angles, either there is an oscillation problem, see par. 7.4.4 or some user load must be drawing a highly unstable amount of power.

· If a relatively large user load is switched on or off, the PI controller XE "PI controller"  will react to this. The way the triac triggering dips `dance’ towards their new equilibrium trigger angle, shows whether PI controller is adjusted correctly, see also figure 6.

Having an oscilloscope is not enough, one needs to be experienced in using this instrument. The fact that `earth' connection of probes are internally connected and (with grid-powered oscilloscopes), connected to chassis and `earth’ of the instrument, makes that one has to connect them carefully:

· Fit an `earth' connection to only one of the probes. 

· Connect the generator and ELC in such a way that the electronics do not carry a dangerous voltage. So preferably, `230V Neutral' wire should be grounded, see the warning at the end of par. 2.9.

· If the scope is also grounded via its 230 V power supply, only `230V Neutral', `MT1' or `+V' can be used as `earth' for a probe. With a battery operated scope, all DC voltages can be used and of course `E' is the most logic voltage to use as `earth' for the scope.

Avoid measuring with a scope over a current shunt (or a piece of cable used as current shunt) for measuring currents in the power system. Instead of measuring current through a dump load, one could just as well measure voltage over this load and calculate current from its resistance. For measuring generator current, one could use a current clamp probe or a current transformer, see next par..

A.10 Measuring large currents

Most testers can not measure currents XE "current measuring"  higher than 10 A. Also, measuring currents directly with a tester is rather tricky with respect to safety and causing short-circuits, see annex C.1. There are `current-clamp’ testers that can measure very high AC currents in a wire that is clamped in its beak, but these are expensive. With a current transformer, also high currents can be measured safely while it is much cheaper and could even be made by oneself. The only disadvantage is that it can not be clamped around a wire, as the wire has to be put through it. This disadvantage can be overcome by having several current transformers, so that every wire that is of interest, can have a current transformer around it for as long as the tests last.

A current transformer XE "current transformer"  is just a ring-shaped ferrite or iron core with windings fitted on it. It is similar to a noise suppression coil, except that it will have many more windings. It is put around the power wire in which one wants to measure current. Having this power wire going through the core, counts for 1 primary winding. With thin copper wire, a number of secondary windings are made around the core. Suppose there are 100 secondary windings, then current will be transformed downwards by the ratio 100:1, so a 15 A current in the main wire will induce a 150 mA current in the secondary windings, which is easy to measure with an ordinary digital tester. The secondary windings are electrically insulated from the main wire, so they can be touched safely even if the power wire carries a high voltage. 

This simple current transformer will work, but some precautions are necessary:

1. Have a 3.3 k resistor connected permanently over the secondary windings. This will protect the windings against too high voltages when no tester is connected to it, see with point 3 below. 

2. As stated in annex C.1, just setting the positive tester lead in a current range plug might mean creating a short circuit when it is not set back before the next voltage measurement. Therefor, solder wires with 4 mm plugs to the current transformer that fit directly in the tester sockets. This way, the normal tester leads will have to be removed before making a current measurement and it is unlikely that they will put back on in `current’ range when making another measurement. 

With respect to the second point: It would be easier if current from the current transformer could be measured indirectly: As a voltage over a 10 R resistor, so with the tester on AC voltage range. Ideally, one would like to choose the resistor such that voltage over it is so high that it can be measured accurately with any type tester, but not so high that it could be dangerous. At 50 or 60 Hz frequency, there is a rather low maximum voltage a current transformer can produce. This maximum voltage depends on dimensions and material of the core, and the number of windings. This sets a limit to the resistor over which voltage is measured. A current transformer that has a rather high resistance value over which voltage is measured, might give correct readings at rather low currents, but underestimate large currents.

The core that was used for noise suppression coils (D = 26 mm, d = 14.5 mm and l = 20 mm) can produce a maximum of some 5 mV per winding at 50 Hz (so 6 mV at 60 Hz). So at least 200 windings are needed to have it produce 1 V. Then with a 20 ( resistor, it would give a reading of 0.1 V/A up to a current of 10 A. To measure currents above 10 A, either a 4 ( resistor must be used (giving a reading of only 0.02 V/A), or current must be measured directly (giving a reading of 5 mA/A). Things get easier when more windings are fitted to a core: With 500 windings and a 50 ( resistor, currents up to 25 A could be measured with a reading of 0.1 V/A.

Warnings:

1. When using a current transformer + resistor to measure current with an oscilloscope, current signal might be distorted: Where current should be exactly 0 after a positive half period, a negative reading is found already. This effect will be smaller if a lower resistor value is chosen.

2. The noise suppression coils themselves can not be made into current transformers by fitting a secondary windings on them. The secondary windings would act as a short-circuit, making them useless as noise suppression coils.

3. Even if current from the current transformer will be measured directly, still it should have a resistor connected to it as long as it is fitted around a wire in a M.H. system. The very sharp edges in current going to a dump load, makes that at those moments, the current transformer can produce very high voltages, probably high enough to destroy the insulation of the secondary windings. Similar sharp edges will be present in current going to resistive user loads. The resistor value depends on the number of windings: Use e.g. 3.3 ( per winding.

4. Never try to measure a DC current with a current transformer. A steady DC current does not induce any voltage in the current transformer so the reading will be 0, while in fact a dangerously high DC current might flow.

 If current transformers are not available and there is no time to make them oneself, they could also be made from an old ring-core transformer. Then the primary, 230 V windings should be used for connecting a resistor over which voltage can be measured. The secondary ones must be left open (if connections are unknown, find the two terminals that have the highest resistance between them: These must be from primary windings). Some types of CFL’s (Compact Fluorescent Lamp) with magnetic ballast and an interchangeable lamp, have a ring-shaped coil that could be used right away.

Since number of secondary windings is not known, one has to try out what resistor should be connected to it in order to achieve a handy ratio between current in the power wire and voltage over the resistor. These cores are designed for 230 V at 50 or 60 Hz so a rather high resistor value can be used. For safety reasons, do not choose it so high that voltage from the current transformer can end up above 60 V.

A current transformer could also be used to build a current indicator XE "current indicator" . Then output current can be rectified and the resulting DC current measured by a DC current indicator. But:

· The current transformer used, must be able to produce the voltage drop over current indicator and especially: The rectifier diodes: ca. 1.3 V for silicon diodes.

· When it just measures rectified DC current and this is calculated back to current in the power wire using the transformation ratio of the current transformer, it will underestimate effective current by a factor 2*(2 / (. This circuit works like an `average responding’ tester and to find effective current, the outcome should be multiplied by ( / (2*(2), see step 4 in annex C.2. So to calibrate the indicator, either its scale must be adapted to proper values. Or a circuit with a resistor and/or trimmer in parallel to the DC indicator itself must be designed so that it can be calibrated.

Testing: A do-it-yourself current transformer should be tested before it can be relied upon:

· Whether it gives a correct reading at a moderate current. Then one tester can be used to measure current in the power wire directly and another one that measures current as given by the current transformer.

· To try out up to what current such a current transformer gives a reliable reading. For this, place two identical current transformers around a wire that can carry a very large current (e.g. from a welding transformer). Then check the measurement of voltage over the resistor of the first current transformer with a direct measurement of current produced by the second current transformer

Overcurrent protection

A.11 Problems associated with fuses and MCB’s

The power circuit of the standard ELC has no fuses or MCB’s (Miniature Circuit Breakers, a kind of resettable fuse). There is a tiny fuse on the PCB, but this is meant to protect only the transformer, see par. 3.8.2. Also, there is no `overcurrent’ protection feature that can protect the generator against overload. Generally, overcurrent is a serious problem that should be addressed. But there is no standard solution that would work in all situations. 

Fuses or MCB’s in the dump load circuit could protect the triacs in case of a short-circuit or a too high capacity dump load being connected. Similarly, a fuse or MCB could be used to protect the generator against too high a current being drawn. No such fuses or MCB’s have been incorporated inside the ELC housing because:

1. It is difficult to choose the right fuse or MCB. Ordinary fuses for domestic use are cheap and widely available, but slow and not very accurate. Fuses that are loaded up to their rated current, might gradually wear out and blow after a few months and then blown fuses might become the main cause for the system to malfunction. And if there is a short-circuit, the fuse might take so long to blow that the triac is already damaged. A fuse loaded with twice its rated current, will blow after a maximum of 10 seconds. There are more accurate fuse types especially designed for protecting electronic power elements, but these are almost as expensive as the triac itself and not widely available.

2. When generator capacity is rather small, its short-circuit current will also be limited (probably less than 3 times rated current) and a triac might survive until overcurrent protection of the generator trips. So when protection with fuses is possible (because there is a wide margin between design current of a dump load and current rating of the triacs), it might no longer be needed (because the triac would survive anyway).

3. If fuses or MCB’s are needed, it is best to have them outside the ELC housing itself:

· If there are fuses or MCB’s inside the housing, inexperienced people are more likely to open the housing if the system malfunctions. Then they might do more harm than good. With MCB’s, their `reset’ buttons could be at the outside of the housing, but this might cause a leak in the housing as most MCB’s are not waterproof.

· Fuses and MCB’s work by a thermal effect: A small piece of metal is heated up by the current passing through it and when it reaches a certain temperature, it reacts to it, either by melting (a fuse) or switching off current (the bi-metallic strip in an MCB). This means that they dissipate some heat (around 2 W for a 16 A MCB or fuse) so a larger housing should be chosen in order to keep inside temperature below the 60 (C limit. It also means that their performance will be affected by inside temperature: At 60 (C, they might blow or trip at a slightly lower current already.

· They need space and this also makes that a larger housing would be needed.

Fuses XE "fuse"  and MCB’s XE "MCB"  are characterized by their rated current: The highest current they can conduct indefinitely without blowing or tripping. But they have some other important characteristics as well:

1. `Fast or Slow’ characteristic: If current is way higher than rated current, fuses do not blow immediately. Fuses with `Fast’ (indicated by `F’) or `Super-fast’ (`FF’) characteristic, react fast. These are most suitable to protect electronic devices that could be destroyed by overcurrent within a number of millisecond’s, for instance the triacs, see par. 3.8.2. Fuses with `slow’ (indicated by `T’) characteristic take much more time to blow. These are more suitable to protect devices that draw a high current when switched on and can stand such a high current for quite a number of seconds, e.g. transformers or electrical motors. Similarly, there are MCB types with different tripping characteristics. These are usually indicated by stating the kind of appliances they are meant to protect, e.g. electrical motors, house wiring, cars etc.

2. Voltage rating: Not all fuses and MCB’s can stand 230 V. Especially glass fuses with high current ratings and fuses or MCB’s meant for cars or other low-voltage equipment, can not. Such fuses and MCB’s are not useable in an M.H. system, as they might explode or burn out when there is an overcurrent.

3. Interrupt current XE "interrupt current" : Normally, a fuse or MCB will switch off faster when current is higher. At extremely high currents, they might not switch off properly. Instead of a tiny arc right when they switch off, there is a longer lasting, large arc that makes the fuse or MCB overheat, burn or explode. For use in an M.H. system, this interrupt rating is not that important since the generator can not produce such high currents.

4. With MCB’s, there are types that work thermally (with a bi-metallic strip), types that work magnetically (with a coil that makes them switch off, like a relay) and types that combine the two. Thermal types have a `slow’ characteristic while magnetic types switch off much faster. In combined types, the thermal part is most sensitive, but it reacts slowly. The magnetic part can react faster, but will make it trip only when current is something like 10 times rated current, so when there is a short-circuit.

Then of course there are aspects like costs and availability. These are especially important for fuses since one needs a new one every time they have blown. This makes that fuse types used in domestic wiring are most suitable, even though their `slow’ or `medium-fast’ characteristic makes them less suitable for protecting triacs.

With MCB’s, there are single-phase types that are meant for building into appliances, but these are not available for rated current above 20 A. For higher currents, types meant to be built into industrial wiring switchboxes can be used. They might be referred to as `for protection of wiring’, but the ones with a `C-characteristic’ should be useable. They work thermally and magnetically, are available in single-phase, 2-phase and 3-phase versions and are designed to be mounted on a rail inside a proper housing.

A.12 Overcurrent protection for the triacs

The triacs can be protected by fuses fitted in a separate housing that does not have to be waterproof. Ordinary fuses for domestic use are cheap and widely available, but they have a `slow’ or `medium’ characteristic. This makes that only 10 A fuses (or lower) will blow fast enough to protect the triacs. If current to a dump load will be higher than 10 A then either:

· The heating elements making up this dump load, should be divided into two groups that have their own fuse, or:

· `Fast’ or `super-fast’ fuses of 16 A can be used.

Still, the question remains whether fuses are necessary and economic:

· With a small generator, its short circuit current might be so low that a triac will survive until overcurrent protection of the generator itself trips. 

· When the dump loads are installed close to the ELC, their wiring is of good quality and well-checked before the system is started, the chance of a short-circuit should be quite low. Then fuses might only make the wiring more complicated and make the system less reliable. If chances of a short circuit are high (e.g.: Part of dump load current is used to power a number of filament lamps that serve as exterior lighting), installing a fuse for this load, does make sense.

· To compare costs of a destroyed triac with a blown fuse, costs of replacing them, should be added. Replacing a fuse is much easier than replacing a triac. If a destroyed triac would mean that either a trained serviceman has to be called in from far away and the system is not working for a week, or users try to replace it themselves and something else goes wrong, a destroyed triac is much more expensive than just the triac itself.

If fuses are used, of course some spare fuses should be kept in stock. Also, the operator should be trained how to find and solve the problem that made the fuse blow, before just fitting another fuse. If there are no fuses, some spare triacs should be kept in stock.

A.13 Overcurrent protection for the generator

A.13.1 Causes, effects and economics

First some definitions, see also table 3:

· Design current XE "generator current:design" \b  is the generator current under normal operating conditions, as calculated in the design phase. Once the M.H. system is operational, actual current might turn out to be quite different from design current, see at `design current’ in par. 7.2.5.  Design current can be calculated from:

· Design power output, in kW, again, this is a calculated value and actual power output might end up different.

· Nominal voltage.

· Power factor to the generator (see also annex G.2).

· Rated current XE "rated current" \b  is the highest current a generator can produce continuously during its planned life span of, usually, some 20,000 hours. 

· Rated current can be calculated from kVA rating XE "kVA rating" \b  by multiplying with 1000 (gives rating in VA) and dividing this by its nominal voltage. For a 3-phase generator, this value should again be divided by 3 to find rated current for each generator phase.
The kVA rating of a generator will be indicated on its type plate, in catalogues and so on.

table 3: Variables on generator capacity and generator load


generator current
real power P
apparent power Q

unit:
A
W
VA

generator characteristics:
rated current
kW rating (at specified power factor)
kVA rating

at design stage:
design current
design power output
design kVA load

measured values:
actual current
actual power output
actual kVA load

So:

· Rated current and kVA rating are generator characteristics given by its manufacturer. They specify the maximum load this generator can handle without seriously reducing its expected life span.

· In designing a M.H. system, design current and design kVA load will be chosen such that these generator characteristics will not be surpassed, see below and annex G.

· When testing an M.H. system after installation, actual current and actual kVA load should be measured and checked against the design values, see par. 7.2.5 

No overcurrent protection for the generator is integrated in the standard ELC design, but this is not because it was considered unimportant. There are many aspects that must be considered when choosing a way to protect the generator against overcurrent and there is no standard solution that will do in all cases.

First, a look into possible causes for overcurrent:

1. The turbine delivers more mechanical power than the generator can handle:

· With a turbine without flow control valve, this can only be the case if:

· A too small generator was chosen for this turbine

· Actual head turns out to be larger than was assumed in calculations.

Then at least the system was not installed properly (then generator current should have been checked) and possibly, it was not designed properly either (too small a generator chosen).

· With a turbine with flow control valve, the valve could have been adjusted correctly during installation, but the operator or users could have adjusted it higher in order to increase power output of the system.

2. There is a short-circuit somewhere in the wiring.

3. There is an overload situation: Too many user appliances are switched on and generator voltage has dropped well below nominal voltage. Then generator current will have increased above normal current, see annex B.3.4
4. User loads with a very poor power factor are switched on. In designing the system, an allowance is made for expected power factor of user loads (see annex G.2). If this allowance was chosen too small, or if users have bought appliances that were not taken into account when designing the system, generator current could become too high. Especially `induction type’ electrical motors and fluorescent lamps with magnetic ballast’s have poor power factors.

5. With a 3 phase system, one of the generator phases could get overloaded if all user loads are not divided equally over the 3 lines. See e.g. HARVEY, page 248.

Overcurrent could destroy a generator because it will overheat. Now it could overheat also due to other causes and these are just as destructive:

a. Generator ventilation is hampered. It could be that something has fallen over its air inlet slots, or that oil has been spilled onto the generator and together with dust, it gradually forms a hard crust.

b. Temperature in the power house is way too high since dump loads are installed inside and are not properly ventilated.

Then time is important too. If a heavy electrical motor is started and generator current is way above rated current for a couple of seconds, generator windings will not get overheated in this short time and no harm is done. So if one wants to use heavy electrical motors, it is undesirable to have an overcurrent protection that reacts very fast since it would trip unnecessarily and make it impossible to use such motors. There are different types of fuses and MCB’s for different types of appliances. MCB’s designed for use with electrical motors and fuses with a `slow’ (indicated with `T’) are most suitable. 

Further, one could distinguish between:

· A mild overcurrent situation that might reduce generator life-span if it lasts for days or longer, and:

· A severe overcurrent that could destroy the generator in an hour or less.

There is a margin between situations at which the overcurrent protection must trip and situations at which it should not:

1. It should trip when there is a dangerous overcurrent situation.

2. It should not trip when:

· The generator is running at design current or below.

· It is running at way above design current, but for only a few seconds yet, so likely a heavy motor is being started.

The choice of which devices could be used to protect against overcurrent, depends on how wide this margin is. If the margin is quite wide, fuses for domestic use or MCB’s (Miniature Circuit Breakers, a kind of resettable fuses) can be used:

· They are cheap.

· They come in fixed current ratings that are quite wide apart, say 6, 10, 16, 20, 25 or 35 A. So they can not be adjusted to a specific current in between those ratings.

· They are not that accurate: The current at which they trip, will be influenced slightly by ambient temperature and there might be differences between different devices of the same type.

If this margin is narrow, only more sophisticated, adjustable devices can protect the generator adequately with little chance of unnecessary tripping.

The adjustment of an overcurrent protection device, or the choice of rated current in case fuses or MCB’s are used, depends on:

· Rated power of the generator.

· The way it is used. This means that the extra load to the generator due to phase angle regulation of dump loads or `thyristor factor’ must be taken into account (see annex G.3) and a contingency factor must be included (see annex G.4).

See annex G.5 for more details. 

When a too small generator was chosen, one will run into problems when deciding on the adjustment of the overcurrent protection: Either the generator will be at risk because a too high setting is chosen, or the system must operate at less than its design power output to prevent that the overcurrent protection will trip all the time. So it definitely makes sense to work out what generator capacity is needed for a given design power output, or reverse: What design power output is achievable with a given generator. See annex G.4 for more details.

Finally, there is the economics side:

· A generator being destroyed because there was no, or a malfunctioning, overcurrent protection, represents an economic loss. This is not only costs of a new generator, but also costs for transporting and installing it and losses because the M.H. system was out of operation for several days or (much) longer.

· The overcurrent protection device has its price, but also costs for installing the associated wiring, adjustment etc.

· The overcurrent protection might trip unnecessarily. This could lead to losses because the system is out of operation. Also, it could mean that heavy electrical motors can not be used because they draw such a high starting current that overcurrent protection trips. 

A.13.2 Cheap solutions for small systems

The following options could be considered for small systems where costs of sophisticated overcurrent protection would be large compared to the risk of having to replace a destroyed generator.

These solutions have in common that they use 3 methods to protect the generator against overcurrent due to different causes:

1. There is a cheap, non-adjustable overcurrent protection like a fuse or MCB, that protects the generator against short-circuits and severe overcurrent, see below. This should not blow or trip too often, so likely the next higher current rating is chosen, and it does not protect the generator against mild overcurrent.

2. The undervoltage feature is used to protect the generator against the most likely cause for a mild overcurrent XE "undervoltage:used as overcurrent protection" : An overload situation. So threshold voltage for this feature should no longer be the minimum voltage that user appliances can handle (see par. 4.5). Instead, it should be based on the maximum current that the generator can safely handle. With a typical overload situation, this corresponds to a minimum voltage (see annex B.3.4). The undervoltage feature can be adjusted to this minimum voltage, see annex G.5.
N.B: It is assumed here that the desired threshold voltage for protecting the generator is higher (so: a more sensitive setting) than threshold voltage for protecting user loads. Then user loads are also protected against undervoltage. If the desired threshold voltage for protecting the generator ends up lower, better adjust undervoltage feature to the threshold voltage required for protecting user loads, and the generator will also be protected.

3. Now two possible causes for overcurrent have not been dealt with properly:

· Power factor of user load is lower than planned.

· Mechanical power produced by the turbine is too high.

It is only a mild overcurrent that poses a danger, because in case of a severe overcurrent due to these causes, the fuse or MCB will blow or trip.
To a large extend, the generator can be protected against these conditions by proper design, installation and management:

a. The system must be designed such that there is a considerable safety margin between design current and rated current of the generator.

b. The system must be installed and tested properly, see also par. 7.2.5:

· Generator current should be measured and checked against design current.

· Generator temperature should be measured and checked whether there is any chance that it might become too high if  e.g. ambient temperature rises to 40 (C.

· If there is a flow control valve, its adjustment should be fixed with e.g. a padlock. This should prevent that mechanical power produced by the turbine can be adjusted higher by unauthorized people.

c. To prevent that overall power factor user loads suddenly ends up worse than expected, users should consult the operator or manager when they want to buy a new type of appliance. The operator or managers should have the power to not to allow types of appliances that have a too low power factor.

d. The system will be managed with care:

· It should be clear to everybody that the M.H. system is too valuable to be tampered with.

· The operator should regularly check generator current and generator temperature.

These measures do not guarantee that the generator will never run at a too high current. They do make the chance of a severe overcurrent very low: The fuse or MCB should protect against this and in most cases, undervoltage feature will trip even faster. 

There is no watertight, technical protection against a mild overcurrent. But even if a generator is running too hot, it won't be destroyed right away. It will only wear out too fast and there is a fair chance that the operator will notice before the generator is destroyed or damaged.

Some more about the MCB or fuse to protect against severe overcurrent:

Overcurrent protection built into the generator: Generally, this will be a fuse or MCB. The manufacturer might have chosen a cheap, inaccurate device that only trips at a current already above rated current for the generator so it might not protect against mild overcurrent.

Larger, sophisticated generators could have an overcurrent protection that works via an `intelligent AVR’, see HARVEY, page 267. When it senses that current is too high, field current is cut off or reduced strongly so that output voltage drops very low and the generator runs free.

MCB or fuse with a current rating as recommended by generator manufacturer. This should protect the generator just as well as the previous option. Preferably, the fuse or MCB should be installed in a separate housing, in between generator and ELC, see par. 6.4.

A fuse or MCB that protects only against severe overcurrent: A fuse or MCB with a rating equal to, or only slightly above design current, should be chosen.

A.13.3 MCB or fuse with a temperature-fuse inside generator

The MCB or fuse protects against short-circuits and heavy overcurrent. The temperature-fuse can be built into generator connection box and reacts to generator temperature. Temperature fuses are small, cheap devices that do not react to current through it, but to the temperature they are exposed to. They are available with temperature ratings between 70 and 240 (C.

Temperature fuses can conduct only up to 10 A so in most cases, they can not be used to switch off generator current itself. But they can be used to switch off power to the PCB, which would make the relay switch off some 1.4 s after the temperature fuse has blown. Then 230V Line connection on the PCB should be wired, via the temperature fuse, to 230V Line wire in the connections box of the generator (instead of to the other end of the same wire in the ELC itself). This requires one extra wire in the cable between generator and ELC. 

For choosing at what temperature the fuse should blow, one could measure temperature inside the generator connections box after it has run at design current until temperature rises no further. Add the difference between current ambient temperature and maximum ambient temperature (say 40 (C). Then add a margin of at least 10 (C to allow for inaccuracies etc and round off to the next higher rating for a temperature fuse. This gives the minimum rating. 

table 4: Insulation classes for electrical machines

insulation class
max. winding temperature: 
max. temp. rise above ambient:

H
180 (C
125 (G

F
155 (C
100 (C

B
130 (C
80 (C

E
120 (C
70 (C

A
105 (C
60 (C

The maximum current rating for a generator depends on its construction and on the quality of the insulation material of its windings XE "generator:insulation classes" , see table 4. Generators from western manufacturers are designed to reach a life span of 20,000 hours when running continuously at the maximum temperature as given by its insulation class. When it would run 8 to 10 (C cooler, its life span will be double, when it would run 8 to 10 (C hotter, it will be only half this value (HARVEY, page. 261). This all refers to generators wearing out due to gradual deterioration of its insulation material under the influence of prolonged high temperatures. Of course other parts might fail due to other reasons, leading to a much shorter life span than predicted by the above calculation.

The point where the temperature fuse is fitted, influences its effectivety. Of course it would be ideal to have 3 temperature fuses in series glued to each of the 3 stator windings at the points where they will become most hot. This is impractical: Then one has to open the generator to fit or replace them and this involves too much work and the risk that it is not assembled properly. Also, the temperature fuse should react to temperature of the generator frame and not to temperature of cooling air flowing through it. If the connection box is made of iron, mounted directly to the side or top of the generator and there is not too much cooling air circulating in it, temperature inside will be practically the same as temperature of the generator frame. If there is a wide opening to the interior of the generator, it might be better to glue the temperature fuse to the generator casing or the side of the connection box.

This makes that the temperature experienced by the temperature fuse will be considerably lower than the hottest spot somewhere on the windings. To compensate for this, the temperature fuse should have a rating well below this maximum rating as set by insulation class.

To be safe, it is better to choose a temperature fuse that is just above the minimum rating. Then when the temperature fuse blows without the generator being overloaded, a fuse with a higher temperature rating could be considered. 

If the temperature fuse can not be fitted inside the connection box (see above), a length of the outer insulation of a cable could be used. With the wires themselves pulled out, it forms a watertight, electrically isolating hose into which the temperature fuse with its leads can be fitted. Then this hose can be clamped to the generator housing.

For a more accurate choice of the temperature fuse, one has to measure real winding temperature of a running generator. There is a way to estimate this XE "generator:measuring winding temperature"  without having to install temperature feelers inside the windings:

· Measure resistance Rcold of one stator phase when the generator has completely cooled down. Also note the temperature = temperature of the casing.

· Have the generator run for say half an hour until it has reached a steady temperature.

· Shut down the turbine, switch off the generator and immediately measure resistance Rhot of this stator phase.

Calculate how much higher resistance is when the generator is hot: = Rhot/Rcold. Resistance of copper increases by a factor 1.0043  per (C, so:

Rhot/Rcold = 1.0043n 

To find n, one could repeatedly divide Rhot/Rcold by 1.0043 until a factor 1 remains but that is quite a job. Logarithmic calculation gives the answer faster:


n = log(Rhot/Rcold) / log(1.0043)

Now winding temperature when hot, was ambient temperature + n (C. This is an average for all of this winding (so some spots could be hotter) and it goes for the moment of the second resistance measurement (so it might have cooled down somewhat already).

With this option, the ELC will react as follows:

· When the temperature fuse blows, all LED’s will be off and it will be clear that it receives no voltage.

· If the MCB trips or fuse in the main wire blows, the ELC will react only to the consequences of dump loads and user load being disconnected, so it will show `overspeed’ or `overvoltage’ as the reason why the relay is switched off. This will be confusing, as nothing indicates that this fuse has blown.

Clearly, this option protects the generator also against overheating due to other causes than overcurrent, see at the beginning of this par..

Warning: For safety reasons, it is not allowable to use a thermostat instead of a temperature fuse. Such a thermostat would switch on the ELC again once it has cooled down and this could be dangerous for someone trying to find an error somewhere else in the circuit. 

If one wants to use a thermostat instead of a temperature fuse, it should be fitted in one of the wires to the relay coil (like the `overcurrent trip’ discussed below). Now it will switch off the relay while the PCB still receives power. Then either `overspeed’ or `overvoltage’ protection feature will trip and this will prevent the relay from switching on once the generator cools down a bit and the thermostat connects again.

Instead of having the temperature fuse switch off power to the ELC, it could also be used to switch off power to the field of the generator itself. This will cause the generator to produce a very low voltage, too low to keep the ELC functioning so that the relay will switch off. Now, no extra wire from generator to ELC is needed. To find out in which wire the fuse should be fitted, one has to know the electrical circuit of the generator. Many different circuits are in use and it is not possible to describe in general in which wire the temperature fuse should be fitted. In generators with an AVR, there will be a voltage sensing wire from the main generator connections to the AVR electronics. If that wire would be interrupted, the AVR might produce maximum field current instead of no field current and generator voltage would rise even higher!

A.13.4 MCB or fuse and `generator overheat’ feature

This option resembles the previous one: The MCB or fuse reacts to severe overcurrent, while `generator overheat’ feature will react to generator temperature, thus protecting against mild overload or other causes that might make the generator overheat.

The `generator overheat’ feature could work in the same way as `ELC overheat’ feature, see par. 4.9. There is some empty space on the PCB where it could be built, using the horizontal copper strips and wire bridges to connect it to other parts. Like with the temperature fuse, the NTC resistor measuring generator temperature, could be mounted inside the generator connection box or somewhere at generator frame. See with the previous option to find the temperature at which it should trip. Then the trimmer should be adjusted to this temperature using the same procedure as for `ELC overheat’ feature. Now, the ELC will react logically:

· If the main fuse or MCB blows, none of the LED’s light up, so apparently the ELC receives no voltage and it is logic to check the fuse or MCB.

· If the `generator overheat’ feature trips, the accompanying LED will show why the relay has switched off. 

Now, two signal wires are needed from ELC to this NTC resistor. These wires must be installed with care as they can carry a dangerous voltage. Also, several components on the PCB are at risk if there would be a short circuit with one of the main wires or the generator housing. And of course, this feature will either trip unnecessarily or not trip when necessary if the wiring is faulty. Because of these potential problems, this option is not advisable unless it is sure that these signal wires will be installed properly.

A.13.5 A motor-protection switch 

These devices are sometimes called `motor-starter’ switches: They serve as an on-off switch combined with an overcurrent protection for electrical motors. If current drawn by the motor is too high, it will trip and automatically switch to `off’ position. Motor-protection switches are used standard with all 3-phase induction motors. Those types react to currents in all 3 lines, are adjustable, probably quite accurate, often they come with their own waterproof housing and are quite costly. There are cheap, non-adjustable, single phase types also, but these do not have their own housing and are only available up to 20 A rated current. Like an ordinary MCB, preferably it should not be installed in the ELC housing, see par. 3.7.

An adjustable, 3-phase motor-protection switch mounted in its own housing, would probably be the most reliable and simple overcurrent protection. The 3 phases can be connected in parallel so that total rated current will be 3 times rated current for one phase and then a relatively small type will do. Then connections should be made with care to guarantee that total current divides itself evenly over the 3 phases. But if there would be a bad contact, the other phases will receive more current and it will trip already at a lower total current, so this error poses no danger to the generator. When it has tripped, none of the dump load LED’s lights up while the motor-protection switch is clearly in the `off’ position, so it will be clear what caused the system to shut down. 

A.13.6 Overcurrent trip that interrupts current to relay coil

Like an MCB, an overcurrent trip has a bimetallic strip that is heated up by current flowing through it. Unlike an MCB or `motor start switch', it only switches off current to a relay coil and this relay in turn switches off main current. It is a standard feature of industrial switchboards that have relays anyway. The overcurrent trip adds overcurrent protection without having to make it such that it can switch off very large currents. Therefor, they are cheaper than motor-protection switches with the same current rating. They are adjustable and probably quite accurate, but I have found only 3-phase types. Once it has tripped, an overcurrent trip must be reset manually. 

Ideally, an overcurrent trip should not be built into the ELC housing because of the extra dissipation and chance of leaks in the housing, see par. 3.7. But this would require extra wires between the ELC and this trip since it has to be fitted in a wire to the relay coil. So it might be better to have it inside the ELC housing anyway and choose a somewhat larger housing to allow for the extra dissipation caused by the overcurrent trip. If the reset button can be operated from the outside, make sure this does not cause a leak in the housing. If the housing must be opened for resetting the trip, there should be clear instructions as to who is allowed to open the housing and what he / she should do. 

If the overcurrent trip is activated and makes the relay switch off main current, the ELC will not indicate this logically. It will only react to the secondary effects of the relay having switched off, so it will show `overspeed’ or `overvoltage’ as the reason why the relay is switched off. When trying to reset this by restarting the system, it will again indicate `overspeed’ or `overvoltage’ after a few seconds, as the relay can not switch on as long as the overcurrent trip has not been reset manually.

This misleading situation can be avoided by building an `overcurrent warning’ LED XE "overcurrent warning"  onto the PCB. This LED will light up when the overcurrent trip has tripped, see par. 5.2.

A.13.7 Testing

Preferably, the generator overcurrent protection should be tested, especially if a more complicated options was chosen or one that requires adjustments. The most realistic test is to have the generator itself produce a too high current, see also at `possible causes for overcurrent’ at the beginning of this par.:

1. Adjusting the turbine flow control valve higher so that turbine output power becomes too high for the generator.

2. Connecting so much user loads that voltage drops considerably below nominal voltage. Then `undervoltage’ protection feature should be adjusted insensitive so that this feature will not trip.

3. Connect user loads with a very poor power factor: `Induction’ type electrical motors, fluorescent lamps with magnetic ballast etc. 

Of course current should be measured during such a test, see annex C.4. Also, generator temperature should be checked carefully and the test should be stopped if there is any danger of winding temperature becoming too high. See annex D.3.3 for a way to measure winding temperature.

If testing with the generator is not feasible or is seen as too dangerous for the generator itself, one could also use an adjustable welding transformer to supply a large enough current. Then even the lowest welding current might be too high for a `mild overcurrent’ situation. A lower current can be obtained by: 

· Switching the welding transformer to `400 V’ input while it is connected to only 230 V. 

· Connecting heavy resistive loads in series with either primary side or secondary side of the welding transformer.

If there is no series resistor at the secondary side, current from the welding transformer only passes the fuse or MCB that is to be tested and the current transformer that is used to measure it. This means that secondary side of the welding transformer is nearly short-circuited. This won't harm the welding transformer as it is designed to produce a limited secondary current.

A.13.8 Restarting after overcurrent protection has tripped

When the overcurrent protection trips, all loads are switched off and the turbine will speed up: A run-away situation. In some cases, user appliances might be destroyed if the system would be restarted by just resetting the overcurrent protection XE "starting up:after overcurrent" . This is the case if all 3 conditions below are true:

1. The generator is a  `compound’ type generator. This type will produce a way too high voltage when driven at too high a speed.

2. The overcurrent protection switches off power to the ELC. Then if overcurrent protection would be reset, the ELC will react as if the system is started: All protection features give a `safe’ signal and the relay will switch on. This is the case with most options discussed in this annex. Only the `generator overheat' and `overcurrent trip' will not cut power to the ELC and with these, one of the protection features will trip. Then the system can only be restarted by shutting down the turbine,

3. There are user appliances that are sensitive to overvoltage even if it lasts less than a second (generally electronic appliances will be sensitive to this). The overvoltage caused by suddenly resetting the overcurrent protection will not last any longer because:

· Once the ELC is connected, the generator will slow down very fast.

· The overvoltage feature will react quite fast to such a large overvoltage.

When this danger exists, there should be a clear warning that overcurrent protection should never be reset while the generator is still running. To be sure, it might be better that it can not be reset from the outside, e.g. by mounting it in such a way that a guard must be removed first or a housing must be opened. Only after the turbine has been shut down, overcurrent protection can be reset (or a new fuse put in) and then the system can be restarted in the usual way, see par. A.3.

With other generator types, only frequency will be way above nominal in run-away situations, but this is not that dangerous. Still it would be better to shut down the turbine before resetting the overcurrent protection, and then restart the system in the usual way.

B Capacity and other specifications

B.1 Relevant components

Capacity of the ELC XE "ELC capacity" 

 XE "power circuit"  is determined by:

a. Number of dump loads: The 3 dump load version has a 1.5 times higher capacity (provided that the heat sink has a 1.5 times higher cooling capacity and other components can also stand the increased currents etc.). 
In principle, capacity could be expanded further by using even more dump loads that all have their own final comparator etc. This would reduce load to the generator due to the `thyristor factor’ (see annex G.3), but at the expense of more complicated wiring to all these dump loads. Therefor, expanding capacity by using a more powerful triacs or a parallel set of triacs seems more appropriate, see annex E.3.

b. Triac type being used, see annex E.3. Triac types have an absolute maximum current, but this is applicable only when they are cooled very well. When cooling is less optimal, there is a relation between their case temperature and maximum current they can conduct safely.

c. Heat sink, see annex E.4. In practice, cooling capacity of the heat sink determines maximum allowable current for the triacs. It is related to the maximum capacity of dump loads that can be connected to the ELC, which should be slightly higher than power output of the M.H. system.

d. Relay, see annex E.2. This determines the maximum current that can be drawn by both user loads and dump loads. It is related to the kVA rating of the generator.

e. Size of wires used for the power circuit. These should be large enough to accommodate the currents that can flow through them, see par. 3.6.

See annex G.4 for how power output and kVA rating of the generator are related to one another.

B.2 The relay

In par. 3.2 it was assumed that when contacts are connected in parallel, current rating increases proportionally. This is an optimistic assumption: SMITH,1994 recommends that with two contacts in parallel, current rating should be taken at 1.6 times current rating of a single contact. And for 3 contacts in parallel, current rating would become 2.2 times that for a single contact. 

I think that my optimistic view is acceptable because the relay will not have to switch off too often. For a relay, two conditions determine its life span.

1. The current it has to conduct. This heats up the contacts and if it would become too hot, life span will be reduced.
Now I think it is safe to assume that total current will divide itself neatly over the 2 or 3 sets of contacts and when contacts are connected in parallel, the total current it can conduct, rises proportionally.

2. The current it has to switch off. When switching off, always one contact will come loose just a fraction of a ms later than the others and then that contact will carry all current. Now when this contact comes loose also, there will be a spark that carries all current. So with respect to the current it can switch off, current rating for contacts in parallel will be the same as for one single contact.

Now current rating is often given as the current it can switch off 100,000 times. When used in an ELC, it is unlikely it will ever reach more than a few thousand cycles. This makes it acceptable that with each cycle, contacts are damaged somewhat so switching off a larger current should be acceptable. 

Two other aspects are relevant:

· Normally, current through the relay will be the design current of the M.H. system. This design current is well below rated current for the generator because safety factors must be used in choosing the generator rating, see annex G.4. For the relay, safety factors could be much lower or even left out.

· Even when user loads are purely resistive, it is doubtful whether the `AC1 current rating' (for resistive loads) can be used as the generator itself has an inductive character. So when the relay switches off, stator self-inductance could cause a spark, just like when it would switch off an inductive load from the grid. However, relay contacts are protected somewhat against sparking by the varistors connected at each side of it.

There is a series of standard industrial relay that have round pins arranged in a circle as connections. Normally, these are used with relay connectors, that can be mounted on `DIN' rail and have screw connections. The version with 24 VDC coil and triple 10 A `switch-over' function is suitable up to 6.9 kVA of system capacity (with the three sets of contacts connected in parallel, giving a total switching capacity of 30 A). Coil resistance is ca. 440 ( and then DC voltage supply needs only two 2200 (F capacitors. To save money and space in the housing, the relay connector can be left out and wires soldered directly on the pins. These pins are quite close together, so make sure not to reduce this minimal air gap any further by applying soldering at these spots. 

Large capacity relays with 230 V AC coil XE "relay:with AC coil" 

 XE "ELC capacity:kVA rating" : For use in the present circuit, only relays with a 24 V DC coil can be used. For high current ratings, relays with a 24 V AC coil or 230 V AC coil are more common and much cheaper. So for large capacity ELC's, it would be attractive to use a large relay with 220 V AC coil that is powered from the generator connections, with a small relay with 24 V DC coil that interrupts current to its coil when a protection feature trips.

This option can not be used right away because of the `relay rattle' problem, see par. 4.6. The fast undervoltage feature will protect the small, 24 V DC relay against too fast switching, but not the large 230 V AC one! To protect also the large relay, the fast undervoltage feature could be modified as follows:

1. Its input signal should be `Vunstab' instead of `+V'. 

2. This input voltage should be filtered a little, so that this feature won't trip at the dips between two half periods of rectified secondary voltage of the transformer. It should certainly not be filtered too much, so that it might not trip while the main relay has already switched off due to lack of input voltage for its coil.

3. This input voltage should be reduced to a value that can be compared with Vref.

The following circuit might do the job:

· Two 10k resistors form a voltage divider between `Vunstab' and `E'.

· From this voltage divider: An RC filter consisting of a 33 k resistor and a 220 nF capacitor (with its other lead connected to `E'). Together with the voltage divider, this will create a time constant of some 10 ms.

· The diode in `fast undervoltage' module connects to this capacitor instead of to the 10k - 27 k voltage divider from +V. The latter voltage divider is superfluous now.

This circuit has not been tested yet. Also the characteristics of relays with AC coil (minimum voltage the AC coil needs, delay time after which it will actually switch off) are not known. So the above mentioned resistor values might need to be changed.

B.3 The triacs

Depending on heat sink capacity, the standard TIC263M triac can switch a 3.5 kW dump load so capacity for the 3 dump load version is 10.5 kW. If an ELC with a capacity well above this 10.5 kW is needed, the following options are open XE "ELC capacity:kW rating" :

· Build a parallel set of triacs.

· Use triacs with a higher current rating.

· Use thyristors instead of triacs.

A parallel set of triacs XE "triac:parallel set of-"  is the easiest solution because the same, well-known triacs and triggering circuit can be used. The BC237 transistors in final comparators module are just capable of triggering an extra triac. From there onwards, the parallel triacs need their own 150 R resistor to the collector of this transistor, and 1 k resistor to the positive end of the 47 uF elco capacitor (see the red symbols and values in figure 23 near "for parallel set of triacs"). 

The parallel triac also needs its own varistor and noise suppression coil. From there onwards, the two branches can join up again, so both noise suppression coils connect to the `230 V switch' end of the same dump load. Provided that both triacs are cooled properly, this dump load can have double capacity, so ca. 7 kW.

Connecting triacs in parallel is uncommon because there is no guarantee that total current will divide itself evenly over both triacs. Then the one drawing most current, could become overloaded while total current is still less than twice rated current for this triac type. It is the added resistance of the noise suppression coils that will force current to divide itself more evenly. To make sure that current will divide itself equally, pay attention to:

1. Both triacs should be equal: Same type, manufacturer and, if possible: production batch.

2. Resistance of the noise suppression coils should be equal: Use the same size and length of cable.

3. Connections in power wires should be made carefully, so that there is no extra resistance added by these connections.

4. Temperature of both triacs should be kept equal. It is best to put both triacs quite close together on the same heat sink.

Maximum current for the BC237 transistors is only 200 mA and this makes it impossible to trigger 3 parallel sets of triacs. When these transistors would be exchanged for an NPN transistors with a higher current rating (e.g. 2N2219A), 3 triacs in parallel would be possible. By then, so much trigger current XE "trigger:current"  could be drawn from the 47 uF elco capacitor that it won't get recharged properly. So it would be best to also exchange the 150 R resistor from +V to its positive end, and the 150 R resistor from `E' to its negative end, by 82 R resistors.

Compared to the TIC263M triac, the BTA26-600B triac XE "triac:BTA, high current"  is less demanding with respect to cooling requirements, see SGS-THOMSON, 1995. It is also rated at 25 A and can conduct this 25 A up to a case temperature of 90 (C (as compared with 70 (C for the TIC263M). It has an insulated casing so no electrical insulation layer is needed between the triac casing and the heat sink. So thermal resistance from triac casing to the heat sink can be very low and a less large heat sink will do. Also fitting the triacs on the heat sink is easier if they do not have to be electrically insulated.

Another triac produced by SGS-THOMSON, the BTA41-600B can even conduct 40 A up to a case temperature of 75 (C. These triacs do not have to be mounted on an insulated plate so with these, a cheaper and simpler heat sink design could be used that will have an even higher cooling capacity because there is no added heat resistance for the insulation layer. 

For high capacity ELC’s, especially the BTA41-600B could be an interesting option. However, these BTA triacs all have a much lower maximum dI/dt value (see annex H). If these types are going to be used, this dI/dt problem has to be sorted out first. And of course, the new circuit has to be tested again. That is why for the moment, the TIC263M seems the best choice, even if it would mean that a parallel set of triacs would be needed.

The fact that these BTA triacs can stand a higher case temperature and consequently need a less large heat sink, means that this heat sink will end up hotter. This can cause other problems:

· The ELC housing might not stand such a high temperature for long. Certain kinds of plastic might become soft or discolor.

· Temperature inside the housing will rise somewhat, causing a reduced life span for some kinds of components, see par. 3.7.

· The heat sink could reach a considerably higher temperature than the 80 (C mentioned as maximum in par. 3.4. So a guard has to be placed around it to prevent that people get hurt when they accidentally touch it.

For even higher capacities XE "thyristor:instead of triac" , can be used. These are the work horses of power electronics: Cheap, rugged and available with current ratings up to thousands of amperes. Like a diode, a thyristor can conduct current in only one direction so each triac must be replaced by two thyristors connected `anti-parallel'. Modern thyristors come in modules with two thyristors connected anti-parallel, see IXYS, 1999: Some interesting types: 

· MCC 56-12io1 B: Rated current for the module, effective value: 142 A, voltage rating: 1200 V, isolated case, trigger current: min. ca. 80 mA.

· MCC 72-12io1 B: rated current: 255 A. 

With thyristors, one thyristor conduct during the positive half periods and the other, anti-parallel one during the negative half periods. So there is no chance of current not dividing itself evenly over both thyristors and one noise suppression coil will do for one pair of thyristors.

To trigger a pair of thyristors from the existing circuit, a pulse transformer with two secondary coils can be used. This provides electrical insulation between the thyristor cathodes and triggering circuit while still, the power needed to trigger them can be transmitted. 

Pulse transformer types with a 3:1 transformation ratio between primary and secondary coils exist and with these, trigger current is multiplied by 3 without needing a higher input current. The secondary coils are connected to the thyristor cathodes and, via a 33 R resistors, to their gates. The primary coil is connected to `MT1' terminal on the PCB and, via a 68 R resistor (instead of the usual 150 R one), to the collector of the BC237 transistor driving it. This circuit will produce a trigger current of ca. 120 mA for both thyristors. 

For thyristor types needing a larger trigger current XE "trigger:current" , the 33 R resistors could be exchanged for lower values: 22 R gives 140 mA trigger current, 15 R gives 157 mA and 10 R gives 170 mA. Lower values make no sense as then trigger current will not divide itself evenly over both thyristors. 

For still higher trigger currents, the 68 R resistor must be chosen lower. Then the BC237 transistor must be exchanged as well, e.g. with 2N2219A transistors (current rating is 800 mA). This transistor needs a larger base current, so also the 2.2 k resistor between its base connection and the 47 nF capacitor, must be chosen lower, e.g. 470 R. This would make that trigger pulses will last only 50 (s instead of the usual 0.2 ms and to avoid this, the 47 nF must be exchanged for a 220 nF one (or 100 nF for 0.1 ms trigger pulses, which should be enough). With these modifications, the circuit will draw ca. 4 times higher current from its voltage supply: The 47 (F elco capacitor. To make that this capacitor can supply this, its value should be increased to 220 (F and the 150 R resistors from it to `+V' and `E' must be replaced by 39 R ones. 

If only 1:1:1 current transformers are available, these modifications are already needed to reach a trigger current of 85 mA.

The secondary coils of the pulse transformers must be connected with right polarity since thyristors need a positive trigger current. Always both thyristors are triggered while only one of them will have its polarity right and actually switch on, but this won't harm.

B.4 Heat sink capacity

In par. 3.4, a possible heat sink XE "heat sink"  construction is presented. The tricky thing is gluing the plates onto the heat sink using silicone sheet and silicone paste. If that construction is not possible or seems too laborious, there are alternatives:

· Use screws to press the plates onto the heat sink, instead of silicone paste used as glue. In that case, only the silicone sheet is needed and heat resistance will be even smaller because thickness of the silicone layer will be smaller. But it will be difficult to guarantee the 3 mm air gap. The screw heads can be insulated from the plates using parts that are meant for mounting transistors electrically insulated onto a heat sink. There are plastic bushes that serve as an isolating washer directly under the screw head and a thinner bush extending downwards for 3 mm to insulate the screw there and keep it well-centered. Where the bush ends and the screw passes through the sheet, the hole in the plate should be drilled much larger to guarantee the 3 mm air gap there. The plastic washer under the screw head will be too small to give 3 mm air gap there and this can be solved by fitting a mica insulation plate between the plastic bush and the plate. Now the screws penetrate the heat sink, so special care should be taken that no water can come in there. To protect the silicone sheet near the edges against punctures, that area can be covered with electrical tape.

· Nowadays, a thermal bonding compound available, e.g. type `TBS’ produced by Electrolube and available from RS, Germany (see RS, 1999). This is a special kind of two-component glue designed for gluing power elements onto heat sinks or parts of heat sinks together. When parts are pressed together with the right pressure (1 to 2 bar, so 250 to 500 N for a 50 x 50 mm plate), a 0.2 mm layer of this compound will remain. After curing at room temperature this layer will have very good mechanical strength, a thermal resistance of  only 0.07 (C/W (specific thermal resistance is 0.91 (C*m/W) and a maximum insulation voltage of 2.2 kV. It can stand a maximum temperature of 100 (C, so well above the highest temperature the heat sink might reach. It can also be used to insulate the area just around the plates.
This thermal bonding compound must be ideal for fixing plates onto the heat sink, but I haven't  tried it out yet. Because the layer is so thin, electrical insulation is only guaranteed if the metal parts are perfectly flat (absolutely no burrs!) and not even the smallest grain of aluminum filings has gotten into the glue layer. If electrical insulation can not be tested with a megger, it might be better to have two such insulation layers between triacs and the heat sink. To achieve this, make another aluminum plate of say 112 x 56 x 0.5 mm and glue this in between the heat sink and the 4 mm plates. Check resistance of both insulation layers separately. With two times 0.2 mm glue, thermal conductivity will still be better than with the silicone sheet + paste construction.

To calculate maximum triac current for a certain heat sink construction, thickness tisol of silicone sheet + paste (or thermal bonding compound layers) must be known: Measure height of the plates above the heat sink and subtract thickness of the plates itself. Calculate thermal resistance of the silicone layer using either: 

· Specific thermal resistance for silicone material of  Rs,sil  of 1.4 (C*m/W, or:

· The value specified for silicone sheet, or:

· The value for two-component glue of Rs,tbc = 0.91 (C*m/W

Risol = Rs * tisol / (0.05 * 0.05)

With:

   Risol =  thermal resistance, in (C/W

      Rs = specific thermal resistance of material used,

    see above

     tisol  = thickness of insulation layer, in m (so not

               in mm!)

0.05 * 0.05 =  dimensions of the aluminum plates in

               m

Now for different currents, the maximum ambient temperature at which the triac will just not overheat, can be calculated. First, thermal resistances can be added up:

· From triac case to aluminum plate: 
ca. 0.1 (C/W (if plate is flat, heat conductivity paste is used and the nut is well-tightened)

· From plate to heat sink


ca. 0.2 (C/W (for a silicone layer of 0.4 mm, see above)

· From heat sink to ambient


ca. 1.8 (C/W
This value is based on a measured thermal resistance of 0.9 (C/W for the SK53-100 heat sink, see point 1 in par. 3.4. Since there will be two triacs mounted on this one heat sink, only half of it is available for each triac and thermal resistance per triac is double this value.
For the 3 dump load version, only 1/3 of heat sink capacity is available for each triac, so 3 times thermal resistance of the heat sink should be taken. Usually this means that a heat sink with lower thermal resistance (so: larger cooling capacity) will be needed. 

This makes that for each triac, total thermal resistance from case to ambient is 2.1 (C/W.

table 5: ELC capacity, thermal resistance of heat sink and maximum ambient temperature (ELC capacity is given for 2 dump load version and at 230 V)  XE "heat sink" 

 XE "ELC capacity:kW rating" 
triac current,
ELC capa-
max. case
triac dissipa-
max. ambient temp., (C, with Rth = ...

A
city, kW
temp., (C
tion, W,
1.0
2.1
4

0
0
110
0
110
110
110

5
2.3
102
5.3
97
91
81

10
4.6
94
11.4
83
70
48

15
6.9
86
17.9
68
48
(14)

20
9.2
78
25.2
53
(25)
(-23)

25
11.5
70
33.2
(37)
(0)
(-63)

Maximum allowable case temperature for the TIC263M triac is 70 (C when current is 25 A is and current should be de-rated linearly up to 110 (C, see annex H. Unfortunately, its data sheet does not specify dissipation XE "dissipation"  at different currents so below, dissipation of the BTA26-600B triac is used instead. In table 5, maximum ambient temperature Tambient is given for different currents and for three values of total thermal resistance Rth:

Now triacs will not overheat if ambient temperature remains well below the maximum values specified in the table below. In tropical areas, ambient temperature can become as high as 40(C so an ELC can only be used up to such a current that maximum Tambient remains above 40 (C. That is why values below 40 (C are printed between brackets.

Some conclusions:

1. The heat sink construction described in par. 3.4 had a total thermal resistance Rth of 2.1 so it can safely be used up to 6.9 kW dump load capacity, leaving a safety margin of some 8 (C. Now also heat sink temperature can be estimated: Suppose ambient temperature is 40 (C, dissipation XE "dissipation"  is 17.9 W and thermal resistance of heat sink alone is 1.8 (C/W. Then heat sink temperature will be 40 + 17.9 * 1.8 = 72 (C, so just above the 70 (C limit!!!
With 7.0 kW dump load capacity, maximum ambient temperature is 47 (C (interpolated in table 5), still leaving a margin of 7 (C. So capacity of the standard design is set at 7 kW.

2. If 4.6 kW capacity will do, total thermal resistance can be 4 (C/W. For this, a heat sink with ½ * (4-0.3) = 1.85 (C/W is needed. So from this point of view, a low capacity heat sink would do and even a plain piece of aluminum sheet of 100 x 100 x 2 mm would probably do. But now, heat sink temperature becomes dangerously high: 40 + 11.4 * 3.7 = 82 (C. To keep heat sink temperature at 70 (C, a heat sink with Rth = 1.3 (C would be needed.

3. If one would build a heat sink construction with Rth = 1, it could be used up to 10 kW while leaving a safety margin of 7 (C (max. Tambient derived by interpolation from the table). But to achieve this, thermal resistance of heat sink alone, should be ½ * (1-0.3) = 0.35 (C/W and such high capacity heat sinks are large, not easily available and very expensive: Some US$ 50 or more. Now, heat sink temperature at 40 (C ambient temperature would become: 40 + 28.0 * 0.7 = 60 (C.

4. To build a 10 kW ELC, it is probably more economic to build the 3-dump load version because it needs a smaller heat sink. This may seem weird since total dissipation will remain roughly the same. The difference lies in a higher allowable case temperature for each triac and in a lower temperature difference over the silicone insulation layer. Suppose total thermal resistance per triac is 2.1 (C/W. Then each triac can conduct 15 A, capacity would be 10.3 kW while maximum Tambient would again be 48 (C. Now there are 3 triacs mounted on one heat sink so its thermal resistance should be 1/3 * 1.8 = 0.6 (C/W. For instance type SK47-100-SA with Rth = 0.55 (C/W could be used, which costs ca. US$20 with RS in Germany.

Then in special cases, a different construction of the heat sink can be attractive:

Use the top cover itself as insulation layer: This means that no window has to be cut into it, and no carefully glued insulation layer is necessary. The triacs could be fixed non-insulated to aluminum sheets with as large dimensions as fit inside the top cover. These sheets are glued into the top cover with silicone paste or hard-PVC glue. At the outside, a simple heat sink or just pieces of aluminum profile could be glued to increase surface area to air.

However, specific thermal resistance of most types of plastics is rather high (e.g. for PVC: 6.3 W*m/(C, Poly-Ethylene: 3.5 - 4.3 W*m/(C, Nylon-6: 5 - 3.3 W*m/(C). Also, the top cover will be a few mm thick, so thermal resistance of this plastic layer is quite high (use formula for Rsil at the beginning of this par. to calculate how high, make sure to fill in the right dimensions for the sheets instead of `0.05 * 0.05’). This means that even with a large heat sink at the outside, this construction can only be used when capacity is less than some 4 kW. When capacity is less than 1.5 kW, the heat sink at the outside might even be left out. Now, limiting factor is not the triacs, but temperature inside the housing that could rise so high that life span of other components is reduced. So when this construction is used, temperature inside the housing near the upper side, should be checked in a power test.

Heat sink with a fan mounted onto it: The forced air stream makes that thermal resistance of the heat sink drops to1/4 of its normal value when air velocity is 4 m/s (see FISHER, 1998). Heat sink construction itself could be like described in par. 3.4. It makes sense to choose a heat sink with less high fins, but many more of them, e.g. type SK85-100. Then a small capacity fan (in m3/hr) will still give a quite high air velocity. Also this heat sink has a more `massive’ shape so that thermal resistance from the area where the plates are glued to the ends of the fins, is less.

Usually, the air stream is blown through the space between cooling fins from one end. This would mean that the fan blows air in a chamber, which in turn guides it to the heat sink. It might be easier to mount the fan on supports fitted to some heat sink fins, with its shaft perpendicular to the flat back side. Then it blows air into the space between fins, which will then bend off either upwards or downwards.

Small cooling fans like the ones used in computers are widely available and cheaper than the price difference between the normal heat sink and a very large capacity one. The types for 230 V are best, as they could be connected to the grid after the ELC. Good quality types will reach an acceptable life span. Problem is that they are not water-proof and might be damaged if water splashes around or air is very humid. If the fan would fail, the ELC itself will not be damaged because `ELC overheat’ feature will trip and switch of dump loads and user loads.

B.5 Noise suppression coils

First something about magnetic saturation XE "saturation" \b : Normally, plain iron (and some other metals) are very good conductors for magnetic field and this is why iron is used in coils, transformers and electrical motors. How good, is expressed as a coefficient of magnetic induction = strength of magnetic field /  magnetic force that induced this field. Magnetic force for a coil is: constant C * current I * number of windings N. Since number of windings will be constant also, magnetic force varies linearly with current. The energy stored in a magnetic field = constant C * magnetic force * magnetic field.

Now for low values of magnetic force, this coefficient of magnetic induction is more or less constant. But above a certain level, it starts to drop off as the iron gets `saturated’ by the magnetic field. This means that any further increase in magnetic force (or rather: Current), leads to smaller and smaller increases in magnetic field. Then this increase in magnetic force also leads to a smaller increase in energy stored in this coil.

Once iron gets magnetically saturated, generally current through this coil, transformer or electrical motor starts to increase quite strongly. For a coil, its self-induction value drops once it gets saturated, so rate of increase of current dI/dt will end up much higher. Transformers and electrical motors will draw a higher reactive current XE "reactive current"  once they get saturated. This leads to increased dissipation in their copper windings and they might get destroyed due to overheating.

Now about the noise suppression coils XE "noise surpression coil" : It is difficult to measure characteristics of the noise suppression coils directly. Measurements were made on a core for noise suppression coils with 50 windings and from these results, characteristics at only 8 windings can be calculated:

· Self-induction: ca. 880 (H. At currents well below saturation XE "saturation"  current, self induction is even higher at 1.7 mH.

· Saturation current: 0.26 A. 

This means that when a triac is triggered while generator voltage is at its amplitude of ca. 325 V (so at 90( trigger angle), rate of increase of triac current dI/dt is limited to 0.37 A/(s. This is way below maximum dI/dt of 200 A/(s for the standard TIC263M triacs. It is also much less than maximum dI/dt of 10 A/(s for the BTA triacs, see annex H. 

Once current rises above the saturation current of 0.26 A, self-induction drops off sharply and current starts to rise much faster. So this coil can not limit dI/dt until triac current has increased to the value corresponding with dump load capacity. It merely delays the moment at which current starts to increase very fast. At a rate of increase dI/dt = 0.37 A/(s, it takes 0.75 (s before current reaches the 0.26 A saturation current. So for less than a (s after being triggered, current through triacs is limited and after that, it can rise quite fast. For ordinary triacs or thyristors, this will not harm the triacs but it might be dangerous for BTA triacs, see annex H.

Even when current is way above saturation current, a minimal self-induction will remain. This is important with respect to interference problems as a current increasing very fast, could induce voltages in any wires running parallel to it, see par. 3.9.5. If such problems would occur, it makes no sense to increase the number of windings of the noise suppression coil, as then saturation current would decrease. Decreasing the number of windings might be more effective. But the best answer is probably to fit power wires and noise suppression coils in such a way that their effect on the PCB is minimized, see the recommendations in par. 3.9.5.

Unlike real ferrite, the core for noise suppression coils did not have a very high resistance. Then if a high voltage is applied over the 8 real windings, the core material itself could act as a secondary winding. This makes it works like a transformer rather than a coil and rate of increase of current is not limited properly.

With the core clamped axially between two metal plates, a resistance of some 100 ( was measured. Assuming that secondary current flows only through the inner ¼ of core material, and then back in the outer ¼, internal resistance of this single, short-circuited secondary winding is 800 (. Now with a voltage of 325 V over the 8 primary windings, a voltage of some 41 V will be induced in this secondary windings and a current of 51 mA will flow. Using again this 8:1 transformation ration, this corresponds to a current of 6.3 mA through the 8 primary windings.

This 6.3 mA appears as a leakage current in parallel to current through the self-induction: As soon as the triac has switched on, there is a voltage over the 8 primary windings and this current will flow. I guess this is too low to harm the triacs.

B.6 The transformer

This par. refers to the transformer in the ELC electronics, so not to any power transformers used to transport electricity at high voltage. For special versions, or for special conditions, it makes sense to choose a different transformer type:

More current: Current drawn from the transformer is determined mainly by resistance of the relay coil. The PCB will always consume some 30 mA. The standard relay draws 70 mA current, making total current drawn from the transformer ca. 100 mA. The standard 18V 4.5 VA transformer can just supply this without secondary voltage dropping too low.

It may seem weird to use a 18 V transformer to produce a 24 V output voltage, but this way, dissipation XE "dissipation"  in the transformer is lower and it can stand a higher temperature, see par. 3.7 

If a relay XE "relay:coil resistance"  with a coil resistance below 350 ( is used, a 24V 4.5 VA transformer should be used. This one can produce up to 150 mA without secondary voltage dropping too low. Leaving 30 mA for the PCB, a relay drawing 120 mA can be used, so its coil resistance should be 200 ( or more. Even at only 100 mA, dissipation in this transformer will be ca. 3 W (compared with ca. 1.8 W for the 18 V transformer) and at 150 mA, dissipation will rise to ca. 4.1 W. This is still allowable, but extra care should be taken that:

· Temperature inside the housing will not rise above 60 (C.

· The transformer is rated for 60 (C ambient temperature (insulation class `T60’). 

· `Overvoltage’ feature should be adjusted to 250 V or lower. If both input voltage would be above 250 VAC and output current would be quite high, dissipation of the transformer would become too high.

With a 24V 4.5VA transformer, the 22k resistor in `undervoltage’ module between Vunstab and the 25k trimmer, should be replaced by a higher value, see below at `readjusting overvoltage and undervoltage feature’.

With a 24V transformer, there will be higher voltages over the thyristor and other components in the coarse stabilized voltage circuit (see par. 2.2). These can easily stand such higher voltages.

If still more current is needed or if temperature inside the housing might rise higher than 60(C, a 24V 8VA transformer can be used. Likely, 8VA transformers are only available with insulation class T40, so for 40(C ambient temperature. This means that at around 60(C, such a transformer should not be used at more than say 70 % of their rated output current, so at ca. 230 mA. The 8VA transformer is larger and there is no room for it on the PCB. It should be fixed somewhere else and its connections wired to the appropriate places on the PCB.

Using an 18V 8VA transformer makes no sense since its secondary voltage will be too low.

Lower minimum input voltages: A wider input voltage range can be advantageous when one wants to start heavy electrical motors that will cause generator voltage to drop sharply. With the standard 18V transformer, the ELC will work normally as long as input voltage is above ca. 166 VAC and `fast undervoltage’ feature will trip once input voltage drops below ca. 107 V AC (see par. 2.2). With the 24V, 4.5VA transformer, the ELC will work normally when input voltage is above ca. 138 VAC and it can keep the relay switched on as long as input voltage is above ca. 90 VAC. But at input voltages just above 90 VAC, eventually normal undervoltage protection feature will trip since it can not be adjusted lower than ca. 110 V.

If one would like to start a very large motor, as compared to generator capacity, this minimum input voltage might still be too low. Then it makes sense to build a battery backup power supply to the ELC, see par B.3.7.

Higher voltage / frequency ratio: As explained in par. 3.8.2, the transformer can stand very high voltages easily as long as frequency increases proportionally, so that voltage / frequency ratio remains the same. If voltage would increase more strongly and the voltage / frequency ratio increased by 20 % or more, the iron inside might get saturated XE "saturation" , reactive current XE "reactive current"  drawn by the primary side increases sharply and the fuse might blow. Then the LED’s are all off and one can only guess which protection feature made the relay switch off and caused this run-away situation.

To avoid this, a transformer is needed that at normal frequency, can stand a higher input voltage. For instance a transformer with nominal input voltage of 410 V, output voltage of 36 V and 8 VA capacity would be ideal. Then at 230 VAC input voltage, output voltage would be 20 V and it could still produce some 200 mA. However, transformers for higher input voltages are hard to find. To achieve a higher input voltage, the following options exist:

1. Use a 50 Hz transformer at 60 Hz. At a 20 % higher frequency, this transformer can have a 20 % higher input voltage, so 276 VAC. Assuming it has a 20 % safety margin with regard to lower frequency, this transformer should have a maximum input voltage of 331 VAC at 60 Hz.

2. Use one of the secondary sets of windings as primary windings in series with the normal primary windings. For this, a 2*30VAC 8VA transformer can be used. Open circuit voltage of secondary windings is 1.21 times nominal voltage, so 36V for the one set of windings that is to be connected in series with the primary windings. Then input voltage will be 230 + 36 = 266 V and, including the assumed 20 % safety margin, maximum input voltage will be 319 V. At 230 V input voltage, output voltage will be 26 V and this is acceptable.
This transformer will be used inefficiently, as the remaining secondary windings must produce all output power. When connected normally, maximum current for each of the sets of secondary windings would be 133 mA and to be safe, this value should not be surpassed.
The set of secondary windings should be connected to the primary one with right polarity (if not, one would subtract 36V from nominal 230 V input voltage rather than add it). The easiest way to find out is by just connecting one secondary pin to one primary pin. Then connect 230V input voltage over primary windings only. Now measure voltage between the pins that are not connected: If it is ca. 266 V, polarity is right. If it is only 194 V, secondary windings should be connected with its polarity reversed.

3. Use two transformers with both their primary and secondary windings in series. Now, each transformer will only receive half of input voltage and, including the 20 % safety margin, maximum input voltage will be 552 VAC! Now internal resistances of both transformers are added also and two 24VAC 4.5VA transformers in series probably can not produce 100 mA at 230 VAC input voltage. That is why two 24VAC 8VA will be needed.
Since the transformers are identical, it is easier to see how windings should be connected in series with the right polarity. If output voltage would be close to 0, things went wrong and one of the secondary or primary windings should have its polarity reversed.

4. A 15W, 230V filament lamp connected in series with primary windings of the transformer. The lamp should be connected in series only with the transformer (not with the three 332 k resistors) so that it will not influence voltage signal to voltage dividers. The lamp will act as a series resistor that limits current drawn by the transformer. Resistance of the filament lamp increases with its temperature so at a low current, resistance is quite low, while it increases when the transformer draws more current. Still this is a poor solution because:

· It not only reduces reactive current drawn by the transformer in case voltage is too high, but also resistive current that is associated with its power output. So output voltage will be lower and at least a 24V transformer should be used.

· Power dissipated in the lamp causes a higher temperature inside the housing.

· It is difficult to calculate what happens, so what the new maximum input voltage will be.

With a lamp in series, Vunstab becomes an inaccurate measure of input voltage signal. This means that `undervoltage’ and `overvoltage’ feature will be difficult to adjust and will not work that accurately 

B.7 Readjusting `undervoltage’ and `overvoltage’ feature 

If another transformer or a different relay is used, relation between input voltage and Vunstab XE "Vunstab"  will have changed and `undervoltage’ and `overvoltage’ feature must be adjusted again. 

In some cases, adjustment ranges of these features will have changed so much that the desired setting ends up outside of their range. Then the 22 k resistor in `undervoltage’ module between `Vunstab' and the 25k trimmer, should be replaced by another value. If Vunstab would be higher than usual (if transformer output voltage is higher, its internal resistance is lower, or if the relay draws less current), this can be compensated for by choosing a higher value, e.g. 33k or 39k. Ideally, the most sensitive setting for both features should be 220 - 230 VAC. Of course these features must be readjusted also if this resistor has been changed.

With a 24V 4.5VA transformer, a 39k resistor is a good choice. Then with the standard relay, `undervoltage’ setting can be adjusted from 108 to 218 VAC and `overvoltage’ setting from 218 to 278 V.

Generator characteristics

B.8 Voltage regulation

This annex deals exclusively with synchronous generators. See SMITH, 1994 for details on induction motors used as generators.

Clearly, a generator will produce its nominal voltage when driven at the right speed with no load connected to it. Once a load is connected to the generator, its voltage will drop due to the voltage drop over internal resistance of its stator windings and due to magnetic effects (see with `stator reaction field' in annex G.3.4.1). 

Practically all generators will have a mechanism that keeps generator voltage more or less constant, irrespective of changes in generator current. This current will change if total load changes, or if power factor XE "power factor:to generator"  of this load changes and with that: The reactive current XE "reactive current"  drawn from the generator. This mechanism works by varying field current:

1. By `compounding' XE "compound type generator" . With this method, there is a basic field current that is chosen so high that with no load, the generator just produces its nominal voltage. To compensate for this, there is a `compounding' mechanism that causes field current to increase proportionally to the current that is drawn from it.
This is a kind of feed-forward regulation that compensates only for the effect of current drawn from a generator by the loads attached to it.

2. With an `AVR' (Automatic Voltage Regulator) XE "AVR:generator with-" . This is a piece of electronics that measures generator voltage and regulates field current accordingly.
This is a case of feedback regulating that, within limits, compensates for all possible causes that might make generator voltage deviate from its nominal value. Only below a minimum speed, generator voltage will drop off as field current reaches the maximum value the AVR can produce.

The smallest and oldest generator types are often of `compound' type. Larger, high-quality, modern generators are more likely to have an `AVR'. 

An AVR is a sensitive piece of electronics and it is often the first part of a generator that fails. The compounding type is more robust and easier to repair in the field (see HARVEY, page 266-270, what is called `compound’ type above, is called `compound transformer or Wound AVR’ by him).

Generally, generator voltage is regulated more accurately by an AVR than by compounding. Within the AVR types, there might be a wide variety in quality of voltage regulation. Relevant aspects are:

1. Is generator voltage maintained at its set value irrespective of:

· Current being drawn 

· Power factor of user load 

2. How does generator voltage react to a large user load being switched off. Clearly, generator voltage will show a peak right after the load was switched off, but how high and for how long. 
The PI controller also reacts to a large user load being switched off by increasing dump load power. So adjusting PI controller faster can make the peak less wide. But it has no effect on the height of the peak right after the load was switched off.

3. Does generator voltage drop proportionally with generator speed when the system is overloaded, see par. 4.8.

This can be very relevant if it turns out that some types of user loads get destroyed by overvoltage: There might be just no setting for overvoltage feature at which it protects user appliances adequately, and does not trip too often, see par. 7.4.9. 

See next par. for more details on generator voltage during run-away.

B.9 Maximum voltage under run-away condition

Even though a generator is designed not to produce voltages higher than nominal voltage, it could produce much higher voltages in a run-away situation.

The open circuit voltage of a generator is given by:

Vo = Cg * S * (
With:
Vo =  Open circuit voltage, so without any 

load connected to the generator.

Cg =  A constant determined by generator 

construction

S   =  Generator speed

(  =  Magnetic flux. 

So clearly, run-away voltage depends on run-away speed: The speed with no loads connected to the generator while turbine is receiving its normal flow and head. For crossflow turbines, run-away speed is 70 % above its optimum speed. This means that if the optimum transmission ratio was chosen (so that the turbine will run at its optimum speed when generator speed is kept at its nominal speed), then run-away speed will be 170 % of nominal speed. 

Run-away voltage also depends on magnetic flux (, which is generated by field current If. At low values for If, flux ( increases practically linearly with field current If. At the values for If that occur during normal operation, flux ( tops off and any further increase in If causes only a small increase in (: The iron packet inside the generator is partially saturated with magnetic field.

Now voltage Vc with a load connected to the generator, will be quite a bit lower than open circuit voltage Vo. How much lower, depends on generator construction, current being drawn by the load and on power factor for this load. An inductive load will cause generator voltage to drop further than a resistive or capacitive load. As a rough guideline, one could assume that at full load, Vc will be something like 20 % below Vo.

This is why generators need some regulating mechanism or compensating mechanism in order to produce the correct, nominal voltage irrespective of loads being connected, see also previous par.:

1. Compound-type generators: The compounding mechanism does not react to changes in generator speed and then one would expect generator voltage to increase linearly with speed. Quite likely, a high generator voltage causes field current to rise further and this makes that generator voltage will rise even stronger than generator speed: A compound type generator running at 140 % of nominal speed, gave a voltage of 160 % of nominal voltage. So here, 40 % of the increase in voltage is explained by increased speed and the remaining 14 % must be due to increased field current. So at a run-away speed of 170 - 180 % of its nominal speed, this generator type would probably produce about twice its nominal voltage.

2. Generators with AVR: As long as the AVR functions properly, it will keep generator voltage constant irrespective of changes in generator current or speed. Now an AVR is a delicate piece of electronics and it could fail:

· It might fail to the safe side, providing no field current at all and then generator voltage will drop to a very low value.

· It could also fail in such a way that it provides maximum field current. Then even at nominal speed, generator voltage could be too high, this will make `overvoltage’ feature trip so all loads are disconnected and the generator will speed up. So even though chances of an AVR failing in this way may be low: If it happens, the ELC will react by switching off all loads and this will cause a run-away situation. 

With this generator type, the effect due to increased field current will probably be larger than the 14 % mentioned for a compound type generator. So at a run-away speed of 170 - 180 % of nominal speed, a generator with defective AVR will probably more than twice its nominal voltage.

However, higher run-away speeds and with that: higher voltages are possible, see annex A.1. To be safe, the ELC was designed to withstand a voltage of 600 V, so nearly 3 times nominal voltage. This 600 V is the effective value and corresponding peak value is 850 V.

It makes little sense to try to make the ELC resist even higher voltages as probably, the generator will not survive such high speeds for mechanical reasons: The field windings might be pulled out of the rotor.

B.10 Reaction to overload situations

When there is an overload and generator speed drops below nominal speed, ideally generator voltage should drop proportionally so that voltage/frequency ratio remains constant. Then inductive appliances are safe from a too high voltage in relation to frequency, see par. 4.8 and annex B.3.5. For other types of appliances, probably this is also the safest situation. When there is an overload situation, voltage will drop anyway because only then, mechanical power taken up by the generator, can match again with mechanical power produced by the turbine, see annex B.3.3.

Below nominal speed, a compound type generator will react favorably: Voltage goes down as speed goes down. Voltage might even drop a bit more than frequency, since at overload, generator current will be above design current. It is unlikely that this will do any harm.

A generator with a simple AVR will try to maintain nominal voltage even if its speed is below nominal speed. Then in a way, the AVR is doing its job too good: It even keeps voltage at nominal value when speed is already too low. Such AVR types could be called `wide range AVR XE "AVR:wide range" .

Only when field current has reached its maximum value, the AVR can not correct for a reduced speed any more and if speed drops further, voltage will drop also. The lowest speed at which the generator can still produce nominal voltage, depends on generator characteristics and on current being drawn by user loads. It could very well be lower than 90 % of nominal speed and then some types of inductive appliances are already at risk, see par. 4.8.

More sophisticated AVR’s might sense that frequency is too low and could reduce voltage accordingly. Such types could be called `intelligent AVR’ or `AVR with frequency roll-off XE "AVR:with frequency roll-off" ’, see HARVEY, page 267 and 268. With such generators, there is no risk that inductive appliances get destroyed at underfrequency. 

B.11 Power source for field current and short-circuit current

There are several ways to produce the power that is needed for field current XE "generator:excitation" :

1. It could be taken from the generator output itself. Then usually, there are brushes and conductor rings to conduct field current to the rotor. These generators are called `self-excited’. Like with induction generators, they need some remnant magnetism to start with.
Brushes could be a source of trouble and will wear out eventually, so these generators need some maintenance and a stock of spare brushes.

2. From a small exciter generator that is mounted on the same shaft. Now no brushes are needed: The field coils of this exciter generator are fixed while its stator rotates with the shaft. Such generators are called `brushless' XE "generator:brushless"  or `separately excited'. Since brushes are lacking, they need less maintenance. Most modern generators are `brushless’.
If the generator has an AVR, then usually the AVR controls field current for this exciter generator so field current for the main generator is controlled indirectly.
Now power for the AVR and this exciter field windings could be taken from:

a. The main generator output. Then in an indirect way, this generator is still self-excited.

b. A third, very small generator that uses permanent magnets instead of a field coil. This type is truly independently excited.

Power source for field current has its influence on short-circuit current and current at heavy overload:

1. With a self-excited generator that has its output short-circuited, there is no more power available for field current, as then output voltage drops to 0. With zero, or a very low, field current, the generator can only produce a low current so short circuit current will be low, probably way below rated current. But there are two exceptions: 

· With a compound type generator, the compound transformer could produce quite some power when generator current is very high due to short-circuit. Then it could fall either way: Power produced by the compounding transformer is enough for a significant field current and short-circuit current is quite high. Or it is not enough, so short circuit current drops, then this source for field current power also drops and short circuit current is very low.

· With an indirectly self-excited generator (see point 2a. above), the exciter field might need only little power and even with a very low generator voltage, there might be still enough. Now if the short-circuit is somewhere far away and there is a significant voltage drop in cables, short-circuit current might be high. When the short-circuit is close to the generator and generator output voltage is nearly 0, short-circuit current will be very low.

2. With an independently excited generator, short-circuit current only depends on characteristics of the main generator. It could be as high as 3 times rated current.

Things get even more complicated if the effects of generator speed or a possible reaction of 

an `intelligent AVR’ are taken into account. When short-circuited, a generator might take up less mechanical power than normal and then speed increases towards run-away speed. At increased speed, a low field current might be enough to produce a significant output voltage. 

In principle, a low short-circuit current is advantageous because it means less risk of the generator getting destroyed due to overheating if there was no overcurrent protection or it didn’t function properly. On the other hand, a rather high current at heavy overload might be needed to get large motors started.

Overspeed feature might trip at overload XE "overspeed:trips at overload" : At a heavy overload, generator voltage will be well below nominal voltage. If generator characteristics are such that also current at heavy overload is rather low, electrical power output of the generator will be quite low. Then this generator will take up less mechanical power than the turbine supplies, so generator speed will increase fast.

The ELC can not stop generator from accelerating: It will react by diverting more power to the dump loads and this will only worsen the overload. Now in principle, 3 protection features might react to this weird situation:

1. Undervoltage feature, with two time constants of 5.2 seconds in series.

2. Fast undervoltage feature, with a threshold voltage of some 107 V and a delay time of ca. 1.4 seconds

3. Overspeed feature, with a time constant of 5.2 seconds.

Of these features, the ordinary undervoltage feature is least likely to trip because it is the slowest to react. Fast undervoltage will trip after 1.4 seconds if voltage drops well below 107 V. So overspeed will trip in a few seconds if voltage remained above 107 V. If overspeed feature is adjusted rather sensitively and speed increases quite fast, overspeed could also trip within this 1.4 seconds delay time of fast undervoltage.

In this manual, it was always assumed that the generator has a rotating field and stationary power windings. But some generators have this reversed: Field windings are stationary and power windings are fitted onto the rotor. Such generators have large brushes as these must conduct the large output current rather than a small field current.

Many different electrical circuits exist for synchronous generators and there are exceptions to the general information given above, see e.g. HARVEY, page 258 - 270 for more information.

B.12 Unexpected behavior

Specific generator types used for testing the ELC, showed unexpected behavior:

Field current collapses with capacitive load: With a small, brushless generator, voltage dropped to nearly 0 when a large capacitor was connected to its output. Apparently, it did have a kind of compounding regulation that was designed such that field current increased when an inductive load was connected to the generator. Then this made it do the reverse when a capacitive load was connected to it, so field current and output voltage dropped to practically 0.

AVR reacts to peak voltage only XE "generator:AVR reacts to peak voltage" : With an AVR type generator, the ELC showed oscillation problems when trigger angle XE "trigger:angle"  was just below 90°, with generator voltage oscillating as well as frequency.

Power diverted to dump loads depends on both trigger angle (controlled by the ELC) and generator voltage (controlled by the AVR). In this case, apparently these two controllers interacted with one another. Apparently, this AVR used peak voltage as a measure of generator voltage:

· If the triac triggering dip XE "triac triggering dip"  is located where normally the peak in generator voltage is, this  AVR type will sense a too low peak voltage and react by increasing field current. This will make that the effective value of generator voltage can rise some 5 to 15 % higher than voltage setting of the AVR.

· Dump load power will increase accordingly, causing generator speed to drop.

· The ELC will react to this by reducing trigger angle so that dump load power decreases again.

· A lower trigger angle also means that the triac triggering dip moves away from where normally the peak is. Then the AVR will sense voltage correctly again and reduce field current.

· Dump load power is reduced accordingly, so generator speed increases.

· The ELC reacts by reducing trigger angle. Then the cycle starts all over again.

With a PI controller adjusted normally (as described in par. 2.7.1), this effect can also cause a combined oscillation of trigger angle and generator voltage. So then the combination of PI controller and generator AVR has become unstable. To avoid this oscillation, the PI controller had to be adjusted much slower than usual, see also par.7.4.4.

B.13 Output voltage signal, stator self-induction and filter

By themselves, the two generator types that were used for testing the ELC, did not produce a neat, sine-wave shaped output voltage signal:

· When running without a load, there is a 1.5 kHz noise signal with an amplitude of 10 - 30 V (see also figure 7). This noise must be caused by straight stator slots combined with straight field poles. Probably heavier generator types have either stator slots or field poles at a slight angle and then this noise will be much lower. With only a small user load connected to the generator, this noise disappears completely.

· When running without load, the smaller generator (not the one used for figure 7) had a pronounced dip in voltage signal somewhere between 1/4 and 1/3 of each half period. The shape of this dip resembled the shape of a dip caused by a triac of the ELC being triggered, see below. With a larger generator, this dip was not apparent, but the shape of each half period was asymmetric, with voltage rising less fast at around the same place.
Without circuit diagram’s of those generators, it is hard to tell what caused this dip. Probably it is somehow related to the way field current is taken from the main generator outlet, as its position shifts a bit if the generator is loaded.

An important characteristic of a generator is its stator self-induction. This makes that it can not immediately produce a larger current if e.g. a triac is triggered and its dump load switched on. For the 4 kVA generator that was used to record figure 7, stator self-inductance was some 29 mH (estimated from the rate of increase in generator current after a dump load is switched on). This generator was running at only 30 % of its capacity and probably, stator self-induction would be lower due to saturation effects when it would be loaded more heavily. Like stator resistance, stator self-induction is inversely proportional with generator capacity, so larger capacity generators will have lower stator resistance and self-induction.

More expensive generators like the one used for figure 7, might have a filter between the generator itself and its outlet at a switchboard. Such a filter consists of at least one noise suppression coil in one of the generator output wires, and a capacitor between these output connections. It produces the following effects:

· Generator voltage signal is smoothened, so also the 1.5 kHz noise signal is filtered out to a large extend (see e.g. voltage signal in figure 7).

· The capacitor is connected directly over the `generator' connections of the ELC. This provides some buffering to generator voltage. So if e.g. a dump load is switched on, generator voltage drops a bit slower.

Instead of one capacitor, usually there are two capacitors in series between the generator output connections, with their middle point connected to of the generator casing. As long as none of the generator output connections is grounded, this circuit will make that each generator connection carries ca. 115 V with respect to generator casing. The current it can provide, is very small and there is no problem if one of the generator connections would be grounded, for instance for lightning protection.
If one of the generator connections is grounded and generator casing is not, now generator casing will carry 115 V. Again the current it can supply is quite small and it is not dangerous to touch. But one might sense a slight shock when touching it and a voltage seeker might react to it.

B.14 Nominal speed and ability to withstand overspeed

Then generators have some important mechanical characteristics:

· Nominal speed: This depends on the number of magnetic poles and the nominal frequency. Generators designed for small gasoline engines will have 2 magnetic poles (one `south' and one `north' pole, making one pole pair) and a nominal speed of 3000 RPM for 50 Hz, or 3600 RPM for 60 Hz. Generators designed to be driven by diesel engines generally have 4 poles and a nominal speed of 1500 RPM for 50 Hz, or 1800 RPM for 60 Hz. So for 4 pole generators, a lower transmission ratio will do.

· Ability to withstand overspeed: With a crossflow turbine and optimum transmission ratio, free running speed will be 170 % of nominal speed and this speed will be reached when overcurrent protection or a protection feature trips, see annex A.1. For 2 pole machines, it is doubtful whether these can survive such overspeed. Four-pole machines are more likely to stand this overspeed, but of course maximum speed as given by the manufacturer, is decisive on this. Experienced rewinding workshops can reinforce rotor windings so that a higher maximum speed is allowable, see HARVEY 1993, page 261.
When it is likely that a generator can not stand 170 % overspeed, run-away speed can be reduced, see annex A.2. 

· Bearing size: Generators designed for direct drive via a flexible coupling by a combustion engine, might have too small bearings to be used with a V-belt transmission. It might be possible to change the bearing at the pulley end by a stronger type, see HARVEY, 1993, page 228 and 261.
Load on bearings could also be reduced by choosing larger diameter pulleys than the minimum ones allowable for the type of belt used. Then the transmission will occupy more space, but its efficiency will be slightly higher also.

· Cooling requirements: Ambient temperature and height above sea level influence effectiveness of the cooling system of the generator. As long as ambient temperature is below 40 °C and altitude is below 1000 m, there should be no problem. See annex D.3 for more info.

Choosing generator size

B.15 Introduction

See table 3 in annex D.3.1 for definitions of variables.

Selecting a generator type for a M.H. system is a tricky choice in which different aspects have to be weighed against one another. Some aspects have to do with generator characteristics:

A. Economy: A smaller capacity generator is cheaper. 

B. Expected life span: An overrated generator will run cooler and have a longer life-span.

C. Efficiency: A generator producing its rated current might have quite large resistive losses in its stator windings and consequently, a less than optimal efficiency. A generator running at only a fraction of its capacity will also have a poor efficiency because then the power needed for field current and magnetizing losses in stator iron become relatively high.

D. Quality of voltage regulation and capacity to start heavy motors: An overrated generator is more attractive with respect to this.

E. Quality of the generator: A good quality generator probably will probably survive even when it is overloaded slightly, while a poor quality one could be worn out prematurely even when used below its kVA rating.

Besides these, there are aspects that have to do with the way it will be used:

1. Maybe electricity demand will increase in the near future and it might be advantageous to buy a generator that allows to increase power output later on.

2. In an overload situation, generator current will be above design current, see annex B.3.4. 

3. Power factor of user loads might be quite poor or unknown, see annex G.2.

4. When used in a M.H. system with ELC, the generator will continuously run at its design current irrespective of power demand of user loads, see par. 1.1.

5. An ELC that works by means of phase angle regulation causes an extra load to the generator. So when this type of ELC will be used, the generator must be extra overrated, see annex G.3.1. 

6. The overcurrent protection might offer poor protection against overloading the generator:

· It could have a fixed rated current (e.g. fuses or MCB’s). Then rated current could end up so high that it only trips in case of short circuit.

· It could be rather inaccurate or not adjusted and tested properly. 

· It could be left out altogether.

7. Mechanical power produced by the turbine could be poorly known and might turn out somewhat higher than expected, e.g. because the head, pipe losses or turbine efficiency is not known accurately yet (if turbine power can be reduced by a flow control valve, this is not a problem).

8. Cooling of the generator might be hampered slightly. For instance air temperature around the generator might occasionally rise above its maximum ambient temperature rating or height above sea level could be a bit above maximum height.

9. Desired life span as expressed in number of operating hours, can be quite high. The number of operating hours per day can range from only a few hours at night to 24 hours per day. Likely, the M.H. system should last at least 10 years without major repairs to be economically feasible. 

10. Costs associated with a broken generator might be excessively high:

· The generator itself is quite expensive and spare parts could be hard to get.

· Having a technician travelling to the site could be expensive. Transport costs for a new generator or replacement parts could be high. Even asking a technician to come, could cost money and time if it means that someone has to travel to a major city. 

· A broken down M.H. system costs money: There is no income from sales of electricity while costs like installments and interest on a loan, allowance for the operator etc. continue. If the system breaks down often or can not be repaired soon, users might lose confidence in it and potential users in the area will become more reluctant to invest in new M.H. schemes.
Users engaged in productive end uses might face additional losses when they have invested in inputs, but can not produce anything.

11. Qualities of the operator. If he/she is skilled, cares for the M.H. system `like a baby’ and has the right equipment, he/she could notice and remedy some of the adverse conditions mentioned above.

12. Whether frequent tripping of safety devices is acceptable. With a smaller generator, safety features must be adjusted more sensitive (see annex G.5) to protect it adequately, so these safety devices will trip more easily. For example: If fuses are used for overcurrent protection and on average, one fuse blows per day and it takes 15 minutes to have it replaced and the system restarted, a larger generator might have been a better choice.

Likely, a generator will be chosen that was designed for use in a gasoline- or diesel-driven generator set. Then the operating conditions it was designed for, are quite different from the ones in a M.H. system:

· In a generator set, the generator will produce no more electricity than user loads demand. So only when demand by user loads is that high, it will be loaded up to its kVA rating and likely, this happens only during a fraction of total operating hours. Here, generator speed is controlled because speed of the engine driving it, is controlled so there is no need to waste excess power in dump loads like with an ELC.

· Expected life span of the small gasoline or diesel engine will be something like 5000 hours or less. So likely the generators going with these, are designed to also reach this life span.

B.16 Power factor of user load

A generator should be chosen according to design apparent power Q XE "apparent power Q" , which is often called kVA load  XE "kVA load" \t " See apparent power Q" . This apparent power Q equals current I times voltage V (with `effective’ values for both voltage and current) and is expressed in kVA instead of kW.

Design power output is real power P XE "real power P"  and is expressed in kW. The difference with apparent power Q stems from the fact that often,  current drawn from a generator is lagging somewhat with respect to voltage produced by it. This makes that apparent power Q (= V*I, in kVA) is higher than real power P(in kW). The relation between the two is expressed in a power factor XE "power factor:user load"  pf:


pf = P / Q

If both voltage and current signals are sine-shaped, power factor pf equals cos(() XE "cos(()" , with ( indicating how much current lags behind voltage, expressed as a phase angle. Power factor pf can range from 0 (for a purely inductive, or purely capacitive load) to 1 (for a purely resistive load). In practice, capacitive loads are rare so from here onwards, it is assumed that only inductive loads cause a poor power factor.

If power factor pf is low, current signal is lagging way behind voltage signal. Then voltage signal and current signal are out of phase: When voltage reaches its maximum value, current is still low so at that moment, power (= V * I) is still low. By the time current reaches its maximum value, voltage has already decreased so again power is low. Even though effective values for voltage and current are rather large, real power P is low. Just multiplying effective values of voltage and current gives a wrong picture about how much power is transmitted, hence the term `apparent power'. One can not use apparent power to power a light bulb or drive a motor. See textbooks on electricity or HARVEY, 1993, page 240 for more details on power factor.

For choosing a generator type, sizes of transmission cables etc., one has to know the effective value for current that will flow through these parts. This can be found by dividing apparent power Q by nominal voltage. If one would try to calculate current by dividing design power output (which is a real power P) by nominal voltage, one would underestimate current in case power factor would be less than 1, with the following effects:

· This generator is at risk of being destroyed by overheating.

· The generator might not be able to maintain nominal voltage, so voltage regulation will be poor. Maybe undervoltage feature will trip even when the system is not yet overloaded.

· If cables are also sized according to this underestimated current, voltage drops in those cables might end up too high. This could lead to even poorer voltage regulation and too high cable losses.

Different types of appliances give different power factors:

· Resistive loads give a power factor of 1. Such loads are: Filament lamps, all kinds of heating elements (flat-iron’s, coffee machines, toasters etc.).

· Electrical or electronic devices with a transformer inside will have a power factor of nearly 1.

· Most electrical motors have a poor power factor. `Universal’ electrical motors (with brushes, like in electrical drills, planers) are not that bad. Induction type motors often have a power factor of ca. 0.8 when running at full load. At half load, this will drop to ca. 0.6 and with no load at all, it will be close to 0. This means that even when such a motor is running idle, it will still carry about 60 % of their nominal current which will be almost purely reactive. The above values go for induction motors of around 1 kW, smaller size motors will have even poorer power factors. Refrigerators are fitted with small induction type motors that are running at part load for most of the time.

· Fluorescent lamps with magnetic ballast’s have a power factor of ca. 0.5 for a 40 W lamp, and lower for lower capacities. For CFL’s (Compact Fluorescent Lamp) with magnetic ballast, power factor ranges from 0.47 to 0.33, again with smaller types having a poorer power factor. CFL’s with electronic ballast will have a power factor of nearly 1.

In practice, different types of appliances will be connected at the same time. So the power factor that all these loads together pose to the generator, is a weighed average. Generally, a power factor of 0.8 is taken as a rough estimate if no data are available on which appliances will be used.

Power factor could be much worse if electrical motors or fluorescent lamps form a large part of all user loads. Then there are two options:

· Estimate carefully how low power factor could end up and choose a generator that is oversized so much that it can produce the desired real power at such a low power factor. 

Of course one could also reduce power output of the turbine, so that real power will be lower and the same generator won't overheat at such a low power factor.

· Improve the power factor of some important appliances by fitting capacitors. Calculations for this can be found in textbooks on electricity (see also at end of this par.).

A poor power factor for user loads could cause a generator to become overloaded in two ways:

1. Because of increased generator current: Even when power factor is quite poor, the generator will produce nearly its normal real power P as mechanical power going into it, will remain the same. At a poor power factor however, apparent power Q will be considerably above real power P. As Q = V * I and V will remain constant at nominal voltage, generator current I will be considerably above nominal value. This could lead to overheating of the generator stator windings.

2. Because of increased field current: When current is lagging behind voltage, a higher field current is needed to maintain generator voltage at its nominal value. This could lead to overheating of the AVR or field current windings. 

If voltage and/or current are not sine-shaped, the situation becomes more complex. Then there is no angle ( that indicates how much current is lagging behind voltage, and power factor is no longer equal to cos((). This is the case with current diverted to the dump loads, see next par.. But still the formula `pf = P / Q’ can be used.

In principle, the power factor of appliances could be corrected by fitting capacitors to them. It is not recommended to just fit small capacitors to individual appliances since these might get destroyed due to a too large current, as any capacitor connected to the generator will try to dampen the triac triggering dip XE "triac triggering dip" . So only `high current' types of capacitors can be used.

Improving the overall power factor to the generator by  fitting capacitors to user load end of the ELC is possible, but the side effects are not yet investigated properly, see with point 6 in annex G.3.4.2.

B.17 Thyristor factor of the ELC

B.17.1 Harvey’s recommendation

The fact that the ELC controls power diverted to dump loads by means of phase angle regulation, poses an extra load to the generator. It causes that current drawn from the generator deviates significantly from a sine-shape, see e.g. figure 7. 

HARVEY, 1993, page 259 and 271, recommends that a synchronous generator that will be used with an ELC, should have a minimum kVA rating XE "kVA rating"  of:

Generator kVA rating  = 

(maximum kW load / power factor) x 1.6

In this formula, `kW load / power factor’ gives the usual kVA rating of user loads. The factor `1.6’ is an allowance for extra load to the generator due to the ELC working by phase angle regulation. Harvey calls this `thyristor load’ (a thyristor is a power element similar to a triac and also working by phase angle regulation, see annex E.3). The term `thyristor factor XE "thyristor factor" ’ will be used here to describe the extra allowance in generator size needed because of  phase angle regulated dump loads.

It is not clear to me how HARVEY arrives at this factor 1.6 . At page 271, he states that:

1. Worst case is when trigger angle is 90(
2. He mentions `response to thyristor loads’ as one of the generator characteristics. This suggests that some generator types could cope with thyristor loads more easily and might need a less high thyristor factor.

3. Then the dump load appears to the generator and supply system as a load having a lagging power factor of about 0.75

4. If for instance a user load of 0.8 power factor occurs while the dump load is drawing half the generated power, then only a generator sized according to the following “add 60 %” rule can supply sufficient reactive power.

Point 3 and 4 could not be found back in simulations discussed in annex G.3.4. Probably his recommendation is based upon an analysis of which generators performed well in practice, and which failed prematurely.

Not all of this factor 1.6 is meant to compensate for phase angle regulation, as for M.H. systems without ELC, HARVEY (page 259) recommends to include a kind of contingency factor of 1.25 to allow for:

· Possible expansion in the future.

· Better motor starting. 

· A reduced operating temperature (so increased life span). 

Comparing these two factors, it seems that a pure thyristor factor of 1.28 (= 1.6 / 1.25) is needed to allow for an ELC using phase angle regulation.

HARVEY makes no reference to ELC’s having more than one dump load for a single-phase generator, or more than 3 dump loads for a 3-phase system. So HARVEY assumes that an ELC has one dump load per line with a capacity of ca. 1.1 * design kW rating of the M.H. system. With the humming bird ELC there are 2 (or 3) dump loads, with each of them having a capacity of ½ (or 1/3) times 1.1 times design kW output. At any one time, only one of these dump loads can be triggered at around 90 ( trigger angle and cause a thyristor load to the generator, see par. 2.9. 

If an ELC with one large, phase angle regulated dump load makes it necessary to include a thyristor factor of 1.28 , it seems logic that for the humming bird ELC with 2 or 3 smaller dump loads, this thyristor factor can be chosen smaller. Then using the humming bird ELC instead of a normal ELC with only one dump load per line, might make it possible to choose a somewhat smaller and cheaper generator. 

I found no way of calculating this thyristor factor in literature. For the moment, HARVEY’s recommendation to apply a thyristor factor of 1.28 for a single dump load ELC, seems the most reliable basis. To translate this recommendation to the situation with 2 (or 3) smaller dump loads, I have made a simulation model describing behavior of generator and ELC + dump load, see annex G.3.4.

B.17.2 Higher harmonics

Clearly, a dump load being triggered at around 90(, heavily distorts both voltage and current signal from a generator, see e.g. figure 7. These effects could be harmful for a generator:

· Because of higher harmonics associated with a phase angle regulated load (see next par.), and:

· Because such a load acts as an inductive load with a poor power factor (see annex G.3.4.2).

If generator voltage and current are no pure sine-waves any more, these distorted signals can be approximated as the sum of the base frequency of 50 (or 60) Hz, and a series of oscillations with frequencies that are 1, 2, 3, 4 times this base frequency: The higher harmonics XE "higher harmonics" .

The strength of a higher harmonic can be expressed by its amplitude XE "amplitude" (= peak value, highest value observed over a complete cycle), so in V or A for harmonics in respectively voltage and current. But usually, it is more interesting to see how strong a higher harmonic is as compared to the amplitude of base frequency, or as compared to effective value of voltage or current signal (effective value tells something about the energy content of base frequency + all harmonics). So usually, higher harmonics are presented as a ratio.

In this case, negative half periods of voltage and current are just mirror images of positive half periods. This makes that even-numbered harmonics are not present and only odd-numbered harmonics will be found.

Higher harmonics represent higher frequency oscillations that will lead to an increase in those losses inside the generator that are strongly frequency-dependent: Magnetizing losses in the iron that conducts magnetic field inside the generator. These losses can be subdivided into:

· Hysteresis losses, which are proportional to frequency, and to magnetic flux to the power of 1.6

· Eddy current losses, which are proportional to square of frequency, square of magnetic flux and square of thickness of plate material of which the iron packet has been built from.

If there are higher harmonics, generally they can be found in both generator voltage and generator current. It is not clear to me which harmonics are more important: The ones in voltage or the ones in current.

The amount of higher harmonics can be analyzed, see e.g. figure 17. But it is not possible to predict how generators will react to this. An analysis of higher harmonics in generator voltage signal in figure 7 indicates that eddy current losses could increase by some 60 % because of 3rd, 5th, 7th and 9th harmonic. But since it is not sure how high these eddy current losses are for the base harmonic (so: A sine-shaped voltage signal), this does not necessarily mean that the generator will run noticeably hotter due to this. 
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figure 17: Base and higher harmonics in generator current for 1- and 2 dump load ELC’s 

Strength of a harmonic is expressed as the ratio of its amplitude to effective value of generator current for trigger angle = 0. These data are based on the assumption that generator voltage is not influenced by the phase-angle regulated dump load (see annex G.3.4 for a more realistic approach).

Many constructive details influence how a specific generator type will react to a phase angle regulated load. I can give no general recommendation about what oversizing factor will be necessary to allow for higher harmonics. But it is worthwhile to keep the following things in mind:

1. Higher harmonics can cause extra dissipation in stator and rotor of the generator, causing it to run hotter. It is unlikely that higher harmonics could damage other parts like the AVR or exciter generator. So if temperature of the generator is checked after running at 90( trigger angle for an hour and it remains well below the maximum temperature that goes with its insulation class, there is no chance that this generator could be damaged due to higher harmonics.

2. Higher harmonics do not result in an increase in generator current. This means that the generator can not be protected by measuring whether generator current remains below rated current, or by an overcurrent protection device adjusted to its rated current.

3. The amount of higher harmonics is proportional to the size of the dump load that is being regulated by phase angle regulation, see figure 17. This means that with 2 (or 3) dump loads, the extra dissipation will be only ½ (or 1/3) of that with a single dump load.

4. Higher harmonics could be dampened by connecting a capacitor to the generator. This is very effective in reducing the highest harmonics like 7th and higher. But to reduce 3rd and 5th harmonics, a very large capacitor would be needed, see also point 6 in annex G.3.4.2.

5. It definitely makes sense to ask the supplier or manufacturer of the generator for information on its response to thyristor loads, see also HARVEY, page 263.

B.17.3 Effect on power factor

An ELC with a phase angle regulated dump load could appear to the generator as a load with a very poor power factor XE "power factor:ELC + dump loads" . Since voltage and current are no longer sine-shaped, power factor can not be calculated as a cos(() XE "cos(()" . So power factor can only be found by measuring effective voltage, effective current and real power, see also par. G.2. To find the power factor of total load to the generator (= dump load + user loads), the same approach can be followed.

Suppose there is an ELC with one dump load with a trigger angle of 90(, and that generator voltage is not influenced by the dump load being switched on. Then the power factor the ELC + dump load poses to the generator, can be calculated as follows:

· Effective voltage V is just generator voltage, as the ELC is continuously connected to the generator.

· Effective current I is 1/(2 times current of this dump load switched fully on. One might expect that current would be just half the current of this dump load when switched fully on, as the dump load is switched on exactly half the time. This is not the case since an effective current must be measured as a `Root of Means of Square’ value, see annex C.2.

· Real power P consumed by the dump load is just ½ of its capacity when switched fully on: Voltage signal for the period it is switched off, is just a mirror image of the period it is switched on so both periods represent an equal amount of power.

This makes that power factor pf = P/(V*I) = 1/(2 = 0.71. 

So for this theoretical situation, power factor of a purely resistive dump load switched at 90( trigger angle, is only 0.71 . In practice, power factor for ELC + dump load is even worse because switching on the dump load causes a significant reduction in generator voltage. This is due to the following generator characteristics:

1. Stator resistance: When the dump load is switched on, a larger current is drawn from the generator. Then voltage drop over internal resistance of stator windings, will increase accordingly so voltage at the generator connections will decrease.

2. Stator self-induction. This limits rate of increase of generator current. So once the dump load is switched on, it takes a while before generator current has increased so much that it can supply the extra current drawn by the dump load that just switched on. This effect causes the triac triggering dip XE "triac triggering dip" , see also par. 3.9.3.
During the triac triggering dip, voltage at generator connections is lower because of voltage over stator self-induction. By the time generator current has increased enough to supply both user load and dump load, still generator voltage remains low because by then, this half period is nearly over and voltage drops off anyway.

Some points related to this:

1. The increase in generator current means extra losses in the stator windings, which can make the generator run hotter and, maybe, get destroyed. 

2. The extra load to the generator due to a poor power factor of ELC + dump load, causes an increase in generator current. This means that it can be measured by measuring generator current (preferably with a true-RMS type tester) and that an overcurrent device adjusted to rated generator current, will protect the generator against such effects.

3. A poor, lagging power factor also means that a higher field current is needed to maintain generator voltage at its nominal value. This means an extra load to the AVR and field windings. If the generator is well designed, its AVR is not adjusted to a too high voltage and its rated current is not surpassed, it is unlikely that these parts will get destroyed.

The effect of a phase angle regulated dump load on power factor to the generator can be investigated using a simulation model, see next par..

B.17.4 A simulation model

B.17.4.1 Parameters, assumptions and limitations

For easy interpretation of figures, parameters in the model were chosen such that:

1. Generator voltage is kept constant at an effective value of 1 V.

2. Real power P produced by the generator is 1 W. 

3. Frequency is 1 Hz.

In the model, the generator is considered as if internally, a purely sine-shaped open circuit voltage Vo is generated. In series with this, there is the stator self-induction Lstat and stator resistance Rstat. These parameters are entered for a generator rated at 1 VA, so equal to real power P. There is a generator size factor that indicates how much larger generator kVA rating is compared to real power P. An overrated generator will have a lower stator self-induction and lower stator resistance. So the parameters entered for these, are divided by generator size factor. Parameter values used were:

· Stator resistance Rstat is 0.1 (. This is based on the assumption that stator resistance losses for a generator running at its rated current, will be 10 % of its kVA rating.

· Stator self-induction Lstat is 0.1 H. This value was based on the stator self-induction of 0.029 H that was derived from the slope of the triac triggering dip in figure 7 for this 4 kVA generator running at 50 Hz (see also annex F.6).

· Generator size factor was usually chosen at 1.3 / power factor of user load. This means that a thyristor factor of 1.3 was applied, but the 1.25 contingency factor (see annex G.3.1) was neglected. For comparison, also simulations with a higher size factor (1.6 / pf load) and lower size factor (1/ pf load) were made.

The AVR is simulated by calculating effective value of generator voltage Vc after each cycle (see below). When this is below (or above) 1 V, amplitude of the open circuit voltage Vo for the next cycle is increased (or decreased).

User load is modeled as an inductive branch (a self-induction with a resistance in series) in parallel with a resistive branch. By varying the parameters for self-induction, series resistance and parallel resistance, power factor for user load can be varied. Most simulations were done with a power factor of 0.8. The resistive branch was necessary to avoid numerical problems. There is a load size factor that is varied manually until real power P ends up very close to 1 W and simulation results are valid. 

The dump load is characterized by a dump load resistance and a trigger angle at which it is switched on. For a single dump load ELC, dump load resistance is taken at 1 (, with 2 dump load, its resistance is 2 ( so its capacity is 1/2 of that for a single dump load ELC. This means that total dump load capacity was equal to real power P of the generator so the 10 % oversizing factor for dump load is neglected. For the 2- and 3 dump load ELC, only 1 dump load is simulated because the other ones will either be switched fully on (and count as a resistive user load) or fully off.

The simulation is based on calculating open circuit voltage Vo first and also trigger moment is found with respect to Vo. Usually, generator voltage Vc lags behind Vo so for each cycle, it is calculated how much Vc lags behind and trigger angle for the next cycle is compensated for this. Almost all simulations were made with trigger angle = 90( with respect to generator voltage Vc.

The model simulates a full cycle in 180 steps of 2( phase angle each. Then the resulting values for generator current Igen and generator voltage Vc are copied to serve as starting values for the next cycle. When necessary, load size factor is adjusted manually so that real power is within 0.5 % of 1 W. When a steady state is reached with a real power that is within 0.5 % of 1 W, results were copied and saved.

A slightly different version of the model allows simulations with a capacitor connected to the generator.

Limitations of this simulation model are:

1. It is not sure whether the model for the generator (a sine-shaped Vo with stator resistance and self-induction) is realistic.
An important effect that limits generator current, is `stator reaction field XE "stator reaction field" ’ caused by generator current. At some points on the stator, this field acts in the same direction as the magnetic field produced by field windings but here, magnetic flux can not increase that much because the iron gets saturated. At other points, these two fields counteract one another and magnetic field does decrease. So the net result is that magnetic flux decreases. So to maintain generator voltage at its nominal value under full load, field current must be increased. This all is considerably more complex than just a stator self-induction that limits generator current.

2. The chosen parameter values, could be unrealistic. Especially the value for stator self-induction is critical and could have been chosen too high. 

3. It does not predict the potentially harmful effect of higher harmonics to the generator. 

B.17.4.2 Results

table 6: Power factor to the generator for 90( trigger angle and generator size is 1.3 / pf user load


Single dump load ELC XE "power factor:user loads" 
2 dump load ELC XE "power factor:ELC + dump loads" 
3 dump load ELC XE "power factor:to generator" 

Pf user load
pf ELC + dump l.
pf to gen.
pf ELC + dump l.
pf to gen.
pf ELC +dump l.
pf to gen.

1.0
0.44
0.93
0.56
0.97
0.60
0.99

0.9
0.47
0.79
0.58
0.85
0.62
0.87

0.8
0.49
0.72
0.60
0.77
0.63
0.79

0.7
0.50
0.66
0.60
0.69
0.63
0.70

0.6
0.53
0.59
0.61
0.61
0.64
0.61

See table 1 and figure 18 for some data obtained by the simulations. Below, there are some more results and conclusions:

1.  An ELC + dump load appears to the generator as a load with a very poor power factor: 

table 6 shows clearly that an ELC + dump load  appears as load with very poor power factor to the generator XE "power factor:ELC + dump loads" . Especially when only one large dump load is used (so: single dump load ELC) and user loads have a quite good power factor, power factor of the ELC + dump load is quite low. 

figure 18 shows what was argued in annex G.3.3: When a dump load is switched on:

· Generator voltage drops sharply (the triac triggering dip XE "triac triggering dip" ).

· And it remains lower for the rest of that half period (due to increased voltage drop over stator resistance and stator self-induction).

So when generator voltage is highest (from 0 to 90(, and from 180 to 270( phase angle), current is low. And by the time generator current is high (from 90 to 180, and 270 to 360( phase angle), voltage has dropped.

With an ordinary inductive load having a poor power factor, the same situation occurs but then it is associated with a large phase angle ( between voltage and current, and consequently a low cos(() XE "cos(()" . In figure 18, this phase angle ( is not that large and it is even slightly larger for the two dump load situation while this gives a better power factor. So the unbalanced situation of voltage being highest when current is low and reverse, is caused by distortion of voltage and current signal caused by the dump load being switched on at 90( trigger angle.
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figure 18: Generator voltage and current for pf load = 0.8, trigger angle = 90(, and 1 or 2 dump loads

With 1 dump load, effective current is higher: 1.393 times current for resistive load, as compared to 1.303 with 2 dump loads.

This also explains why for all situations mentioned in table 6, power factor for dump load is below the theoretical value of 1/(2 found in annex G.3.3. These values are way below the power factor of 0.75 mentioned by HARVEY (page  271) for a single dump load at 90( trigger angle. It is not clear to me how he could come up with this value. Maybe he meant "power factor to the generator with user load power factor = 0.8 and such a trigger angle that power dissipated in the dump load equals half its capacity". Then my simulation model gave: Trigger angle = 64(, power factor to generator = 0.76 and power factor of dump load = 0.70. According to my simulations, power factor to generator is lowest when trigger angle is 90 to 100(, and not when power dissipated in the dump load is half its capacity.

2.  At 90( trigger angle, power diverted to a dump load, is much less than half its capacity: 

With 1 dump load and user load power factor = 0.8 , the dump load dissipated only 24 % of generator real power. Its capacity was equal to generator real power so at 90( trigger angle, one would expect it to dissipate 50 % of real power. For the 2 dump load system with each dump load having half this capacity, it dissipated 18 % instead of 25 % of real power. Only when trigger angle is reduced to 64( for 1 dump load, or 76( for 2 dump loads, dissipation in these dump loads is ca. ½ of their capacity.

Power dissipated in a resistive dump load is equal to V( / R. So the voltage drop caused by switching on the dump load causes a large reduction in power dissipated in it.

This partly explains why a very poor power factor of a dump load does not lead to very poor power factor to the generator: Because the dump load consumes only a fraction of real power, its poor power factor does not count that heavy. The other part of the explanation is that effective currents to user load and to dump load can not just be added up: One has to calculate how generator current varies over one cycle and calculate an effective value from this. This causes the peak in dump load current to become less prominent and consequently, effective value for generator current is not that high.

In principle, this has consequences for performance of the PI controller XE "PI controller:adjustment" : In practice, the relationship between trigger angle signal and dump load power will look quite different from the theoretical relationship given in figure 2. In par. 7.2.4, it was stated that the PI controller should be adjusted when neither dump load is completely off or completely on. If in practice there would be no linear relationship between trigger angle signal and dump load power in this range, the PI controller could be adjusted wrong. 

Probably, there is still an almost linear relationship in the range between 1/4 and 3/4 of total dump load power. But now, this range might have shifted towards lower trigger angles. To be sure, one could adjust the PI controller several times for different values for trigger angle signal. If there is a linear  relationship, always the same optimum settings will be found. If it is not, better choose the slowest setting.

The fact that at 90 ( trigger angle, dump load power is much less than 1/2 of its capacity, also means that one can not estimate trigger angle from measuring voltage over a dump load XE "dump load power:voltage and trigger angle" . So the graph of figure 16 can not be used to estimate trigger angles XE "trigger:angle"  from measured dump load voltages.

3.  With 2 or 3 dump loads, phase angle regulation has much less effect on power factor to generator: 

This is clearly illustrated by table 6. For two dump loads, power factor to generator is much closer to power factor of user loads. For 3 dump loads, the effect of phase angle regulation on power factor to generator is nearly negligible: Only at power factor of user loads of 0.9, power factor to generator is somewhat lower at 0.87.

4.  The power factor effect explains only half of HARVEY’s thyristor factor of 1.28: 

For the situation with 1 dump load and a user load power factor of 0.8, power factor to generator is 0.72. So the phase angle regulated dump load causes power factor to the generator to decrease by 0.72 / 0.8. To compensate for this, the generator must be overrated by a factor 0.8 / 0.72 = 1.11 . HARVEY recommends to oversize the generator by a thyristor factor of 1.28 so a factor 1.28 / 1.11 = 1.15 remains unexplained.

At a user load power factor of 0.9, power factor effect is slightly larger at 1.13 and a factor of 1.13 remains unexplained. Assuming that Harvey’s thyristor factor of 1.28 is based on this worst case situation, it means that for a single dump load ELC, this unexplained factor is 1.13 XE "thyristor factor:unexplained part" . See par. G.4 for how this can be used to make recommendations about generator capacity.

Since parameter values for stator self-induction and stator resistance were just rough estimates, it is interesting check whether this power factor effect is very sensitive to varying these parameters:

· Increasing stator self-induction from 0.1 to 0.15 causes only a slight increase in power factor effect from 1.11 to 1.12 .

· reducing stator self-induction from 0.1 to 0.7, causes power factor effect to decrease to 1.10 . 

Varying stator resistance had a negligible effect on power factor to the generator, but of course it has its effect on losses in the generator.

5.  An `average responding’ tester underestimates generator current: 

For a user load power factor of 0.8 and 1 dump load, an average responding tester would underestimate effective value of generator current by 3.4 % XE "generator current" 

 XE "average responding" 

 XE "true-RMS"  (see also annex C.2). With 2 dump loads, distortion of generator current is smaller, so this effect is smaller: Only 2.3 %. 

When an average-responding tester is used to calibrate the overcurrent protection device, it is advisable to either:

· Avoid that a dump load is being triggered at around 90(.

· Take into account that effective current will be some 2.3 % higher than the tester reading. For the 3 dump load version, the difference will be less.

An average responding tester will overestimate generator voltage slightly: By 0.4 % with 1 dump load and by 1.4 % with 2 dump loads. 

6.  A capacitor to dampen higher harmonics makes little sense:

Voltage and current signals generated by the simulation model can be analyzed for their higher harmonics XE "higher harmonics"  content. This way, effects of connecting a capacitor to the generator, can be evaluated, see table 7. To compare, also harmonics derived from the measured voltage and current signal of figure 7 are included. 

In the test with this 4 kVA generator, a resistive user load with slightly lower capacity than the dump load was used. For proper comparison with the simulations, user load should have had a ca.1.8 times larger capacity. This is why harmonics content for this test turns out to be that large.

At first sight, adding a capacitor is very attractive since:

table 7: Harmonics content (its amplitude as fraction of effective value) for simulations with 3 capacitor values, and for measured voltage and current on 4 kVA generator

2 dump loads,

effective








sum higher

pf = 0.8

value:
base:
3rd
5th
7th
9th
11th
13th
15th
harmonics

no capacitor:
Vc
1
1.391
0.158
0.072
0.089
0.056
0.062
0.043
0.047
0.222


Igen
1.296
1.417
0.106
0.029
0.025
0.013
0.011
0.007
0.006
0.114

C = 0.05:
Vc
1
1.385
0.277
0.056
0.043
0.018
0.015
0.009
0.008
0.287


Igen
1.158
1.399
0.201
0.019
0.007
0.004
0.001
0.001
0.001
0.202

C = 0.15:
Vc
1
1.408
0.131
0.023
0.014
0.007
0.005
0.003
0.003
0.134


Igen
1.029
1.410
0.110
0.012
0.005
0.002
0.001
0.001
0.000
0.111

Measured
Vc
233.8
1.392
0.178
0.122
0.065
0.058



0.232

on 4kVA gen.
Igen
5.149
1.348
0.307
0.100
0.035
0.026



0.326

1. Effective current drawn from the generator drops considerably. With the 0.05 capacitor, Igen is reduced by 11 % and with the 0.1 capacitor even by 21 %. This might make it possible to use a smaller generator, or to get more real power out of a given generator. The capacitors needed for this are quite large: At 50 Hz, the 0.05 capacitor corresponds with 19 (F per kW capacity of the M.H. system. In fact, the 0.15 capacitor would be more than needed to correct the power factor from 0.8 to 1.0 of a user load with capacity equal to kW rating of the system.

2. The highest harmonics are dampened very efficiently. As magnetizing losses go up with frequency, reducing these highest harmonics could mean a considerable reduction in these magnetizing losses.

Such a capacitor could be connected at user load end of the relay so that it will be insulated from the generator in a run-away situation and will not be destroyed by high frequency and/or voltage. It should not be fitted straight to the generator as the overcurrent protection device should sense generator current only, without current to the capacitor interfering with this.

But choosing an appropriate capacitor size is not that simple:

1. The simulation with a 0.05 capacitor shows that the highest harmonics are dampened properly, but that 3rd harmonic is almost twice as large as without a capacitor. Apparently this capacitor, stator self-induction and user load inductance form an oscillating circuit with a resonance frequency somewhere around frequency of the 3rd harmonic. To avoid this resonance problem, a capacitor of 0.15 would be needed but for a practical M.H. system, this would be a very large and expensive one. For lower values of stator and load inductance, an even larger capacitor might be needed to keep resonance frequency well below frequency of the third harmonic.

2. Maybe it would not harm user loads or the generator if 3rd harmonic is amplified somewhat. For a 1 dump load system, 3rd harmonic would be twice as high anyway. Then a less large capacitor just to dampen the highest harmonics might be an improvement. But this issue should be sorted out first before it can be recommended.

3. A small capacitor might wear out prematurely because of too high current. Once a dump load is triggered, the capacitor will provide current to this dump load for a moment.

If one considers adding a capacitor, it might be better to look at it in a more conventional way: To use it for power factor improvement of inductive user loads. 

B.18 Recommended generator size

The following recommendations are not meant for single dump load ELC’s, as for such ELC’s, HARVEY’s recommendations are more reliable since likely, they have been checked against practical experience. Values for single dump load ELC’s are only included here for comparison.

Capacity of generators is given as an apparent power Q and is expressed in kVA. Recommendations for generator size are based on:

1. Design power output of the M.H. system. This is real power P, in kW.

2. Expected power factor of user loads.

3. `Thyristor factor’ introduced by the ELC. This is subdivided in:

a. A power factor effect, as found using the simulation model.

b. A yet unexplained effect, see with point 4 of previous par..

4. A `contingency’ factor.

Power factor of user loads XE "power factor:user loads"  may vary considerably, see also annex. G.2. For determining generator size, the worst power factor that could reasonably expected, should be used. If this worst possible user load power factor can not be predicted reliably:

· Include a safety margin by choosing it lower than what could be expected, or:

· Choose an accurate, reliable overcurrent protection device, adjust it carefully and test it.

Since power factor effect of the ELC + dump loads XE "power factor:ELC + dump loads"  varies with user load power factor, these two power factors are not included as separate effects. Instead, the `power factor to the generator XE "power factor:to generator" ’ that was derived from the simulations, see table 6. This includes both power factor of user load and power factor of ELC + dump load.

table 8: Allowance for `unexplained factor'

ELC type:
`unexplained factor':

1 dump load
1.13

2 dump loads
1.07

3 dump loads 
1.04

The unexplained part of the thyristor factor is based on:

· Harvey’s recommendation of a thyristor factor of 1.28

· The part of this that could be explained by the power factor effect found in simulations.

This way, an unexplained factor of 1.13 was found for a single dump load ELC, see point 4 of the previous par..

This unexplained part must have to do with:

· Higher harmonics caused by phase angle regulation.

· An extra safety factor that was deemed necessary since different generator types could react differently to such higher harmonics, see par. G.3.2.

The amount of higher harmonics introduced by a phase angle regulated dump load is proportional to size of this dump load. Then it seems safe to assume that this unexplained factor can be chosen lower when smaller dump loads are used, see table 8:

Combining the expected power factor of user load + dump loads from table 6 and this `unexplained factor' from table 8 leads to the oversizing factors given in table 9.

The contingency factor is meant to allow for a number of adverse conditions for, or special demands to, the generator. HARVEY (page 259) recommends a factor of 1.25 or more and mentions as reasons for this:

1. Possible expansion of user loads.

2. Better voltage regulation and ability to start heavy electrical motors.

3. Reduced operating temperature (so increased life span).

Besides these, there are other relevant conditions and demands (see also annex G.1):

1. In an overload situation, generator current will be above design current.

2. User load power factor might occasionally be worse than expected.

3. In a M.H. system with ELC, the generator will continuously run at its design kVA load while likely, it was designed to run at its kVA rating only occasionally.

4. The overcurrent protection might offer poor protection against overloading the generator:

· It could have a fixed rated current (e.g. fuses or MCB’s). Then rated current could end up so high that it only trips in case of short circuit.

· It could be rather inaccurate or poorly adjusted.

· It could be left out altogether.

5. Cooling conditions might be slightly poorer than specified.

6. Mechanical power produced by the turbine might turn out somewhat higher than expected.

7. Costs associated with a broken down generator might be very high.

8. Quality of the generator, or the chance that it will survive when it is overloaded slightly for a short period.

9. Skills and commitment of the operator, and proper equipment for him or her.

Using one contingency factor XE "contingency factor"  to allow for all these possible adverse conditions and special demands, offers reasonable protection against any one of these adverse conditions. It does not protect the generator against a combination of several adverse conditions occurring at the same time. For example: Suppose that user load power factor is poorer than expected, overcurrent protection is inaccurate and cooling conditions are poorer than expected, then contingency factor might be too low. To protect the generator against such combinations, a safety factor should be included for each adverse condition and these factors multiplied. This would result in a heavily overrated generator that would be too expensive. 

Choosing a contingency factor XE "contingency factor"  means balancing many different aspects and ideally, this should be done by the engineer designing and installing the system. So the recommendations below are only guidelines:

1. For M.H. systems running 24 hours per day and with high costs in case of generator break-down, Harvey’s recommendation of a contingency factor of 1.25 or more, is appropriate. This offers a quite liberal safety margin with respect to adverse conditions.

2. In the following cases, it makes sense to consider a lower contingency factor of  1.20, 1.15 or even 1.10:

a. The M.H. system is only used a few hours each night for lighting (so less operating hours, users do not face large economic losses when the system is not operational).

b. The generator is well protected against too high current by either:

· A reliable, accurate overcurrent protection device.

· Adjusting `undervoltage’ feature rather sensitive and making sure that user load power factor will not be worse than expected, e.g. by prohibiting appliances with a poor power factor. After installation, generator current must be checked carefully to make sure that actual power output it is more than design real power output due to the turbine producing some more mechanical power than expected.

c. The operator is skilled, committed and has the right tools.

d. A high quality generator is used that will probably survive an occasional, slight overloads. Also, a high quality generator can probably deal quite well with higher harmonics introduced by the ELC, see par. G.1.

table 9: Generator oversizing factor due to user load power factor and thyristor factor (NB: Contingency factor not included yet)


Expected power factor pf. of user loads: XE "oversizing factor" 

ELC type:
 pf. = 1.0
pf. = 0.9
pf. = 0.8
pf. = 0.7
pf. = 0.6

1 dump load*
1.22
1.42
1.57
1.73
1.86

2 dump loads
1.10
1.25
1.38
1.54
1.75

3 dump loads
1.06
1.20
1.33
1.50
1.72

*) for comparison only



Choosing a contingency factor lower than 1.25, has its consequences:

· On average, the generator will be more heavily loaded and might wear out faster.

· Capacity to start heavy electrical motors will be reduced.

· Overcurrent protection and undervoltage feature must be adjusted more sensitive (see next par.) and will trip more easily. If this happens too often, it will be a nuisance to operators and users.

Now generator kVA rating XE "kVA rating"  can be found by:

generator kVA rating = design power output * oversizing factor * contingency factor

With:

design power output XE "power output:design"  = planned electrical power output in kW.

oversizing factor XE "oversizing factor"  = Allowance for user load power  factor and thyristor factor, see table 9.

contingency factor XE "contingency factor"  = chosen allowance for adverse conditions etc, see above.

The formula above gives the minimum generator capacity. As generators are available only in a limited number of capacities, the next higher capacity must be chosen. If a generator with a capacity just above the required minimum capacity is available, likely this is the best choice. But if choosing the next higher capacity means choosing a heavily overrated and much more expensive generator, it makes sense to see whether a slightly smaller generator might do. This comes down on economizing on factors in the above formula:

1. Design power output: This means reducing mechanical power produced by the turbine by:

· Adjusting the flow control valve lower.

· Reducing net head, either by installing the turbine a bit higher or by having a gate valve partially closed all the time.

· Choosing a smaller turbine.

· Choosing a lower transmission ratio, so that turbine efficiency is reduced. This has the added advantage that run-away speed for the generator is reduced, see annex A.2.

2. Oversizing factor: Then user load power factor must be improved by prohibiting the use of certain types of appliances. Oversizing factor can also be reduced slightly by using the 3 dump load version, see table 9.

Contingency factor: This can be acceptable, but has its consequences, see above. It should not be considered as an easy way to make calculations fit.

B.19 Adjustment of overcurrent protection and undervoltage feature

To protect the generator against overload, an accurate, reliable and adjustable overcurrent protection device is the best solution from a technical point of view. But a high-quality overcurrent protection device might be too expensive. Then a cheaper device could be chosen that protects the generator only against short-circuits, while the undervoltage feature can it protect the generator against overload, see annex D.3.

At least one of these devices should protect the generator against too high currents so:

· If an accurate, reliable and adjustable overcurrent protection device is used, undervoltage feature does not have to protect the generator. Then it can be adjusted such that it will protect user loads against undervoltage without tripping too often, see par. 4.5.

· If there is no high-quality overcurrent protection device, undervoltage feature should protect the generator against too high current due to an overload situation, see below for its adjustment. All other possible causes for too high current should be excluded as much as possible, so: 

· User appliances with a poor power factor are not allowed.

· At installation, actual power output XE "power output"  must be measured accurately and, if it is higher than design power output, mechanical power produced by the turbine must be reduced, see with `design power output' in par. 7.2.5 

The best setting for an overcurrent protection device depends on:

1. Rated current XE "rated current"  of the generator. This is its kVA rating multiplied by 1000 and divided by nominal voltage (= 230 V).

2. Unexplained part of the thyristor factor XE "thyristor factor:unexplained part" , see par. G.3.4.2. This allows for the extra load to the generator due to higher harmonics, that does not appear as an increase in effective value of generator current. This unexplained part was (see table 8):

2 Dump load ELC: 1.07 

3 Dump load version 1.04
3. Contingency factor XE "contingency factor"  chosen in the previous par.

4. Which part of the contingency factor one wants to include in the setting for overcurrent protection:

· Not including the contingency factor means that overcurrent protection device will trip only when the generator is actually overloaded. 

· Fully including the contingency factor means that it will trip as soon as the generator is loaded only slightly more than under normal conditions. 

Now somewhere between these extremes, a setting must be chosen. The purposes this contingency factor was meant to fulfill, are relevant in this:

a. If the main reason was to protect the generator optimally and guarantee a long life span, all or most of the contingency factor can be included.

b. If the main reason was to allow some unusual conditions without overcurrent protection tripping, most of the contingency factor could be excluded.

If the main reason was to allow expansion in the future, it is best to make separate calculations for the initial situation and for the future situation with expanded capacity:

· In the initial situation, contingency factor is large and the generator is heavily overrated. Then it is no problem to use a part of the contingency factor for extra protection of the generator.

· Once the need arises to expand capacity,  more careful calculations are needed to see how much capacity can be increased. By then it might be clear that user load power factor is a bit better than expected, that the generator does not run that hot etc. This will result in a lower contingency factor and a new, higher setting for overcurrent protection.

As a general advice, I think a factor of 1.10 should be included. If actual contingency factor was more than 1.10, then the remainder could be used to allow some unusual conditions. If in practice this leads to frequent tripping, a somewhat higher setting could be considered. Then first it should be checked 

· What conditions made overcurrent protection trip.

· Whether generator temperature remains well below the maximum temperature as set by its insulation class (see table 4). If so, a slightly higher temperature will not lead to generator life span being reduced considerably.

To summarize:
recommended setting for overcurrent protection device = rated current / (unexplained part of thyristor factor * contingency factor * part of contingency factor included)

General advise:

· Recommended setting with 2 dump load ELC = rated current / (1.07 * 1.10) =  rated current * 0.85

· Recommended setting with 3 dump load ELC = rated current / (1.04 * 1.10) = rated current * 0.87
If undervoltage feature must protect the generator against overload, it could be adjusted as follows:

1. Measure generator current and voltage. To stay on the safe side, better have so much user loads that the system is close to being overloaded. Also have those user appliances connected that will give the poorest power factor that might occur in practice.
Preferably use a true-RMS tester. When an average responding tester is used, add 3.4 % to measured current for a 2 dump load ELC, or 2.3 % for a 3 dump load ELC.

2. Calculate threshold current at which undervoltage feature should trip. Similar to above, this could be:
Threshold current = rated current / (unexplained part of thyristor factor * contingency factor * part of contingency factor included).

3. Assuming that when generator current increases, voltage will decrease by the same percentage (see annex B.3.4):
Recommended setting undervoltage feature XE "undervoltage:used as overcurrent protection" 

 XE "undervoltage:adjustment"  = measured voltage * measured current / threshold current. 

With this setting, undervoltage feature might trip quite frequently. This is because undervoltage feature will react to a slight load variations that last  some 10 seconds or longer, while the generator could easily handle this slight overload for a couple of minutes before it will actually get overheated. So if user load varies a little, undervoltage feature will trip while the generator is not nearly overloaded.

If frequent tripping becomes a nuisance:

Check whether a lower (= less sensitive) setting for undervoltage feature is acceptable:

· Ask users to cause a typical overload by gradually switching on more and more appliances, including ones with a poor power factor. Feel how hot the generator has become by the time undervoltage feature trips, (or measure this, see also par. D.3.3).

· Measure voltage while the system is overloaded. See how the lowest voltage that lasts for some 10 seconds, compares to mean voltage as averaged over some 5 minutes. If for example this lowest voltage is 20 V lower than average voltage, undervoltage will trip while mean voltage is still 20 V above the level at which the generator might get overheated. Then threshold voltage for undervoltage feature can be adjusted 20 V lower.

Note 1: Do not decide too easily to adjust undervoltage feature less sensitive because it trips too often. If it trips, it must be due to an overload situation and this should be avoided anyway, see annex B.3.6.

Note 2: Above, it was assumed that threshold voltage for overcurrent protection of the generator will end up higher (= more sensitive) than threshold voltage for undervoltage protection of user loads (e.g. 170 V, see par. 4.5). Then with this more sensitive setting, user loads will be even better protected against undervoltage. If threshold voltage for overcurrent protection would end up lower, better stick to the higher threshold voltage needed for undervoltage protection of user loads.

Triac characteristics

Of course triacs have their maximum voltage and current rating and requirements with respect to cooling, trigger current etc. Besides these, they have some unusual characteristics. 

See SGS-THOMSON for data sheets of the BTA triacs, Unfortunately, data sheets on the TIC263M triac are not available on internet.

Temperature effect on maximum current:

The TIC263M triac can be used up to its rated current (= 25 A) as long as case temperature is below 70° C. To achieve this, a very large heat sink would be required, see annex E.4. Between 70 and 110° C, maximum allowable case temperature decreases linearly with increasing temperature.

Holding current XE "holding current" : 

As explained in par. 3.3, a triac will go from conducting to blocking state if current through it decreases to 0 when generator voltage goes from positive to negative or reverse. In practice, it will already go to blocking state if current drops below a holding current, which for the TIC263M is typically around 10 mA and maximally 40 mA.

Latching current XE "latching current" : 

This is the minimum current that should flow through the triac at the end of a trigger pulse in order to keep it in conducting state. If current is below this latching current, it will just go back to blocking state as soon as the trigger pulse stops, so it has not been successfully triggered. Latching current is typically 20 mA for the TIC263M, so about twice the holding current.

Triggering error due to latching current XE "troubleshooting:triggering errors" :

This latching current limitation can produce confusing results if the ELC is being tested with only small filament lamps as dump loads. If the ELC triggers a triac at a trigger angle close to 0, voltage at the end of the trigger pulse is relatively low, so by the time the trigger pulse stops, current through the lamp might still be below latching current and it won't light up. 

Usually, things get even more complicated because resistance of the lamp varies strongly with temperature of its filament. As soon as this cools down, resistance drops, current at the end of the trigger pulse will be above latching current and the lamp lights up again. This makes the lamp flicker with a frequency of around 10 Hz. Then one might think that PI controller itself produces this oscillation.

This confusing situation can occur with lamps of 25 W or less. It can be avoided by using larger capacity lamps (at least 50 W), by connecting another resistive load in parallel, or by temporarily increasing F.T. zone setting.

Reverse recovery current:

A triac has a reverse recovery time. This is a delay time in going to blocking state. At a zero crossing, current diminishes to 0 and then flows in opposite direction for a short moment: Reverse recovery current. This current flowing in opposite direction for a short moment, wipes any remaining conducting charges out of the active silicon material. Only once these are gone, the triac can block the voltage that builds up in opposite direction.

This reverse recovery current XE "reverse recovery:current"  also flows through the generator stator windings with their stator self-induction. So when reverse recovery current is suddenly stopped and there is no resistive load connected to the generator, this causes the reverse recovery peak in generator voltage, see par. 3.9.4.

Temperature effect on trigger current: 

Minimum trigger current XE "trigger:current"  that is needed to trigger a triac, decreases with increasing temperature. There is no problem at extremely low temperatures, as the 80 mA trigger current should be enough even at -40° C. 

Similarly, a triac can be triggered by a very low trigger current if temperature is very high. This effect makes that its maximum operating temperature is rather low: only 110° C for the TIC263M. Above this temperature, it won't be destroyed, but there is the risk that it will start to conduct without any trigger current. This means that power diverted to dump loads can not be controlled any more: They are switched fully on. 

BTA triacs: 

The BTA25B triac XE "triac:BTA, high current"  produced by SGS-Thomson is much more attractive from the point of heat sink requirements, see annex E.3. The BTA41B is even more powerful: It has a rated current of 40 A, but this is only allowable when case temperature is kept at 75 (C or lower.

These BTA triacs have 2 major disadvantages:

· Their low value for maximum dI/dt of only 10 A/(s.

· To make this value applicable, they need to be triggered with a large trigger current of 500 mA that has a very fast rise time (rate of increase: 1 A/(s). 

This makes it questionable whether these triacs could be used, see below.

Maximum rate of increase of current dI/dt XE "dI/dt"  (also called `critical rate of rise of on-state current’):

Triacs can get damaged if current rises very fast after they have been switched on. Just after being triggered, only the part of its chip surface just around the trigger electrode, is active. So if it has to conduct a large current right away, this part might get overheated.

Noise suppression coils serve to limit dI/dt, see par. 3.5. The TIC263M triac has a very high maximum dI/dt value: 200 A/(s and with these, no problems are to be expected. The BTA triacs have a much lower maximum dI/dt: Only 10 A/(s and even this value is only applicable when they are triggered by this large trigger current with a very fast rise-time, see above.

If one would like to use these BTA triacs, dI/dt value should be limited to only 10 A/(s up to a voltage of 600 V. For this, the noise suppression coils should have a minimum self-induction of 60 (H. The standard noise suppression coils already have a self-induction of 1.7 mH but above 0.26 A, the core becomes saturated and self-induction drops off sharply. Now the question is whether:

A. dI/dt should be limited up to the time current has reached its full value, or:

B. The moment at which current starts to rise sharply, should be postponed until a few (s after  trigger pulse came, so that by then the whole chip surface area is effectively switched on.

There are different opinions about this.

1. The fact that in data sheets, always a rate of rise value dI/dt is specified and not a delay time, suggests that indeed the rate of rise is critical.

2. In a telephone call, a supplier for the BTA41-600B triac argued that dI/dt should be limited up to full current. Maybe he didn’t know for sure and wanted to stay on the safe side. But a graph in the BTA data sheet also suggests that dI/dt must be limited up to the time current reaches its full value. 

3. According to SCHRAGE & ZEEUW, 1980, thyristors can be protected against a too high dI/dt by `small, saturable noise suppression coils’. These should limit current during rise-time and a part of spreading time to several times the latching current (typically 20 mA for the TIC263M). Rise time is defined as the time during which voltage drops from 90 to 10 % of its initial value and spreading time is the time during which it drops further to its normal on-state value. 

4. In a telephone call, Mr. Ben Tabak, ABB Components (Dutch supplier of a.o. ixys thyristors) assured that just delaying the moment at which triac current increases sharply, will do.

I think that in general, SCHRAGE & ZEEUW and Mr. Tabak are right and that a small, saturable noise  suppression coil will do. But the BTA triacs might be a special case. Their dI/dt value is so low as compared to ordinary triacs, in spite of the high requirements with respect to trigger pulses. Maybe these triacs we constructed different than ordinary triacs, as its dI/dt value is so low compared to ordinary triacs.

Circuit for higher trigger current XE "trigger:current" :

To produce this higher trigger current needed by BTA triacs, the last step of final comparators module should be adapted as follows:

1. Replace the BC237 transistors with 2N2219A transistors (max. 800 mA).

2. Replace the 2.2 k resistors between the 47 nF capacitors and the transistor base connections by wire bridges. This makes that the transistor only conducts for as long as it takes for the opamp output to swing from `low' to `high'. So the trigger pulses will last only some 27 (s instead of the usual 0.2 ms.

3. Replace the 150 R resistor between the transistor emitter connections and the triac gates, with 27 R ones.

This circuit will produce 500 mA trigger pulses with a rate-of-rise of 0.25  - 0.5 A/(sec. The desired value of 1 A/(sec is not achievable without using an extra transistor in between but likely, there is a safety margin and these trigger pulses are good enough. Then it still remains questionable whether just postponing the moment at which current rises fast, is acceptable for these BTA triacs. So it is not guaranteed that these triacs will survive and as long as this has not been tested, it is safer to choose for the TIC263M or a similar type with a high dI/dt value.

User load characteristics

This is about the most complicated aspect of M.H. systems. Different types of appliances all pose their own set of demands to their electricity supply. The easiest answer to this is by just trying to make quality of electricity equal or better than national electricity standards, but this probably means that it will never be built at all because it would become too expensive. So design of a M.H. system will always be a compromise: It should allow the use of a number of appliances that are appreciated by users and affordable to them, while the M.H. system should not become too expensive to be economically feasible.

No recommendations will be given about what compromise might be best for which conditions. Only the kinds of demands are discussed:

Damage to appliances.

Clearly, electricity supplied XE "electricity supply:voltage and frequency"  by a M.H. system should not damage appliances. Different appliances pose different demands with respect to:

· Maximum voltage: Almost all kinds of appliances have limitations with respect to this. Filament lamps are very sensitive to overvoltage: According to FOLEY, 1990, page 28, a voltage of 10 % above nominal voltage, causes life span to be reduced to only 20 % of its normal life span. Varistors used to protect electronic appliances against voltage spikes, are themselves very sensitive to generator voltage being above their rated voltage, even if this lasts only a few ms. See also par. 7.4.9.

· Minimum voltage: Induction motors will burn out when voltage is too low to get them started.

· Maximum frequency: Speed of induction motors will go up with frequency. This might destroy the driven machine or the motor itself if the machine needs excessive power to be driven at a higher speed (centrifugal pumps, ventilators).

· Minimum frequency: Inductive loads will draw too much current if frequency is below nominal value. Fluorescent lamps with magnetic ballast’s are sensitive to this.

· Combination of a rather high voltage with a rather low frequency: Some inductive loads might be sensitive to this, see par. 4.8. 

· Peak voltages and high frequency noise: When not protected against these, electronic appliances might get damaged by very short, sharp peaks on voltage supply. The triac triggering dip XE "triac triggering dip"  caused by the ELC might form a problem for very sensitive appliances.

Often, there are no sharp limits as to what is acceptable and what not. There is the time factor: An appliance will not be destroyed immediately when voltage is too high, but this condition should not last too long as it wears out much faster. Also replacement costs play a role: If all filament lamps that were connected at a certain moment are blown due to overvoltage, this is rotten, but much less costly than blowing all fluorescent lamps.

Proper functioning:

Having an appliance survive certain conditions is not good enough, it should do what it is supposed to do. This also poses limits to maximum and minimum voltage and frequency. For example: A voltage of 20 % below nominal voltage, causes light output of a filament lamp to drop to less than half its usual light output. Voltage and frequency variations might become a nuisance to users if they cause lamps to flicker. 

Loads requiring a 3-phase supply XE "3-phase system" :

Electrical motors running at a 3-phase supply are cheaper, simpler and more robust. For large capacities, 3-phase generators are cheaper and more widely available. Transmission lines could be cheaper for 3-phase electricity since thinner cables can be used. But a 3-phase system is more complicated from a technical point of view and probably only worthwhile for capacities above 5 to 10 kW, see HARVEY, page 242 - 243 and 248 - 251. For a 3-phase system, a 3-phase ELC is needed, see annex K.3.

Influence of appliances on M.H. system:

Large loads might cause an overload situation XE "overload situation"  when switched on, see annex B.2.3. Large induction motors are especially important because they require an extra large current for starting, causing voltage and frequency to drop for a number of seconds. In the interest of other users, maybe limitations should be set to the use of such appliances, see annex J.2.

Appliances drawing a DC current XE "troubleshooting:DC component" :

Some types of appliances can draw an asymmetrical current when switched on at `half capacity'. Then a diode is connected in series with this appliance, causing it to draw a current only during the positive (or negative) half periods: A very cheap, simple and effective way to reduce its capacity by half. When connected to a generator, in principle this will lead to a DC component in generator voltage, which in turn might be dangerous to certain inductive types of appliances. See par. 7.4.6. A malfunctioning ELC could also cause a DC component in generator voltage, see the same par.

Such appliances will always have a switch that switches from 1/2 to full capacity (or a switch with 3 positions: 0, 1/2 and 1). Of these, only those appliances with a capacity that is rather large compared to capacity of the generator, might cause a harmful DC component. I can think of only one example: Electrical hairdryers. Some soldering irons also have such a switch but their capacity is too low to affect generator voltage. By the way: Such soldering irons are very useful for precise soldering on heat-sensitive components so if your soldering iron does not have it, you might build it into its supply cable.

If a DC component of more than a few V is found in generator voltage, it is still the question whether this could harm any other appliances connected to the system. To find out, both AC and DC current drawn by different types of appliances can be measured There should be no problem if both:

· AC current is close to its normal value (as measured without a DC component in supply voltage)

· DC current is below say 1/4 of AC current.
Please note: Do NOT use a current transformer or current clamp for these measurements, as these will show a DC component of 0 A even if there is a very large one.

Reliability of electricity supply XE "electricity supply:reliability" :

The costs and nuisance of an appliance that does not function because of lack of electricity, varies enormously. Not being able to listen to the radio is merely a nuisance. Losing a file on a personal computer because electricity fails a few seconds, can mean the loss of a day’s work. A refrigerator with food (or vaccines) that gets wasted because of no electricity for a day, might be quite costly.

Some types of appliances are only worthwhile if electricity supply is quite reliable. FOLEY, 1990, page 28 mentions a M.H. system in Peru that has been in operation for 23 years, but with limited operating hours and a poor quality and reliability of supply. When available, electricity was used for lighting but until then, it had not been used for productive purposes.

Operating hours:

One could distinguish the following electricity use patterns:

· Used only a few hours each night: Domestic lighting, amusement, street lighting.

· Used mainly during daytime: Electric fans for cooling,  productive end-uses. With agricultural processing machinery, electricity demand fluctuates with seasons.

· Requires electricity 24 hours per day: Refrigerators, radio communication equipment, emergency supply for hospitals.

Economic benefits for users, productive end uses:

In the end, the M.H. system should contribute to development of the area. If components can be built locally and local people get involved in installing systems in new areas, some people can earn a living from this. It also makes sense to try to design the system such that productive end uses are possible and expensive consumptive end uses are discouraged.

I think the M.H. system should help productive end uses XE "productive end uses"  to get started and not the other way round. If most local people can not afford the electricity from a M.H. system, chances are poor that they could afford it when sold as a package deal with productive end uses:

· Generally productive end uses mean electrical motors so capacity of the M.H. system should be much bigger and more costly.

· Users will have to invest in machines and materials for those productive end uses as well, so their costs will be much higher. This could be a risky business when it concerns economic activities that are new in the area.

So this could turn into vicious circle: Productive end uses are necessary to pay for a M.H. system that became so expensive only because it was designed to power those productive end uses.

At least introducing the technology becomes much more complicated since one has to introduce both the M.H. technology and these productive end uses: If one of these fails, the whole enterprise fails.

Economic feasibility of the M.H. system XE "economic feasibility" :

The types of appliances that can be used with a M.H. system, influence its economic feasibility:

1. It is the end uses that determine the economic value of electricity produced. So the types of appliances that can be used and that users are likely to buy, influences what they are willing to pay for electricity.
The ideas of potential users about this, might be as important as the actual possibilities. If potential users think that quality of electricity is poor and appliances might be destroyed, that electricity supply is unreliable or that the system will not last in the long run, they will be unwilling to participate. This makes it very important to inform potential users about what they can expect. If too high expectations are raised at the start, users might lose confidence altogether when there is some teething trouble and it could be difficult to keep them satisfied and paying their bills. If they were told right away that some teething trouble could be expected but that the agency installing the system is committed and able to overcome these, they are more likely to value the electricity and invest in a connection and appliances. 

2. If the system runs 24 hours per day, the electricity produced per year (in kWh) will be much higher. The extra costs associated with this, are limited: A somewhat larger generator and increased maintenance and repair costs.

3. A portion of the electricity produced, will be wasted in dump loads rather than being consumed by user appliances. This is expressed in a load factor XE "load factor"  (= Electricity consumed / total electricity produced). When kWh meters are installed and electricity is sold by kWh, income of the M.H. project depends directly on kWh sales, so on the load factor. But even with a monthly subscription rate, load factor is important as some users might bargain for a cheaper rate if they do not use any electricity at night.

Social aspects:

There is the question of who can benefit from the system and at what costs (see also annex J.4):

1. Is it affordable for the majority of people, or only for the rich.

2. How will costs be divided over all users:

· Costs for a cable to a few houses far away might be charged to those people, or shared by all users.

· There might be a few people who consume a lot of electricity during daytime for productive purposes, and many users who use it mainly for lighting at night. It will be hard to set charges such that they are acceptable to both groups.

It is easy to think of some negative social aspects of introducing electricity: Young people drinking cooled beer from a refrigerator while listening to loud, western music instead of working on the fields. But there can be also positive social aspects: An M.H. project that works out well, could bring some of the luxuries that people in towns already have for many years. This might encourage young people to stay in their own area. Typically, areas where M.H. is feasible, are mountainous, thinly populated and insulated. People with some education and an enterprising attitude, often move to cities because they think that only there they can get a better life. If such people see chances for development in their own area, they might set up enterprises there and help bring that development.

There is much more to be said about end uses, electricity demand, economic viability etc. See e.g.  FOLEY, HARVEY and LOUINEAU.

Management problems

B.20 Introduction

Before trying to introduce M.H. technology in a new area, it makes sense to think about problems that could be expected. Of course there will be technical problems and if these can not be solved, for sure the system will be a failure. Besides these, there might be management problems that could be just as important for success. By definition, answers to such problems are mainly on management level: Good agreements should be reached within the user group and people should stick to these. But technical measures and proper extension to users can make things simpler.

Safety XE "safety"  is also partly a management problem. And once there has been an accident, it is too late...

In this annex, only some management problems that have a technical side to them, are discussed. See HARVEY, 1993 and FOLEY, 1990 for more information.

B.21 Overload problems

In a number of ways, users are warned not to overload the system XE "overload situation" :

1. The dump load lamps show whether the system still has spare capacity. So before switching on a heavy load, users can look at these lamps.

2. If a user switches on a heavy load, he/she might notice that the system becomes overloaded, e.g. from a lamp that burn less bright or from the sound of an electrical motor that changes towards a lower pitch.

3. The overload signal makes that all over the system, it becomes noticeable when there is an overload.

If users do not react to these signs within a few seconds and switch off loads, likely undervoltage feature will switch off all user loads and the system has to be restarted (with a load-shedding device as described in annex K.6, only one cluster of users will be switched off).

The undervoltage XE "undervoltage"  feature is a good way to protect user appliances against damage because of too low voltage. But if it trips several times per evening, electricity supply XE "electricity supply:reliability"  becomes unreliable and less valuable to users. Then they might react carelessly and just switch on appliances as they like: If he/she would not cause an overload now, his or her neighbor might do so 10 minutes later so there is no more incentive to avoid overload situations.

Users should be explained carefully that when a M.H. system becomes overloaded too frequently, it becomes useless. Arrangements could be made with respect to:

a. Which kind of appliances can be used, with what capacity and how many per house. By the time that some users have bought appliances already that are bound to cause overloads (e.g. electric cooking plates), such issues are much more difficult to settle.

b. For appliances that consume much electricity but can be used flexibly (e.g. flat-iron’s): Their use could be allowed only during off-peak hours.

c. It could be encouraged that a group of users share the use of an appliance (e.g. an flat-iron) that could cause overloads. This prevents that several of such appliances are switched on at the same time, while sharing the costs will be economic for users.

d. Load-limiting devices like fuses that limit maximum power for each house (see also annex K.6.

e. Appointment of an `overload prevention' officer responsible for settling disputes and proposing measures.

f. Report writing on when an overload situation occurred, why it happened and suggestions on how such situations can be avoided in the future.

An M.H. system comes close to the classic `tragedy of the common’s’ situation: For a fishing village, it is in the benefit of all fishermen not to destruct their source of income by overfishing. But for one poor fisherman, it does not pay off to reduce his catch because then others will just get a larger share of the total catch. The only answer is to stimulate a sense of responsibility for the well-being of the whole community and to come up with collective solutions, agreements and ways to enforce these.

Reliability of electricity supplied by a M.H. system, can be expressed as its availability percentage XE "electricity supply:reliability"  (= hours the system is operational divided by total hours). It is an indicator for its quality and users might be proud if their system compares well with other ones in the area. The operating hours counter XE "operating hours counter"  makes it possible to record availability percentage.

B.22 Operation, maintenance and repair

The ELC requires no maintenance and if it would be damaged, this was likely due to lightning strikes or improper use. Other parts of the M.H. system will need more maintenance and repair: Inlet structure, canal, forebay, turbine, transmission, generator, overhead cables etc. 

Keeping a M.H. system functioning is less spectacular but more troublesome than just building one. This could lead to M.H. systems being installed mainly to take pictures and have newspaper articles about the generous politician who made this all happen. In planning and installing such a M.H. system, an optimistic approach might have been used while for keeping future maintenance and repair work to a minimum, more attention should have been given to what might go wrong. Likely, such M.H. systems will require a lot of maintenance and repair work.

Some relevant aspects are:

1. Site selection: Will there be enough flow to drive the system all year round, chance of floods that might destroy the power house.

2. Economic evaluation: Are there enough potential users that want to join and can they afford it.

3. Technical quality of the design.

4. Quality of components being used.

5. Proper testing, the way problems found during tests are dealt with.

6. Training of operators and users.

7. A plan for regular checks and scheduled maintenance works.

8. Arrangements with suppliers about guarantee terms, a service agreement with a workshop that can do repair works.

9. A payment system that allows to pay a fee for operators and saving for repairs. Also arrangements are needed about contributing labor for repairs that users can do themselves, e.g. on civil works.

HARVEY has an interesting chapter on operation and maintenance needs and schedules for these. 

B.23 Payment system

Even if construction of a M.H. system is paid for by aid money, there should still be some form of payment to allow for maintenance, an allowance for operators and savings for repair, replacement of components etc. If one hopes to install more systems in neighboring villages in the future and these should be paid for by users, then it is unwise to have the first pilot system financed completely by an outside grant.

A payment system that makes use of kWh counters for each user, is not attractive:

· kWh counters would make things too expensive (but maybe in the future, cheap electronic counters might become available). 

· It gives the wrong incentive to users. Just saving electricity serves no purpose if the electricity saved, is wasted in dump loads. What really counts is to avoid overload situations. If this works out well, new users can join in without having to expand capacity of the system, or each user could consume more electricity.

The payment system should reflect real costs of the electricity system and this is: Having a share in electricity consumption during peak hours. This makes it logic to choose for:

· A `flat rate' payment system: Every user pays a monthly fee irrespective of how many kWh were used.

· Load limiting devices or agreements coming down to load limiting.

Then people who want to use more electricity can get a load limiting device set to a higher value if they are willing to pay a higher rate.

Special arrangements might be necessary with respect to productive end uses. Other users might claim that these people earn extra income from their electricity so they can pay a larger share of the costs. While the ones that have productive end uses, might claim that they use electricity in off-peak hours so that it does not matter anyway.

Ideas for further development
B.24 More attention to safety

In this manual, safety XE "safety:standards"  for users, operators and technicians of a M.H. system, has not been given the attention it deserves. Just recommending to follow western quality standards for every part of the system that might pose a danger, is no solution as this could make it so costly that it is unaffordable. On the other hand: Accepting that safety standards are much lower in developing countries, that people are willing to take some risks and that they have learned to avoid dangerous situations in their own way, is no solution either. 

Bringing electricity to a new area means that most users will not be familiar with its risks, so there might be more accidents than in a city with just as bad electrical wiring. Also the fact that a M.H. system might not run 24 hours a day, could cause safety hazards. During the hours that it is normally off, people might be careless with wiring or repair things without making sure that this section of the grid is disconnected. Meanwhile, the operator might start the system because someone wants electricity at an unusual time.

I believe one should at least think about possible risks and ways to reduce them to an acceptable level. It is a form of respect for the people who will use the system or work with it, that one cares for their personal safety. It might be a good thing if a M.H. system sets a standard for safety rather than following current standards: The M.H. system is intended to function for 10 to 25 years and by then, it should still be acceptable with respect to safety.

Even though safety is more a matter of good training, proper procedures and the like, I want to suggest a technical measure: Earth leakage circuit breakers, see next par.

B.25 Including Earth Leakage Circuit Breakers

An Earth Leakage Circuit Breaker (ELCB) XE "Earth Leakage Circuit Breaker (ELCB)"  is a type of relay that senses current in both the 230 V Line and 230 V Neutral wire and switches off user loads if the difference between these two currents is more than a preset value. If there is such a difference, it means that some of the current supplied by 230 V Line wire, is not returning via 230 V Neutral wire so it must have leaked to earth. Once tripped, an ELCB remains in `off’ position until it is reset manually. 

If an ELCB trips, in most cases it will be because of current leaking directly to earth. For instance: An appliance has become wet, insulation between its internal wiring and chassis is too poor and the chassis makes direct contact with earth. If this appliance was standing on an insulating wooden surface, no current would leak to earth so the ELCB will not trip, but the chassis could carry a dangerously high voltage because of the faulty insulation of the appliance itself. Now if someone touches the chassis, current will flow to earth through his/her body and there is a danger of being electrocuted. The ELCB prevents this by switching off power supply to this part of the grid. For ELCB’s used in Holland, the current difference necessary to make them trip is 30 mA. A 30 mA current might be painful, but is not dangerous to humans.

ELCB’s are a good way to protect people against being electrocuted when they would accidentally touch live wire XE "safety" . But they do not protect against all possible hazards: If someone stands on isolating material (e.g. rubber boots), touches the 220 V Neutral wire with one hand and then touches the 230 V Line wire with the other hand, the ELCB will not trip and he/she could be electrocuted.

ELCB’s can only be used when 230 V Neutral wire is not grounded beyond the point where the ELCB is fitted. If it would be grounded, some current will flow through this earth connection due to voltage drop over this wire and this will make the ELCB trip right away. This means that if 230 V Neutral wire is grounded at regular intervals along the overhead cable for lightning protection, one can not protect all users by fitting a single ELCB in the power house. 

Using a single ELCB for many users is not recommended anyway. Even when their insulation is alright, all appliances and insulators will have a tiny leakage current and together, these might cause the ELCB to trip. And a single branch touching an outdoor cable might also cause it to trip.

ELCB’s used in Holland are quite expensive (ca. US$ 100) and this makes one think about cheaper solutions. If a load-shedding device would be developed (see annex K.6), an earth-leakage feature could be included in it.

HARVEY, page 293 also mentions Earth Fault Relay that are ment to be installed in the power house (so disconnect all user loads if an earth leakage is detected) and have an adjustable setting. These must work in a different way since 230 V Neutral wire will be grounded beyond the point where it is fitted. Probably they only react to large currents leaking to earth, e.g. because the overhead cable has broken and lies on the ground, or inadvertently 230 V Line wire has been grounded instead of 230 V Neutral wire. This would mean that they are meant to protect the M.H. system rather than people.

B.26 A three-phase version

M.H. systems with a capacity of more than 5 to 20 kW are likely to be build as 3 phase systems. Advantages of a 3-phase system XE "3-phase system"  are (see also HARVEY 1993, page 248):

· For such large capacities, the generator will be a bit smaller and cheaper.

· Cables could be a bit thinner and thus: cheaper.

· Then 3-phase induction motors can be used, and these are cheaper and more robust than single-phase induction motors.

There are also disadvantages:

· The wiring and switchgear is more complex.

· It might be difficult to balance the loads over the 3 lines. If proper load balancing can not be guaranteed, the generator and wiring must be overrated and/or the overcurrent protection will trip often.

For a 3-phase M.H. system, a 3-phase ELC is needed. To make such an ELC, the single-phase design could be modified:

1. Voltage dividers, sawtooth signal, F.T. signal and final comparators module have to be built in threefold. The PCB design is such that these modules are built around two LM324 opamp chips, so the PCB for a 3-phase ELC could just have 3 copies of the circuit around these opamps. 
Only one of the 3 sawtooth signal modules needs to have a `frequency' trimmer and the 10 k and 1 k (or 1.2 k for 60 Hz) resistors that go with it, the other two can use the same voltage from middle contact of the trimmer. Also only one of the three final comparator modules needs to have LED's that indicate trigger angle, as all 3 phases will have the same trigger angles.

2. There is only one PI controller, but it should make 3 independent trigger angle signals to the 3 final comparator modules because each phase has its own F.T. zone signal. This means that from the outputs of P-effect, I-effect and overload signal opamps, 3 sets of resistors are needed to make these 3 different trigger angle signals.

3. Overvoltage feature should react to the highest voltage of the 3 line voltages. Similarly, undervoltage feature should react to the lowest of the 3 line voltages.

4. The power circuit should also be built threefold, except that one 3-phase relay can be used instead of 3 single phase ones. With star-connected dump loads, voltages over triacs etc. remain the same so the same triac type can be used. The extra dump loads make that capacity of the ELC is easily expanded to 20 kW for two dump load version build in threefold, and 30 kW for the 3 dump load version built in threefold. Even larger capacities are possible with parallel sets of triacs or thyristors, see annex E.3.
Of course capacity of the heat sink should be increased threefold as well. Then likely, it will be cheaper to use a rather small heat sink with a fan for forced cooling instead of a very large one, see also Heat sink capacity.


With a 3 phase system, loads to the 3 lines should be more or less balanced. If not, the generator could overheat because one stator phase carries way too much current. Also user loads might be damaged because of undervoltage at the heavily loaded line(s), or overvoltage at the lightly loaded line(s). This means that the following features are needed:

1. Current and voltage indicators for each of the 3 lines. Using these, the operator can check whether loads are balanced properly, and how loads should be rearranged in order to improve balance.

2. Overcurrent protection should sense currents in the 3 lines and switch off when any of those currents is above the set value. Three-phase motor protection switches and overcurrent trips work this way, see annex D.3.5 and D.3.6. 

3. To reduce unbalance problems, all heavy loads should be 3-phase ones. This means that large single phase electrical motors can not be allowed on a 3-phase system.

With respect to component costs, a 3-phase ELC will be about as expensive as 3 single phase ones, see annex L. Since it is less likely that a number of 3-phase ELC’s with a standard capacity can be sold, probably they have to be made to order and this might make them more expensive as 3 single phase ELC’s.

I have circuit diagram’s and a PCB design for a 3-phase ELC. I still have to write a short building manual and then it will be available from Mr. Klunne’s site. This 3-phase version is not tested yet.

A 3-phase IGC version is also possible. It would be even easier than a 3-phase ELC because 3 independent single-phase IGC’s would already work on a 3-phase induction generator system.

Then only the protection features of those 3 IGC’s should be integrated such that if one feature trips, all 3 lines are switched off. It would be possible to connect the protection features of all 3 single phase units to one `logics’ signal that drives the relay. But this would mean that other voltages like `E’, `Vref’, `Vref, delayed’ and `+V’ should be connected through also. This would make the single phase units become more closely linked, with increased chance of unwanted side effects. A simpler solution is to have each single phase unit drive its own tiny relay, with the coil of the main relay being powered from generator voltage via those 3 relays connected in series. This way, the main relay can only switch on when all 3 single phase units give a `safe’ signal. The main relay should have a 230 V AC coil and for large capacities, these types are much cheaper than the version with a 24 V DC coil. Some other points:

· There is no need to build the `overspeed’ feature on all single phase units as they will all sense the same frequency. The unused opamps can be disabled by not fitting the diode between its output and `logics’ signal.

· If there is just one large heat sink, only one `ELC overheat’ feature will do. If each unit has its own heat sink, or if there is a chance of major temperature differences within a large heat sink, it would be better to let each unit have its own `ELC overheat’ feature.

· It does make sense to have `frequency effect to overvoltage’ on each unit, as voltages of  the 3 lines could be quite different.

· With the 3-phase IGC version, it makes sense to fit all usual LED’s to the single phase units. The units work quite independently and it helps to see how they function and, in case the relay trips, which line is causing trouble.

· If a feature in one unit trips and causes the main relay to switch off, the features in other units are not disabled (see with point 2 d in par. 4.2). So these features will react to the consequences of the relay having switched off and the `overvoltage’ features of those units will trip. This will give a confusing reading, as all 3 units will show a reason why the main relay tripped. One just has to remember that two `overvoltage’ LED’s are false and look for the other reason. Only if the reason was an overvoltage situation, it won’t be possible to see which line caused the relay to switch off.

B.27 A cheaper version

There is a trend towards `pico-hydro’: M.H. systems with a capacity of less than 5 kW and mainly lighting as end use. For such pico hydro systems, a simpler ELC would do:

· The overvoltage, undervoltage and overheat protection feature and overload signal could be left out. Then overspeed feature will protect user loads against run-away situations. With only one protection feature left, there is no need for LED’s indicating which feature made the relay switch off. The trimmer for `overspeed' could be replaced by fixed resistors. Then a much simpler PCB design with only 3 LM324 chips and 3 trimmers would remain. 

· Maybe even overspeed feature could be left out and then no relay would be needed either.

· Dump load LED's could be left out. Once working properly, the LED’s indicating trigger angle give the same information as the dump load lamps. Anyway, users will notice that the system is overloaded when their lights go dim. 

· Component costs could be reduced further by choosing a smaller heat sink, relay, connector materials and housing.

Such a stripped ELC design would be cheaper and require less time to build. But it would not be easier to troubleshoot, as the ELC part works just the same as the standard design. So I think it only makes sense to develop such a design if there is a market for many of such small capacity ELC’s.

B.28 Using the power diverted to dump loads

In this manual, it is assumed that power diverted to dump loads is wasted XE "dump load power:using it" . With a 2 or 3 dump load ELC, it is especially tempting to use power diverted to dump load 1 since this one will be switched fully on during off-peak hours. Maybe it is possible to use it productively for:

1. Battery charging: People living too far away to be connected to the mini-grid, might be interested to use 12 batteries for lighting. A standard battery charger has a quite large transformer that will act as an inductive load, while the ELC design is meant for resistive dump loads only. This will cause no problems as long as there is a resistive dump load in parallel, with a capacity that is large compared to that of the battery charger. The smaller this resistive dump load is compared to the battery charger, the larger chances on triggering errors are. Such problems might disappear when F.T. zone XE "F.T. zone:adjustment"  is adjusted somewhat higher, see par. 7.4.3.
Warning: It is not allowed to correct the power-factor of an inductive dump by fitting a large capacitor in parallel, see par. 6.2.
2. Ironing (or other heavy, resistive appliances). This could help avoiding overloads: If an flat-iron + the electricity it consumes is available for free, hopefully users will not buy one themselves and cause overloads by switching it on at peak hours.

3. Street lighting using incandescent lamps: Apart from lighting the streets, this works as a dump load lamp that is visible to many users: From street lights, users can see whether the system has still spare capacity left so that they could switch on more appliances without causing an overload situation. To save on replacement costs for the lamps, it makes sense to switch over to a cheaper dump load during daytime.
Dump loads are not protected properly against indirect lightning strikes. So either they should be protected by fitting a large varistor over them. Or cables to street lights and the lights themselves, should be installed such that chances on lightning damage are minimal: Cables and street lights themselves should hang below the main cable.

4. Heating water: From the point of view of energy conservation, this is an attractive option because energy can be stored as heat in the hot water. The question remains whether there is a need for hot water. Also hot water might be useful only if it is drinking water quality so water taken from the creek driving the turbine, might be of no use. By constructing the water heater like a coffee brewing machine, it can be guaranteed that all water reaching the hot water reservoir, has been boiling hot so it should be bacteriologically safe.

5. Space heating: This is simple if air-cooled dump loads can be installed in the building to be heated. Space heating will be appreciated only high up in the mountains and in temperate regions.

6. Cooking: Simple electrical cookers can be used as a dump load. When made locally, it is advisable to design them for a higher voltage so that at normal voltage, their life span will be increased. To make sure that they can not be switched off, the temperature selector should be removed. By putting a pot only partly over the cooker, the cooking can still be regulated.
Since cooking requires a lot of power, only few users could avail of free energy for cooking by using these dump load cookers. When cooking is usually done at night, the cookers might work all day except when needed because then all available power is used for lighting. This makes it attractive to use some kind of heat storage mechanism. ITDG has been working on such systems for Nepal (see EDWARDS, 1991). These approaches concerned appliances for each household, to be powered by a M.H. system that uses a monthly rate as payment system, see annex Payment system.
With just one large storage cooker, costs would be less, energy losses are less and power from dump loads could be used. It could consist of a large block of concrete with heating elements fitted in holes. As cooking elements, there could be steel plates on top that connect to iron rods going into the concrete for better heat conduction. To prevent overheating, there could be a thermostat switching on a ventilator that blows air through holes to cool it down.
Heat storage capacity of a 1000 kg block of concrete would be some 40 kWh (assuming a maximum temperature of 250° and a minimum temperature of 100° C). The use of a central storage cooker could be for free. The reduced firewood consumption benefits the whole community and catchment area of the M.H. system itself. A disadvantage is that it requires extra effort to go to the central storage cooker for cooking.

7. Appliances driven by an `universal’ type electrical motor (with brushes). This is also a slightly inductive load, so there should be a purely resistive dump load in parallel, see with point 1. Such appliances could be: Electrical drills, planers etc.
In a way, using `waste power’ for these could create more problems rather than solve them. Likely, such appliances are productive end uses so probably, the owner will earn money with them. Then if he/she refuses to pay, the other users will have to pay more while they earn less. Then in the end, everybody will want their house lighted with filament lamps using `waste power’ for free.

The possible uses mentioned above might require that power from dump loads is brought closer to houses of users. Instead of building an extra cable for dump load power, the ELC could be installed in a central place in a village, so away from the generator, see par. 6.5.

B.29 Load-shedding device

With a stand-alone M.H. system, costs are more related to power demand during peak hours than to total energy consumption, see annex J.2. To reduce the chance on overload situations XE "overload situation" , load-limiting devices XE "load limiting device"  can be installed that prevent users to consume more than the amount of power they subscribed for. But simple load-limiting devices severely limit the kinds of appliances that can be used. It means that no one can use an flat-iron, not even during off-peak hours when the system could easily power a few flat-iron’s.

A more flexible and intelligent way of preventing overload situations, could function as follows:

1. The grid is subdivided into clusters of users, with each cluster being connected to a load-shedding device. 

2. This device senses frequency and uses this as a measure of whether there is a threatening overload situation. Frequency is not influenced by cable losses, so the devices of all clusters measure the same degree of overload. 

3. Each device measures current drawn by its cluster. This is used as a measure for electricity consumption of this cluster. It is not an accurate measure: It is not corrected for the power factor so it gives apparent power rather than real power. Also it is not corrected for voltage drops over the cable. Still it will show clearly which cluster is consuming most power and thus contributes most to a threatening overload situation. 

4. Frequency and current signal are compared in such a way, that the load shedding device of the cluster consuming most power, will switch off at a higher frequency than devices of other clusters. 
As long as frequency is not below nominal, a device will not switch off, no matter how high the current is that is drawn by this cluster. This makes it possible that one cluster consumes all power produced by the system, for as long as other clusters do not need their fair share of it. 

5. A device that has switched off, remains in that state as long as it receives voltage supply. To reset it, power to the cluster should be switched off manually and switched on again after waiting a few seconds. So a device automatically switches on when power comes up and no reset button is needed. 

Such a load-shedding device should cooperate smoothly with two features in the ELC that react to overload situations. This means that threshold levels and time constants for these 3 features and the load-shedding device should be chosen carefully.

· The load-shedding device should react a few seconds slower than overload signal, so that a user who switches on a too heavy load, has time to switch it off before his/her cluster is disconnected.

· The load-shedding device should react faster than undervoltage feature, so that one cluster is switched off and not all of them because undervoltage feature has tripped. 

· To allow starting of heavy motors, time constants and threshold levels should be chosen such that it switches off just before undervoltage feature would trip.

Some clusters might consist of more houses than others and some users might subscribe to more power than others. So the device should be produced with a number of different current ratings. It could be cast in epoxy so that it is fully weather-proof and can be mounted at a clearly visible place outdoors. Hopefully, this will reduce the temptation to tamper with it.

If a load-shedding device would be designed, an ELCB (Earth Leak Circuit Breaker) feature could be integrated into it, see annex Including Earth Leakage Circuit Breakers. This would be cheaper than having separate ELCB's to protect each cluster. 
B.30 Trying it out in practice and spreading results

The humming bird ELC is no proven technology yet: It has not been tested in a pilot project and there is very little experience with it in real M.H. systems.

The first prototype was given to a Philippine NGO but likely, it was never installed. An earlier version was sold to a university in the Philippines. It has been in operation since 1996 (see also ORETA & SALAZAR, 1996). Apparently it broke down 4 times and each time, it was successfully repaired. Unfortunately, the buyer did not report more details about his experiences or problems with this early model.

At present, I know of 3 persons and a team of two who are building the humming bird ELC or IGC or seriously intend to do so. They all used previous versions of this manual that describe the same design as this final version.

Mr. Muhammad Ali Siddiqui <alisiddiqui2 @yahoo.com> and Mr. Muhammad Asim Zaman Khan <mazk@usa.net>, Pakistan:

Mr. Siddiqui is student at Mechanical engineering at Ghulam Ishaq Khan Institute of Engineering Sciences and Technology. As his final year project, he designed an M.H. system in cooperation with the Pakistan Council of Appropriate Technology. He contacted me in June ’99. Mr. Khan is a student Biomedical Engineering at Sir Syed University of Engineering. He did most of the building work on the ELC, using PCB’s provided by me. They could not get all components and most of their questions were about using alternative components. 

Their first ELC was tested using mains voltage in January 2000. Looking at the picture at the cover, they did not follow the manual too closely but it worked. By then, apparently Mr. Siddiqui’s final year project ended and they could only work on it during holidays. The ELC was tested with a generator set and it is scheduled to be installed third week of May. Mr. Khan started building a second ELC for himself.

Mr. Kumar Fonseka <aclcab@slt.lk>, Sri Lanka:

Mr. Fonseka has a workshop and 10 years experience in power electronics. He first contacted me in November ’99 and by March 2000, his 22 kW IGC was installed and working. To reach such a high capacity, he used pairs of anti-parallel thyristors (see annex E.3) and got these running without major difficulties. His questions were mainly about finding cheap generators, capacitance needed for an induction generator and the pulse transformer circuit to drive a pair of thyristors. His next project is the installation of an M.H. system with a 55 kW induction generator generating 3-phase power. This system should power 200 houses and a 22 kW motor. 

Mr. Richard Harker <rharker@nstep.net>, USA:

Mr. Harker wants to power his house using a crossflow turbine with an 1.5 kW induction generator installed at a drop in an irrigation canal. His IGC is nearly finished and when it performs well in his tests, he might want to build units for sale to other people. Mr. Harker is an electronics engineering technician and asked only some details about component specifications.


Mr. Horacio Drago <hdrago@elbolson.com>, Argentina:
Mr. Drago builds pico hydro units for battery charging, with a Turgo turbine coupled to an asynchronous generator with the output voltage being rectified. He has ordered 3 Printed Circuit Boards with me and plans to start building in the middle of 2000. Initially, he was interested in the IGC version. As far as I know, he now wants to build standard ELC’s first.

Everyone except Mr. Harker told me that they are interested in the three-phase version, once this design is ready.

As I see it, experiences with ELC’s / IGC’s installed in  M.H. projects are needed. These could be used to answer the following questions:

1. To see whether the humming bird ELC compares favorably with other commercially available ELC’s, and with published designs that are free for anyone to build.

2. To identify flaws that need to be improved.
These could be minor things from a technical point of view, but nevertheless important for its usefulness, reliability, life span or building costs, e.g.:

· Minor modifications like different ranges for trimmers, other time constants, adapting it towards another capacity.

· Simplifications, e.g. by leaving out a protection feature, replacing a trimmer by ordinary resistors.

· Improvements with respect to reliability and life span, e.g. by improving design of the power circuit, using better quality components.

· Reducing costs, e.g. by easier ways to produce parts, finding cheap suppliers or organizing production in series.

· Improvements on the manual: Rewriting parts that were difficult to understand, leaving out parts that are not needed in practice. Especially the chapter on building, testing, installing and troubleshooting could be improved if more practical information would come in.

· Needs for technical support.

3. To optimize the M.H. system as a whole. There are already standard books and magazines e.g. HARVEY, E-NET, PICO-HYDRO on M.H. systems in general and this Micro Hydro egroup mailing list. Quite rightly, these give a lot of attention to issues like site selection, civil works, financial feasibility and management issues. For people using this ELC design, I think it would be interesting to focus on the electrical side and issues that are related to this, e.g.:

· What appliances can be used. This especially goes for productive end uses that have a large influence on the system, e.g. electrical motors with large capacity, high starting current and poor power factor.

· Settings for protection features that allow using such heavy productive end uses while protecting all types of appliances.

· What generator types are most suitable and how much should they be overrated.

· Avoiding overload situations.

· Lightning problems and lightning protection.

· Training needs for engineers, operators and users.

· Safety issues.

With respect to the first question: It is up to potential buyers and builders to answer this: If a number of people would choose to invest their money and time in a humming bird ELC above other design and are happy with its performance, this is enough proof for me.

Experiences from practical installations could be very interesting for readers. But rather than making a new version of this manual every time when new information becomes available, I would like to make this new information available in a more flexible way:

· The 4 people / teams mentioned above and myself, agreed to form an informal `humming bird mailing list’ and of course, more people could join in XE "humming bird mailing list" . We could mail questions, answers and reports to all group members by just sending mail to a list of email addresses  instead of just one. This would be most useful for people who know already about this design and want to receive new information right away.  

· Reports about practical installations could be made available from Mr. Klunne’s internet site, either as downloadable file or as a link to an internet page. This is more appropriate for people who come across Mr. Klunne’s site, are interested in this design and would like to read more about practical experiences with it.

Parts list and costs estimates

Prices are in Dutch Guilders (NLG), including Value Added Tax. Most prices were taken from a `97 - `98 catalogue, so outdated by now.

Exchange rates: 

NLG 2.32 / US$ (as of 9 June 2000)

NLG 2.20371 / Euro (fixed)

Component:
quantity

needed:
price/

piece:
costs:

For standard 2 dump load ELC version:

Resistors:
1 W resistors:




100R/1W
1
0.27
0.27

4k7/1W

1% metal film resistors:
1
0.27
0.27

24k3/0.25W/1% (or use 22k + 2k2)
1
0.12
0.12

100k/1% (or use matching set of ordinary resistors)
4
0.12
0.47

332k/1%

Ordinary 5% resistors:
4
0.12
0.47

150R/0.25W/5%
5
0.06
0.29

1k
5
0.06
0.29

1k5
1
0.06
0.06

2k2
10
0.06
0.59

3k3
1
0.06
0.06

5k6
6
0.06
0.29

10k
13
0.06
0.76

12k
1
0.06
0.06

15k
3
0.06
0.18

18k
1
0.06
0.06

22k
2
0.06
0.12

27k
2
0.06
0.12

33k
1
0.06
0.06

47k
6
0.06
0.35

56k
1
0.06
0.06

100k
5
0.06
0.29

220k
5
0.06
0.29

1M 

Trimmers, 10 mm,

lying version:
3
0.06
0.18

250R 
1
0.53
0.53

2k5
1
0.53
0.53

5k
1
0.53
0.53

10k 
1
0.53
0.53

25k 
4
0.53
2.12

100k 

NTC resistor:
1
0.53
0.53

100k 
Capacitors: 

Leads 5 mm apart:
1
2.01
2.01

10n/100V `Wima'
1
0.47
0.47

47n/100V
5
0.47
2.35

100n/63V
9
0.56
5.08

470n/63V 

leads 7.5 mm apart:
4
0.92
3.67

47n/250V 
1
0.67
0.67

`class Y' noise sup-

pression capacitor:

100n/250VAC

`Elco’ capacitors,

radial leads:
1
2.77
2.77

47u 16V
12
0.40
4.79

2200 u 35V

Semiconductors:
3
3.62
10.86

1N4148 signal diode
26
0.11
2.75

250V/1.5A 

bridge rectifier
1
1.00
1.00

24V/1.3W zener diode
1
0.31
0.31

LED red, 3 mm
5
0.49
2.47

LED yellow
1
0.49
0.49

LED green
2
0.59
0.59

BC237B transistor
3
0.24
0.71

BD139 transistor
1
0.81
0.81

BRX49 thyristor
1
0.92
0.92

78L15 stabilized

voltage supply
1
0.68
0.68

LM324N opamps
4
0.71
2.82

LM329DZ reference

voltage 
Miscellaneous
1
3.23
3.23

14 pin IC connector
4
0.22
0.22

32mA `slow’ fuse

 5 x 20 mm
1
0.61
0.61

fuse holder, 5 x 

20 mm vertical
1
1.46
1.46

18V/4.5VA

 transformer
1
13.81
13.81

DIN 41617 connector,

13 pin, on PCB
1
2.48
2.48

DIN 41617 connector,

13 pin, on cable
1
3.24
3.24

2-sided epoxy PCB

material with photo-

sensitive layer
1
6.46
6.46

signal cable, 10 wire
0.3
1.84
0.55

pins for connecting

component- with 

copper-side tracks
40
0
0

measuring points,

can be made from

excess leads or copper

wire

Power circuit
14
0
0

TIC263M triac
2
6.40
12.81

S07K420 varistor, 

420Veff, 1.2kA
2
1.09
2.18

S20K460 varistor,

 460Veff, 8kA 
1
3.72
3.72

S20K625 varistor,

 625Veff, 6.5kA
1
3.72
3.72

core for noise 

suppression coil
2
2.25
4.50

relay, 2 x 30 A
1
21.50
21.50

heat sink, for 2

dump load version.
1
18.95
18.95

aluminum plates, 50x50x4 mm 
2
0
0

M4x10 sunken 

head screws + nuts
2
0.40
0.80

Silicone insulation 

sheet, 200x200mm*
0.125
26.95
3.37

Silicone 

paste `for glass’*
0.1
10.00
1.00

connector rail, 

35 mm `omega'
0.1
9.95
1.00

end support
1
2.22
2.22

string clamps, 

4 mm^2
8
1.93
15.42

grounding clamps
4
5.95
23.78

(or: connector 

block 30 A)
0
7.85
0.00

housing, class 

IP55 or better
1
29.95
29.95

cable pass-through
4
2.26
9.02

nut for cable 

pass-through
4
0.34
1.36

perspex cover
1
0.00
0.00

Label explaining

 LED's
1
0.00
0.00

4mm^2 twin cable (both black), m
0.2
2.50
0.50

2.5mm^2 cable, m
1.5
2.15
3.23

Resin core solder, 

100 g
0.2
5.82
1.16

Chemicals for 

printing PCB
0
0
0

Soldering flux and corrosion protection spray (`SK10')
0.1
15.95
1.60

Drill bit, 0.8 mm
2
1.00
2.00

Drill bit, 1.1 mm 

(or 1.0 or 1.2mm)
1
1.00
1.00

Protective spray 

for PCB
0.1
11.40
1.14

Totals standard 
version:
276

253.56

*) Instead of silicone sheet and silicone paste, Thermal Bonding Compound could be used. But this might be hard to get:

Thermal Bon-

ding Compound
0.5
28.35
14.18

For 60 Hz version:




1k2 resistor
1
0.06
0.06

1k
-1
0.06
-0.06

Extra for 60 Hz

 version:
0

0.00

(negative number for `needed’ means: not needed any more)

3-dump load version:




150R resistor
1
0.06
0.06

1k
2
0.06
0.12

2k2
2
0.06
0.12

4k7
1
0.06
0.06

8k2
2
0.06
0.12

10k
1
0.06
0.06

12k
1
0.06
0.06

15k
-1
0.06
-0.06

22k
-1
0.06
-0.06

27k
-1
0.06
-0.06

47n/100V capacitor
1
0.47
0.47

1N4148 signal diode
1
0.11
0.11

LED yellow, 3 mm
1
0.49
0.49

BC237B transistor
1
0.24
0.24

TIC263M triac
1
6.40
6.40

S07K420 varistor, 

420Veff, 1.2kA
1
1.09
1.09

core for noise 

suppression coil
1
2.25
2.25

Aluminum plate, 

50x50x4 mm
1
0
0

M4x10 Sunken 

head screw + nut
1
0.40
0.40

Extra for 3 dump load

version:
16

11.87

Mind that a larger housing and larger capacity heat sink are needed.

Parallel set of triacs




150R resistor
2
0.06
0.12

1k resistor
2
0.06
0.12

TIC263M triac
2
6.40
12.80

S07K420 varistor,

 420Veff, 1.2kA
2
1.09
2.18

core for noise 

suppression coil
2
2.25
4.50

aluminum plates, 

50x50x4 mm
2
0
0

M4x10 sunken 

head screws + nuts
2
0.40
0.80

Extra for parallel set

of triacs:
14

20.52

For parallel triacs to 3 dump load version: Multiply parts needed by 3/2

Mind that a (much) larger housing and heat sink are needed.

Frequency effect to overvoltage:

10k resistor
2
0.06
0.12

220k
1
0.06
0.06

100n/63V capacitor
1
0.56
0.56

47u Elco, 16V, 

radial leads
1
0.40
0.4

1N4148 signal diode
1
0.11
0.11

LM324N opamp
1
0.71
0.71

extra for frequency

effect:
7

1.96

(No extra 100n and LM324N are needed if they have been counted for IGC version already)

IGC version:




2k21/0.25W/1% metal film resistor (or use matching pair of ordinary resistors)
2
0.12
0.24

12k1/1% (or matching pair)
2
0.12
0.24

24k3/1% (or use 22k + 2k2)
1
0.12
0.12

332k/1%
3
0.12
0.36

82R/0.25W/5% ordinary resistor
1
0.06
0.06

5k6
-1
0.06
-0.06

10k
3
0.06
0.18

27k
1
0.06
0.06

33k
1
0.06
0.06

56k
1
0.06
0.06

220k
-1
0.06
-0.06

2k5 trimmer
1
0.53
0.53

100n/63V capacitor
1
0.56
0.56

680n/63V
1
1.20
1.20

4u7/35 V Elco,

radial leads
1
0.40
0.40

1N4148 signal diode
3
0.11
0.33

LM324N opamps
1
0.71
0.71

S07K420 varistor,

 420Veff, 1.2kA
-2
1.09
-2.18

S07K275 varistor,

 275Veff, 1.2kA
2
1.06
2.12

extra for IGC version:
21

4.93

Overcurrent warning:

150R
1
0.06
0.06

2k2
1
0.06
0.06

10k
1
0.06
0.06

27k
1
0.06
0.06

LED red. 3 mm
1
0.49
0.49

LM324N opamp
1
0.71
0.71

100n/63V
1
0.56
0.56

extra for overcurrent

warning:
7

2.00

(No extra 100n and LM324N are needed if they  have been counted for IGC version already)



Color code for ordinary, 5% resistors: XE "color code for resistors" 

color:
1st band, 1st digit:
2nd band, 2nd digit:
3rd band, times:
last band, accuracy:

black
0
0
* 1 R


brown
1
1
* 10 R
1 %

red
2
2
* 100 R


orange
3
3
* 1 k


yellow
4
4
* 10 k


green
5
5
* 100 k


blue
6
6



violet
7
7



gray
8
8



white
9
9



gold



5 %

Example: A resistor with red - violet - orange - gold bands is a 27 k resistor with 5 % accuracy.

Color code for 1% metal film resistors XE "metal film resistor" : These resistors have 5 bands in total, with the first 3 of these indicating digits. The 4th band indicates the multiplication factor.

Now there are 3 digits (instead of 2) that are multiplied by the factor indicated by the 4th band so their resistance is 10 times higher than what you would expect from the color of their 4th band. Example: A resistor with a brown 4th band is in the 1k – 10k range, and not in the 100R – 1k range as ordinary resistors with a brown 3rd band. To avoid confusion, the third digit is always mentioned for 1% resistors, even when this makes no sense from the point of view of accuracy.

Circuit diagram’s, PCB design and signals



figure 19: Circuit diagram, ELC part

 XE "circuit diagram:ELC part" 
Notes to circuit diagram’s

· Circles with a code represent a measuring point or a connection to another point in the circuit.

· Once MT1, t1 and t3 are connected to the power circuit, the whole circuit might carry 230 V! So for safe testing of the electronics, test with only the PCB connected to mains voltage (see par. 7.2.2). Then the electronics are still connected to mains voltage by the 332 k resistors in voltage dividers module. These resistors have such high values that the circuit can be touched safely everywhere except at those resistors, the transformer, fuse, 100R/1W resistor and 100 nF/250V capacitor.

· Mind polarity of `generator’ connections to the transformer part: `230V Neutral’ connection should be connected to `MT1’ via the power circuit.

· Opamp 2 and the `t2’ connection are only needed for the 3 dump load version. Mind that for the standard 2 dump load version, gate of the second triac must be connected to the `t3’ connection.

· When one of the generator connections is grounded so that a real 230 V Neutral is created, it is best to connect this one to 230V Neutral. Then the electronics will carry only a low voltage (check with a voltage seeker!) and electronics can be tested safely even with power circuit connected.

· If neither of the generator connections is grounded, these connections are interchangeable.



figure 20: Circuit diagram, protection features

· Opamps: LM324, signal diodes: 1N4148 XE "circuit diagram:protection features" 
B.31 Notes to PCB design and components map:

For standard ELC version, leave out `IGC’ parts and do not connect through diamond islands on component side.

For 2 dump loads: Fit parts with values printed normally, leave out parts with underscored values.

For 3 dump load version: Fit parts with underscored values.

For IGC version:

· Fit IGC parts and connect through appropriate diamond islands on comp. side.

· Cut print tracks at arrows near `frequency’ and `overspeed’ trimmer.

· Input filter: Change to 1/Volt.sig. by fitting 24k3/1% resistor differently.

· P-effect: Replace 220k with 56k resistor.

· Overload signal: Replace 5k6 to trigger angle sign. with 10k.

For frequency effect to overvoltage: Fit freq.eff. parts, replace 47 k resistor to `overvoltage’ with 220k.

With IGC version:

· Fit only left-hand diode to `freq’ signal.

With ELC version:

· Use OA20 to invert `1/f’ signal into `frequency’ signal 

· 1/f to input: Connect through diamond island near OA10.

· Output to overvoltage: Fit only right-hand diode to `1/f’’ signal.

· Mind that labels are wrong: Now `/f’’ and `freq.’ are interchanged.

For overcurrent protection disconnecting `relay’: Fit overcurrent LED and circuit around OA18

For extra set of triacs in parallel: Fit resistors and wires to gates (no place on connector).

Square islands: Fit measuring points.

Diamond islands on copper side: Connect through the right ones (depends on version chosen) to print tracks on component side, or use wire bridges in case of a single-sided PCB. Some diamond islands are just spares.

Diamond islands on component side: Connect through only for special versions, connecting all gives short circuits.

Rectangular strips on copper side: No use yet, to allow future modifications.



figure 21: Circuit diagram, special versions

 XE "circuit diagram:special versions" 


figure 22: PCB design / copper pattern for both sides, in mirror image

 XE "PCB:copper pattern" 



figure 23: PCB design / map of components, as seen from component side

 XE "PCB:map of components" 



figure 24: Signals

 XE "measuring point" 

 XE "generator voltage:signal"   XE "pulse train"   XE "sawtooth signal"   XE "F.T. zone"   XE "trigger:pulse" 

 XE "trigger:current"   XE "dump load power:voltage and trigger angle" 

 XE "trigger:angle"   XE "troubleshooting:general" 

 XE "zero crossing" 

 XE "dump load LED’s" 


 XE "circuit diagram:other components" 
figure 25: Connections diagram
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+V
11

1/f signal
17

1/Voltage
55

3-phase system
149; 155

AC, Alternating Current
105

amplifier

inverting
9

non-inverting
9

amplitude
105; 136

anode
104

apparent power Q
134

average responding
105; 141

AVR

generator with-
128

wide range
129

with frequency roll-off
130

Binary Loads
6

block diagram
19

block wave
14

blockers
14

cable passes
32

cable to village
66

voltage drop over-
66

cathode
104

checking components
104

circuit diagram

ELC part
164

other components
170

protection features
165

special versions
166

color code for resistors
73; 163

comparator
9; 23

compound type generator
128

connector block
31

connectors on a rail
31

contingency factor




143; 144; 145

controll engineering
19; 52

cos(()
134; 137; 140

current indicator
65; 109

current measuring
103; 108

current redistribution
40

current transformer
108

cut-off frequency
17; 54

DC component
 See troubleshooting / DC com​ponent

DC, Decent Current
105

dead time
 See delay time

delay time
19; 52; 54

design power output
100

dI/dt
148

diamond islands
8

diode
104

dissipation
11; 32; 123; 125

maximum allowable-
28

dump load
1

capacity
29; 64; 83

dump load lamps
65

dump load LED’s
169

dump load LED's
24

dump load power

using it
156

voltage and trigger angle
6; 105; 107; 141; 169

duty cycle
16; 22

earth electrodes
65

Earth Leakage Circuit Breaker (ELCB)
65; 154

economic feasibility
150

effective voltage / current
105

ELC capacity
26; 119

kVA rating
26; 120

kW rating
29; 120; 123

ELC near user loads
67

electricity supply

reliability
150; 152

voltage and frequency
149

ERROR

in PCB design + notes of May `99
49

in previous version
17

F.T. zone
15;


   23; 24; 40; 41; 79; 88; 169

adjustment
16; 89; 157

feed-back loop
9

feed-forward loop
9

fitting components on PCB
72

frequency
105

adjustment
15; 79; 81; 84

adjustment IGC version
56

compensation
55

effect to overvoltage




49; 56; 69; 83

fuse
10; 34; 110

generator

AVR reacts to peak voltage
89; 131

brushless
130

excitation
130

insulation classes
114

measuring winding temperature
115

generator current
141

actual
82

design
82; 111
signal
39

generator voltage
84

maximum
12

minimum
12

noise
39

signal
13; 39; 169

time the ELC can function without-
12

heat sink
28; 122; 123

construction
28

higher harmonics
136; 141

holding current
147

housing
31

cooling requirements
32; 86

for other components
66

sealing
28

humming bird mailing list
160

I controller
56

I-effect
18

IGC version
52; 69

induction motor
52; 99

starting current
99

starting torque
99

inductive load
58; 83; 99

integrator
9; 18

interference noise
41

interrupt current
110

kVA load
 See apparent power Q

kVA rating
111; 135; 144

kWh counter
66

latching current
147

lightning strike

direct
38

indirect
33

line current
57

line voltage
57

load factor
151

load limiting device
158

low-pass filter
2; 10; 17; 54; 60

magnetizing current
59

main switch + fuse
66

Mark-Space regulation
 See Pulse Width Modulation

mass of inertia J
21

MCB
110

measuring point
7; 68; 72; 169

metal film resistor
13; 163

module
8

motor starting
12; 84; 99; 102

noise suppression coil
30

noise surpression coil
124

opamp
9

LM324
9

slew rate
10; 42

operating hours counter
66; 152

oscillator
9

oscilloscope
76; 79; 106

overcurrent warning
54; 69; 117

overheat, ELC
44; 51

adjustment
51

overload signal
22; 84

adjustment
22; 87

disable
23

overload situation




22; 98; 149; 152; 157

oversizing factor
144

overspeed
44; 47; 56; 83

adjustment
47

trips at overload
130

overvoltage
33; 44; 48; 83

adjustment
48; 92

frequency effect to-
 See frequency / effect to over​voltage

user loads destroyed by-




84; 92

PCB
7; 68

buying it
69

connecting through both sides
69

copper pattern
167

diamond islands
69

drilling holes
71

map of components
168

poor alignment
71

quality check
71

single-sided
68

soldering flux and corrosion protection
71

square islands
8; 68

peak detector
55

P-effect
18

phase angle regulation
5

phase delay
19

PI controller
17; 107

adjustment
19; 80; 83; 141

amplification factor Kr
21

reaction of -
21

speed limit
19; 53

time constant (i
21

unstable, oscillation
18; 89

polarity
104

-sensitive components
73

power circuit
74; 119

power consumption of ELC itself
12

power factor

ELC + dump loads




137; 139; 143

to generator
128; 139; 143

user load
99; 134

user loads
139; 143

power output
100; 145

actual
82

design
82; 144

power wiring
30; 75

productive end uses
150

protection class IP55
32

protection feature LED's
45

protection features

adjustment
87

reset
45; 46

pulse generator
22

pulse train
14; 169

Pulse Width Modulation
6

rated current
111; 145

RC filter
10; 24; 33; 36; 45
reactive current




10; 34; 53; 58; 60; 


 
99; 100; 101; 124; 126; 128

real power P
134

record keeping
97

reference voltage

LM329
11; 72

relay
26

coil resistance
26; 125

current rating
27

too fast switching
44; 48

with AC coil
120

remanent magnetism
59

resistive load
99

reverse recovery

current
41; 147

peak
40

ripple voltage
17; 19; 39; 54

run-away

causes
95

modified ELC
96

situation
95

speed
83; 95

safety
25; 


    
28; 44; 67; 71; 73; 77; 79; 


   
82; 97; 104; 106; 152; 154

measures
76

standards
4; 86; 154

saturation
30; 34; 42; 60;


  
 91; 99; 100; 101; 124; 126

degree of-
52; 53; 57

sawtooth signal
12; 13; 17;


  
 23; 42; 53; 55; 77; 89; 169

Schmidt trigger
9; 14

scope
 See oscilloscope

slip frequency
56

spark plug
36

stabilised voltage supply

78L15
11

star- or delta connection
57

starting up

after overcurrent
117

restarting
97

testing
82

with user loads connected
83

stator reaction field
139

surge arrestor
35

tester

average-responding or true-RMS
105

frequency range
79; 81

testing

ELC in M.H. system
82

ELC on mains voltage
79

ELC with generator set
79

IGC version
84

PCB on mains voltage
76

power test
84

stressful conditions
78

thermal bonding compound
28

thermal resistance
28

thyristor

BRX49
11

instead of triac
27; 121

thyristor factor
5; 135

unexplained part
141; 145

time constant




10; 21; 33; 44; 45; 52

top cover
74

treshold level
8; 44; 45; 46; 91

outside trimmer range
48

triac

BTA, high current
121; 147

current rating
27

parallel set of-
69; 120

TIC263M
27

TIC263M connections
75

triac triggering dip
39; 80; 89;

 
107;
131; 135; 138; 139; 149

trigger

angle




7; 18; 22; 23; 58; 88; 89;


     90; 107; 131; 141; 169

current
10; 27; 91;

 
   
120; 121; 147; 148; 169

pulse




5;15; 23; 25; 41; 89; 169

trigger angle
6

troubleshooting

common building errors
92

DC component
13; 90; 149

dump loads on at too low frequency
89

F.T. zone stays high
88

general
87; 169

oscillation problems
89

protection features
91

triggering errors
88; 147

voltage supply
88

what kind of trouble
87

true-RMS
105; 141

turbine

impuls type (crossflow, pelton)
98

reaction type (francis, propellor)
98

turbine types
95

undervoltage
44; 47; 84; 152

adjustment
47; 101; 146

fast
44; 48

used as overcurrent protection
113; 146

user appliances
86

user load switch
65

V24
10; 48

varistor
35

at ELC end
65

at user load end
66

VDR
 See varistor

voltage dividers
13

voltage follower
9

voltage indicator
65

voltage seeker
76; 104

voltage spike
33; 35

Vref
11; 46; 72

Vref, delayed
47

Vunstab
10; 47; 127

zero crossing
7;


  
 13; 15; 19; 23; 39; 40; 169
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