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Preface

I started working on a 3-phase version of the ‘Humming bird’ ELC because a Philippine organisation intended to buy a couple from me. I haven’t heared from them for a long time so I assume that either their M.H. projects were never completed, or they found a cheaper supplier. Meanwhile, some other people asked about a 3-phase version and I decided to write a decent manual. Well, here it is: I hope you like it.

This first version is, for the moment, the final version. I finished the work I can do from here. It only makes sense to work on a new version when there would be some practical experience with this design.

This is where you might come in, dear reader. Would you like to build a 3-phase ELC, test it and see how it performs in the field? If so, I would be happy to help you by giving technical advice (see par. 7.5). To the first one to try, I can offer two PCB’s for 3-phase ELC’s.

You might help others by making your experiences available. You might point out mistakes or weak points in the design so that I can come up with an improved version. You might write a report that I could include on the internet page mentioned below. Or you might make your own internet page and I will make a link to your page.

This manual can be downloaded from:

www.geocities.com/wim_klunne/hydro/egroup/portegijs.html
New versions, information on practical experiences, links to other pages etc. will be available from there.

Jan Portegijs, 27 December 2000

 email: j.portegijs@wxs.nl

Kieftentuin 11

1689 LH  Zwaag, Netherlands

tel:..31 229 263867
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Introduction

1.1 Background information

The 3-phase ELC design described in this manual, is derived from the single-phase `Humming bird’ ELC. Many modules are completely identical, some are slightly changed and the only new things are some modules that integrate the circuits for 3 lines into a real 3-phase ELC. The 3-phase IGC design is even more like 3 single phase IGC’s.

Similarly, this manual builds upon the manual for the single-phase ELC/IGC. It is assumed that technical words, principles of operation and many details about how modules works, are familiar to the reader. So when something is unclear, try to look it up in  contents or index of the single-phase manual.

Consequently, there are many references to paragraphs and figures in the single-phase manual. To distinguish them from ordinary references to other places within this manual, references to the single-phase manual are printed in italics.
For literature references, see Literature list in the single phase manua XE "literature references" \t " See literature list in single phase manual" l 

All figures are printed in chapter 9 at the end of this manual.

1.2 Advantages and disadvantages of 3-phase systems

Micro Hydro systems with more than 5 to 20 kW capacity 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):

1. For such large capacities, the generator will be a bit smaller and cheaper.

2. Cables could be a bit thinner and thus: Cheaper.

3. Then 3-phase induction motors can be used. These are cheaper and more robust than single-phase induction motors.

There are also disadvantages:

1. The wiring and switchgear is more complex.

2. It might be difficult to balance the loads XE "load balancing"  over the 3 lines (see par. 6.2). If proper load balancing can not be guaranteed, the generator and wiring must be overrated and/or  overcurrent protection will trip often.

2 Using single phase modules to build a 3-phase ELC

For a 3-phase M.H. system, a 3-phase ELC is needed. To make such an ELC, the single-phase design can be modified as follows:

1. Three sets of modules: Voltage dividers, sawtooth signal, F.T. signal and final comparators module must 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 circuits around these opamps. 
Only one of the 3 sawtooth signal modules needs a `frequency' trimmer, the other two can use the same voltage from middle contact of the Line 1 trimmer (see par. 4.5). Also only one of the three final comparator modules needs dump load LED's, as all 3 phases will have the same trigger angles (see par. 4.4).
Signal names XE "signal names" : With 3 sets of the above modules, there are also 3 sets of their output signals. In this manual, the same names as in the single phase manual are used. When relevant, it is specified from which line circuit an output signal comes from, e.g. `sawtooth signal from Line 1’. 

2. Three trigger angle signals: 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 outputs of P-effect, I-effect and overload signal opamps, 3 sets of resistors are needed to make these 3 different trigger angle signals (see par. 4.1).

3. Input signal for over- and undervoltage: Overvoltage feature should react to the highest voltage of 3 line voltages. Similarly, undervoltage feature should react to the lowest of 3 line voltages (see par. 4.2).

4. Power circuit: This 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. Having delta-connected dump loads is not recommended as this would require quite a number of modifications.
Of course capacity of the heat sink should be increased threefold as well, see par. 7.3.

3 Using the single phase design to build a 3-phase IGC

Building a 3-phase IGC from single phase modules is easier. For each line:

· There is a more or less independent input signal: Line voltage.

· There is an independent output variable: Dump load power connected to this line.

· This output variable has a clear effect on the input variable, so that a feedback loop is formed.

This makes it possible to control a 3-phase induction generator with 3 single-phase IGC modules that work practically independent from one another. One could save something on component costs if one would make a special 3-phase IGC design. For instance, only one transformer and DC voltages module would do for all 3 lines. But I think this is not worth the trouble unless one plans to make dozens of 3-phase IGC’s:

· Using 3 pieces of the single phase PCB with all its components fitted, brings in economies of scale. For one 3-phase IGC, one can already build 3 identical PCB’s and probably, some more are needed for single phase units.

· Testing and troubleshooting can be done as if they were single phase units and this makes things easier

Only the protection features of those 3 IGC modules should be integrated such that if one feature trips, all 3 lines are switched off. It would be possible to connect 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 IGC modules become more closely linked, with increased chance of unwanted side effects.

A simpler solution is to have each IGC module drive a tiny relay with 24 V DC coil. Now the main relay XE "relay"  could be a 3-phase relay with 230 V AC coil that is powered from one line via the tiny relays: Just put the `switch-on’ contacts of the 3 tiny relays in series and main relay will switch on only when all 3 tiny relays are switched on, so when all protection features from all 3 single phase IGC modules give a `safe’ signal. For large capacities, relays with 230 V AC coil are much cheaper than ones with a DC coil, see also par. 5.2.

Some other points:

1. There is no need to build `overspeed’ feature on all IGC modules as they will all sense the same frequency. Unused opamps can be disabled by not fitting the diode between its output and `logics’ signal.

2. 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.

3. It does make sense to have `frequency effect to overvoltage’ on each unit, as voltages of the 3 lines could be quite different.

4. 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.

5. If a feature in one unit trips and causes main relay to switch off, features in other units are not disabled (so unlike the way protection features function in the single-phase ELC / IGC, see point 2 d in par. 4.2). So these features will react to the consequences of the relay having switched off and `overvoltage’ features of those units will trip. This will give a confusing reading, as all 3 units will show a reason why 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

Load balancing XE "load balancing" 
 problems are unlikely with a 3-phase IGC. Each single phase IGC module will regulate its dump loads such that generator voltage at this line is kept at its set point. Together, the 3 modules will make that an unbalanced user load, is compensated for by having dump load power unbalanced in the opposite direction. Only if user loads on one line draw more than 1/3 of total generator power, there is a problem:

· Generator voltage at this line will drop below its set value and undervoltage feature might trip.

· Current drawn from this generator phase might rise above the set value for overcurrent protection and this device might trip.

In one way, a 3-phase induction generator + IGC reacts differently than 3 single phase generators + IGC’s: All 3 `single-phase generators’ must run at the same speed since they are mechanically coupled. So generator speed can not adapt to user load power factor for each of the lines. There is only one generator and it will run at a speed that corresponds to average power factor of the 3 lines. Roughly speaking, it would seem that:

a. If there is a poor (inductive) power factor on one line, this leads to a lower generator voltage on this line. The IGC module reacts to this by reducing dump load power so that generator voltage is brought back to its set point again. Consequences are: 

· Power produced by this generator phase (= user load power + dump load power for this line) will be less than 1/3 of total power. So the other generator phases will have to produce more than their usual share of the power.

· Once dump load power drops to 0, the IGC module can no longer maintain voltage at its set value. When power factor for this line drops further, voltage will drop and undervoltage feature for this line might trip. 

b. If one line has a better power factor than the other two (or if it has a capacitive power factor), the opposite will happen: Voltage for this line tends to increase and this IGC module will react by increasing dump load power:

· Power produced by this generator phase will be more than 1/3 of total power. In extreme cases, overcurrent protection might trip because this phase gets overloaded.

· If there little user load, it might be that even with dump loads fully on, voltage rises further. Then overvoltage feature of this IGC module might trip. 

Above, it is assumed that the 3-phase induction generator and 3-phase IGC behave like 3 single phase induction generators connected only mechanically, with 3 single phase IGC’s. But in a 3-phase induction generator, there is only one rotor, with its squirrel cage in which currents are induced that create its magnetic field. This complicates things, it might be that if one line has a poor power factor, also the next line in the 3-phase sequence, will produce a lower voltage. Probably the net effect is that line voltages will differ only a little, in spite of differences in user load power factor for the 3 lines.

Since a 3-phase IGC can be built from 3 single phase IGC’s, it will not be discussed any further in this manual.

4 Modified modules for standard 3-phase ELC

4.1 Add-up circuit for trigger angles

Trigger angle signal XE "trigger angle signal"  as it is produced in the single-phase ELC, can not be fed to 3 final comparators modules for the 3 lines: There is F.T. zone signal that pulls it up around zero crossings (see par. 2.5 in single-phase manual) and this makes it specific for the line this F.T. zone signal is derived from. So from outputs of P-effect, I-effect and overload signal opamps, there are 3 sets of resistors + diodes that generate 3 independent trigger angle signals. Then in final comparators for each line, the right F.T. signal is added, see also fig. 24.

4.2 Voltage signal for over- and undervoltage

There is only 1 set of protection features, while voltages of the 3 lines are not necessarily the same. So to protect all user appliances that are connected to any of the lines:

· Overvoltage should react to highest voltage of the 3 lines.

· Undervoltage should react to lowest voltage of the 3 lines.

This means that the way a voltage signal is derived from `Vunstab’ in the single-phase ELC, is no good. There is only one DC voltages module, so only voltage of `L1’ is measured. Also it varies strongly with type of transformer and type of relay used.

The circuit in figure 1 works differently:

1. Input signal is taken from voltage dividers for each line. Voltage at this point is ca. 1/3 of line voltage, so there is no need to design the circuit such that it can resist very high voltages that could occur at the lines themselves.
2. This AC input signal is rectified and stored as a DC voltage in the 100 nF capacitor. There is only one diode so only positive half periods come through: a half-bridge rectifier.
3. The diode is discharged via the 3M3 + 294k resistors. This part of the circuit looks a bit like a peak detector circuit (see e.g. par. 5.4) but it doesn’t work out that way: Voltage over the 100 nF capacitor will not reach 1/3 of amplitude of line voltage, but only ca. 0.7 times this value. The factor `1/3’ comes in because the three 332k resistors in voltage dividers module, pass on only 1/3 of line voltage to the diode. The factor `0.7’ is due to:
· When the diode conducts, the capacitor is charged via 660k (see figure 1). This resistance is not negligible compared to the 3M6 resistance through which it can discharge.
· Due to the half-bridge rectifier, the capacitor is charged up during only a small portion of the time.
4. The 3.3 M and 294 k resistor form a voltage divider. These values are chosen such that when line voltage is at its nominal value of 230 V, voltage at + input of opamp 17 is about 6.9 V.
5. Opamp 17 (and 18 and 19) are connected as voltage followers (see also par. 2.1.3.4). They turn the weak signal at their inputs into a firm output voltage that can supply some current without being influenced by this.
6. Each of opamp 17 up to 19 have two diodes wired to their output:
· One to pull undervoltage signal `uvs’ XE "signal to undervoltage ‘uvs’"  down. The other end of the 25 k trimmer + 68 k resistor is connected to +V so +V tends to pull voltage at `uvs’ up
· One to pull overvoltage signal `ovs’ XE "signal to overvoltage ‘ovs’"  up. The other end of the 25 k trimmer + 100 k resistor is connected to `E’ so `E’ tends to pull voltage at `ovs’ down.

So these diodes make that undervoltage will react to voltage of that line that has the lowest line voltage. Similarly, overvoltage will react to the line that has the highest line voltage.
There are two effects that might complicate things:

· Voltage over the 100 nF capacitor is not a pure DC voltage: There will be a ripple voltage with an amplitude of ca. 3 % of its mean, DC value. This ripple voltage will also appear at the outputs of opamp 17 up to 19. It has no effect when there is only one line that has a quite high, or rather low voltage, as the RC filters in overvoltage and undervoltage will easily filter out this ripple voltage. But when all lines have a quite high, or rather low voltage, it will make that overvoltage and undervoltage will react more sensitively: Then the diodes will conduct in turns and more or less rectify the ripple voltage, so undervoltage will see a somewhat lower voltage at `uvs’ and overvoltage will receive a slightly higher voltage at `ovs’.

· There is a significant voltage drop of some 0.4 to 0.5 V over the diodes. This makes that both overvoltage and undervoltage can not be adjusted such that they will trip when voltage is only slightly above or below nominal voltage. But such a sensible setting would be no good anyway.

7. The modified trimmer circuits in over- and undervoltage provide proper adjustment ranges. In theory, adjustment ranges will be:

· For overvoltage: 240 – 297 V.

· For undervoltage: 214 – 142 V.

See note at the end of this paragraph if these ranges turn out to be more than say 5 % off.

In figure 1, only the circuit for Line 1 is fully drawn. Line 2 and Line 3 circuit should have their own copies of the part between the vertical, dotted lines. Then of course, input signal is taken from voltage dividers module of that line. 

The good thing about this circuit is that it there is one overvoltage, and one undervoltage feature that will both react to all line voltages. Suppose one would build 3 sets of overvoltage, and 3 sets of undervoltage feature and add up signals in `logics’ module. This would function in exactly the same way, but whenever one wants to change the setting, one has to calibrate 3 circuits instead of 1.

Testing: To check whether the 3 circuits all function properly:

1. Measure input signals: The 3 line voltages V_Line1 – V_Line3 with respect to Neutral. 

2. Measure output signals: The voltages VL1 – VL3 at the outputs of opamp 17 up to 19.

3. For each line, calculate Vline.. / VL.. If the circuits work fine, these 3 ratios should be ca. 33.3 and, more important, they should be practically identical.

When testing all ELC circuits on single phase, voltage V_Line1, V_Line2 and V_Line3 are equal  and checking is easier, see par. 7.4.3.

The circuit used here, will only work properly if the 3 line voltage signals are processed in exactly the same way. If for whatever reason, circuits for the 3 lines are no longer identical, there is a problem. So if it would turn out that overvoltage or undervoltage reacts differently to different lines, check:

· Measure voltage drop over diodes: Voltage drop of the 3 diodes to `uvs’ should be nearly the same, and voltage drop of the 3 diodes to ‘ovs’ also.

· Check the 3.3M and 294 k resistors. 

· Leakage currents around this area could influence things, clean and dry the PCB and these resistors if necessary.

Note: If adjustment range for over- and undervoltage would end up different from the values printed above while the circuit works fine, probably my calculations were wrong. The easiest way to fix this, is by replacing the 294 k resistors:

1. Measure line voltage Vline1.

2. Measure voltage VL1 at output of the corresponding opamp 17.

3. Calculate what VL1 would be when line voltage is equal to nominal voltage.

4. Assume that voltage at the opamp output is proportional to the value of the 294 k resistor. Then calculate the resistor value that would make output equal to 6.9 V when line voltage is equal to nominal voltage.

4.3 DC voltage supply for relays drawing more coil current

4.3.1 A larger transformer and stronger thyristor

In the single-phase ELC/IGC, the 18V/4.5VA transformer could supply the electronics (drawing 30 mA from V24) and a relay drawing up to 70 mA, so with a coil resistance of ca. 350 R. With a 3-phase ELC, the 78L15 will draw some 70 mA from V24 and only 30 mA would remain for the relay XE "relay" . This transformer type could supply up to 250 mA, (leaving 180 mA for the relay) but then minimum generator voltage needed for the ELC to function normally, will end up higher than 166 V and this is not adviseable. See also par. 2.2 and annex E.6.

A 24V/4.5VA transformer XE "transformer:capacity"  can supply 150 mA without DC voltages dropping too low, leaving 60 mA for the relay. This is still way too low to power a serious 3-phase relay.

On the PCB, there is room for a 24V/8VA transformer, rated at 330 mA. This leaves 260 mA for the relay. Mind that likely, transformers of 8VA and higher, have insulation class XE "transformer:insulation class"  T40, meaning that they can be used up to capacity only when ambient temperature inside the housing is 40 (C or less. If temperature inside could reach 60 (C, better not use them at more than 70% of their rating, leaving only 160 mA for the relay.

Even if temperature inside will not rise above 40 (C, it is still not adviseable to use a transformer up to its rated capacity since the rectifier and thyristor circuit at its output, draw a `peaky’ current. If one would compare AC current drawn from the transformer (as measured with a ‘true-rms’ tester) with DC current drawn by the relay and electronics, one would find that the transformer must supply a larger effective current than what remains after rectifying and averaging out. Therefor do not use a transformer XE "transformer:capacity"  at more than say 90 % of its capacity.

If a relay is used that draws more than say 200 mA, a larger capacity transformer has to be used. Then this transformer must be fitted somewhere else in the housing. It can be connected to the PCB either with wires soldered at the appropriate places, or via a 13 pin DIN 41617 connector fitted at the place of the transformer. 

With a relay that draws more current, also the 2200 uF elco capacitors will be discharged faster in case generator voltage drops very low (e.g. because a large motor is started). The single-phase ELC has 3 Elco capacitors of 2200 uF each, current drawn by relay and electronics is 100 mA and this makes that the ELC can function without power supply for ca. 1.4 seconds (see par. 2.2 at `time without power supply’). To maintain this 1.4 seconds time without power supply, ratio between current and total capacitance for this batch of Elco’s, should be roughly the same: Some 66 uF per mA of current. If there are no large motors to be started, this time can be chosen shorter and less capacitance is needed.

On the PCB, there is room for 6 Elco capacitors so 13,200 uF in total. If this is not enough, better choose `chassis mounted’ Elco’s, fix them somewhere else in the housing and connect to the proper islands via wires. Such chassis mounted elco’s are available in capacities way higher than 2200 uF so only a few are needed. Of course their voltage rating should be high enough: At least 30 V.

With a larger transformer, also a heavier fuse rating  XE "fuse rating" is needed. For an 8VA transformer, a 63mA ‘Slow’ fuse should do. For even larger transformers, a fuse with a rating that is proportionally higher, might still blow eventually because large transformers have a very high inrush current XE "inrush current"  (= current drawn while charging up the Elco capacitors, when output voltage is still well below its nominal value). Especially when there is a lot of capacitance connected to V24, the fuse could wear out due to this inrush current every time the ELC is started, and eventually, it might blow. Use a fuse rating as recommended in the transformer data sheet, or use the next higher rating in case a fuse blew eventually without any trace of a short circuit or overload somewhere on the PCB.

The TIC106M thyristor XE "TIC106M thyristor"  is rated at 5 A and can easily handle higher currents. In fact in most cases, the BRX49 thyristor used in the single-phase ELC (rated at 0.8 A) would also do. There is an extra island in the print track to Cathode of the TIC106 just below its Anode island: When fitting the Cathode of a BRX49 there, its Gate and Anode lead fit in the same islands as used for the TIC106 thyristor. When in doubt: Compare figure 5 with figure 23 and look at lead labels and print tracks around these thyristors.

4.3.2 Another transistor to switch relay coil current

To switch relay coil current, also a larger capacity transistor was chosen: The TIP122 transistor XE "transistor:TIP122" . It fits in the same foot print as the BD139 XE "transistor:BD139"  that is used in the single phase ELC when fitted with its heat sink side facing to the right (so opposite to the way the BD139 is fitted!).

The limitation of the BD139 is not so much in the maximum current it can handle (1A when properly cooled), but in its amplification factor hfe XE "amplification factor hfe"  (= 40 to 160, at 150 mA). This means that to use it up to 1A, it would need a minimum base current of something in between 6.3 to 25 mA. The `logics’ module only supplies 1.8 mA and this makes that the BD139 can be used only up to some 100 mA.

The TIP122 is a darlington-type transistor and has a very high hfe: 1000 to 4000 (internally, a darlington transistor XE "darlington transistor"  has a small transistor that amplifies base current for the main one). With this type, maximum current depends on dissipation: Above 1.5 A, it will overheat so to be safe, maximum relay current should be no more than some 1.0 A. When a small heat sink would be fitted to it, it could be used up to 2.5 A I guess.

A disadvantage of the TIP122 is that `overcurrent warning LED’ won’t work  XE "overcurrent warning LED" : This circuit switches on its LED when voltage at `relay’ drops below 0.04 V. But with the TIP122, voltage over this transistor will always be ca. 0.7 V, irrespectively of how much current it conducts. So when one would like to use the overcurrent warning LED, either:

1. Use the BD139 when relay current is below 100 mA, or:

2. Fit a BD139 in parallel with the TIP122. Its collector and emitter could be connected straight to those of the TIP122 and its base via a 10 k series resistor that limits its base current to ca. 0.07 mA. When the relay draws its normal current, the BD139 will only conduct say 5 mA. When the overcurrent trip interrupts current, it will pull down voltage at `relay’ below 0.04 V. On the PCB, there are no print tracks for this parallel transistor: Use spare horizontal tracks.
I haven’t tested this circuit. in this case.  If it would not work, likely, the 0.04 V treshold voltage is too low: Measure voltage between `E’ and `relay’ (so: Over the transistor) while relay current is interrupted. Then replace the 150 R resistor in `overcurrent warning’ by such a value that treshold voltage ends up at about twice this measured voltage.

4.3.3 Relays with two coils

Some large capacity, 24 V DC coil relays XE "relay:DC with 2 coils"  have in fact two sets of coil windings:

1. One that keeps the relay switched on. This one draws a moderate current. 

2. Another one that helps getting the relay switched on, but is switched off once it has switched on properly. This one will draw several Amperes!

With such a relay, there is the risc that the transformer can not supply enough current for this second coil. Then the relay will not swich on so current remains very high until the fuse blows. So if you plan to uses such a relay:

1. Choose a transformer with a short-circuit current that is about as large as the current drawn by the second coil.

2. Try out whether this makes the relay switch on fast, 

3. Try out what fuse rating is needed.

Alternatively, one could to make a circuit that delays switching on the relay until V24 has risen to e.g. 22 V, so that the Elco capacitors can supply this large peak current. It could work like a protection feature, with its output drawing `logics’ signal low. Unlike the other features, it should not have the feed-forward loop that keeps it in ‘off’ state once it gets in ‘off’ state. As input signal, it could use `Vref,delayed’ and compare this with a voltage divider from ‘Vref’ that produces a voltage of say 60 % of Vref itself. This will make the relay switch on ca. 0.5 seconds after power to the electronics comes up (ask me for a circuit if you need it).

4.4 Only dump load LED’s for Line 1 circuit, extra capacitor

There is no need to fit dump load LED’s XE "dump load LED’s"  to final comparators of all lines, as they would all show the same picture. There is only one PI controller, so trigger angle is the same for all 3 lines (except for F.T. zone signal, but this is not shown by dump load LED’s, see par. 2.9. So only final comparators for Line 1 have dump load LED’s. For the other final comparators, dump load LED connections are just left open.

It does make sense to fit dump load lamps to all 6 or 9 dump loads, as this would show when a triac is defective or not triggered properly.

When `voltage effect to trigger angle XE "voltage effect to trigger angle" ’ feature is built, trigger angle will not be the same for all lines. Still it does not make much sense to fit dump load LED’s to all lines: The differences in trigger angle that this feature will create, will be difficult to see from dump load LED’s and one could just as well see them from the dump load lamps.

As a precaution, there is an extra 100 nF capacitor fitted between Vref and `E’ in final comparators for line 2. This should dampen any high frequency interference noise XE "interference noise"  on Vref (see also par. 3.9.5). 

In the single-phase design, it was not necessary to fit this capacitor because there is another 100 nF capacitor between Vref and `E’ in logics module. On the PCB design, this capacitor is quite close to final comparators so chances of high frequency noise are slight. In the 3-phase design, final comparators for line 2 and line 3 are much further away from logics module while many more  components are connected to Vref. So here, chances of high frequency noise are higher and an extra capacitor definitely makes sense.

4.5 Only one `frequency’ trimmer

Only sawtooth signal module for line 1 has a frequency trimmer + the 10 k resistor to Vref and 1k resistor to `E’ (or 1.2k for 60 Hz instead of 50 Hz, see par. 2.4). This trimmer + resistors also provides input voltage for + input of opamp 7 of line 2 and 3.

Actually, frequency trimmer XE "frequency trimmer"  sets the slope of sawtooth signal XE "sawtooth signal:slope of-" . Since average value of sawtooth signal of line 1 (= 1/f signal) is used as input signal to the PI controller, dump load power is regulated such that this average value becomes equal to Vref (see par. 2.7.1). Once this stable situation is reached, shape of sawtooth signal will be such that it is suitable as input signal to final comparators.

Now frequency trimmer also sets the slope for sawtooth signal of line 2 and line 3. But for these, there is no feedback loop that controlls their average value. So if some components are a bit off-standard, slope of sawtooth signal for line 2 or 3 might end up different from that of line 1. Then final comparators will produce different trigger angles for the different lines and dump load power will not be balanced evenly over the 3 lines. Those differences are largest when trigger angle is large anyway, as slope of sawtooth signal has the largest effect on sawtooth signal just before it is reset to zero by the next zero crossing. So when user load power is rather high and dump load power is low, balance XE "load balancing"  of dump load power will be at its worst. This makes that effects of a poorly balanced user load and a poorly balanced dump load might add up.

To prevent this, components that influence slope of sawtooth signal, should be as much as possible equal for the 3 lines:

1. The 100 nF capacitors from output to + input should have equal capacitance. Such capacitors come with a tolerance of + 10 % or even worse, so if one capacitor is a bit above its nominal value while the other is a bit below, slope of sawtooth signal could end up quite differently for different lines.
Measure capacitance of a series of 100 nF capacitors and choose 3 pieces with nearly the same capacitance for these places.

2. The 5.6k resistors between ‘E’ and – input of opamp 7, should all have the same resistance value. It is unlikely that ordinary 5 % resistors differ more than 1%, so usually these pose no problem. But it won’t harm to measure resistance of a number of 5.6k resistors and select 3 resistors that are close together.

3. The opamps used should work accurately. If they all live up to the standard specified by the manufacturer, there should be no problem. But it makes sense to use LM358 opamp chips from the same supplier and production batch as opamp 5-8 for all three lines.

See also par. 7.4.3.

5 Optional circuits

5.1 Fast 1/ff signal

table 1: Characteristics of fast 1/ff filter


standard filter, 1/f
fast filter,  1/ff 

cut-off freq.:
69 Hz
17.3 Hz

damping factor:
82.2 at 300 Hz,

3.20 at 100 Hz.
193 at 100 Hz.

delay time filter:
4.63 ms at 10 Hz.
19.8 ms at 10 Hz.

total delay time for PI contr.
ca 10 ms
Ca. 25 ms

The fact that there are 3 different sawtooth signals available from 3 different lines, makes it possible to make a faster ‘1/ff’ signal (from: `1/fast-frequency’, so with a lower delay time XE "low-pass filter:delay time"  with respect to real 1/frequency, see also par. 2.7.2). Then the `speed limit’ for PI controller ends up higher so PI controller XE "PI controller:adjustment"  can be adjusted faster. This comes down to better controlling characteristics: When user load changes, and causes frequency to increase (or decrease), the ELC will react faster so that frequency is brought back at its nominal value faster. Also the maximum (or minimum) frequency observed just after a change in user load, will be closer to nominal frequency, see also fig. 6.

For normal situations, it is highly questionable whether a faster 1/ff signal is worth the trouble. Surely it will improve controlling characteristics, but to electricity users, the difference might be hardly noticeable: Just a slightly smaller flickering when some other user switches on or off a large load. Also with respect to technical functioning, it does not make much sense. The M.H. system will not be able to start a larger capacity electrical motor, or react better to overload situations, for instance.

I think 1/ff signal might make sense when:

1. The generator has an AVR that reacts to peak voltage XE "generator:AVR reacts to peak voltage" . Then PI controller must be adjusted much slower than normal to avoid oscillation and consequently, controlling characteristics will be poor (see annex F.5 and par. 7.4.4).
Having a faster 1/ff signal will make it possible to adjust PI controller faster without causing oscillation. So with such a generator, more normal controlling characteristics might be achieveable when fast 1/ff signal is used.

2. Sensitive user appliances get destroyed due to voltage peaks: Then when a large user load is switched off, load to the generator suddenly drops considerably and generator voltage might increase until well above rated voltage of varistors in sensitive electronic appliances, see par. 7.4.9. Voltage will remain too high untill either:

· The generator AVR (or compounding mechanism) reacts by reducing field current. This will bring generator voltage back to normal in spite of the reduced load. 

· The PI controller in the ELC reacts by increasing dump load power. Then total load to the generator is back to normal so also its voltage will be back to normal.

For a good quality generator, the AVR will probably react faster than the PI controller and then this fast 1/ff signal won’t make a difference. For a not-so-good generator, PI controller might be faster. Then making PI controller react 2.5 times faster (possible since total delay time is reduced to 40%), could reduce the width of such voltage peaks by a factor 2.5. So fast 1/ff signal could lead to improved voltage regulation XE "generator:voltage regulation" .

The circuit in figure 1 works as follows:

1. The three 18 k resistors take the average of sawtooth signals of the 3 lines. Since these sawtooth signals are delayed by 120 ( in phase with respect to one another, it is as if at the entrance of this low-pass filter, there is a sawtooth signal with a frequency of 3 times nominal frequency and an amplitude of only 1/3 of amplitude of the ordinary sawtooth signal. This makes the filtering job a lot easier:

· A higher frequency is filtered out much better by a low-pass filter.

· Amplitude of its input signal is lower, so ripple voltage at its output will be proportionally lower as well.

2. The circuit is very much similar to the ordinary low-pass filter, but with 4 times lower resistor values. For this filter, the three 18 k resistors act as if they are in parallel, so as one 6 k resistor to this hypothetical sawtooth signal with 3 * nominal frequency and 1/3 of the usual amplitude. See table 1 for its characteristics.

On the PCB, this fast 1/ff signal circuit can be built around opamp 22. To distinguish this fast 1/ff signal from the usual 1/f signal, fast 1/ff signal is labeled `1/ff’ on the PCB design and the PCB map.

Fast 1/ff signal will only produce a stable output signal when:

· Input voltages to the 3 lines have a phase shift of 120( with respect to one another. So only when the ELC is connected to a true 3-phase supply.
For testing, it is easier to use a single phase supply from the grid and connect this to all 3 input lines (see par. 7.4.3). Then fast 1/ff signal is not useable because it will show a large, 100 Hz ripple voltage.

· Sawtooth signals from all 3 lines come through properly.
When one of the sawtooth signals is wrong, likely it will be either continuously `high’ or continuously `low’. Then average value of `1/ff’ will end up too high or too low, and PI controller will regulate towards a way too low, or too high frequency. 

This is why fast 1/ff signal circuit is built on a separate area on the PCB, so that the standard low-pass filter around opamp 10 is left undisturbed and the usual 1/f signal is still available. So it is possible to switch between usual 1/f and fast 1/ff signal by means of a jumper fitted below opamp 10:

· For testing with a single phase supply, this jumper should be switched to `1/f’.

· At installation, one could first try using 1/f signal, adjust PI controller (mind that trigger angle for one of the dump loads should be a bit less than 90 ( to make this interaction with the AVR occur, see par. 7.4.4) and observe how well and how fast the ELC controls frequency. Then try using 1/ff signal, readjust PI controller and see whether this makes the ELC react any better and faster. If not, better switch it back to 1/f signal.

Testing: To test whether fast 1/ff signal circuit works even when the ELC is connected to a single phase supply, one could check 1/ff signal with an oscilloscope or just measure voltages with a tester:

· DC voltage at 1/ff: This should be practically the same as 1/f, so the same as Vref: 6.9 V.

· AC voltage at 1/ff: Effective value of ripple voltage should be some 0.86 V. Its amplitude: ca. 1.22V).

Building: Do not forget to cut the print track marked with an arrow from the `1/f side’ to the `middle’ contact of this jumper.

Note: When fast 1/ff signal is used while the generator AVR does not react to peak voltage, PI controller can be adjusted ca. 2.5 times faster than with standard low-pass filter. Then one could end up at the extreme end of the range of P-effect and I-effect trimmer, making it difficult to adjust these trimmers accurately. So if it turns out that fast 1/ff signal works fine and there will be no need to change back to 1/f signal at installation, it might make sense to replace these trimmers by ones with a lower resistance. Alternatively, one could replace the 220k resistor in P-effect by a higher value, and the 470 nF capacitor in I-effect by a lower value.

5.2 Using a relay with 230 V AC coil

Large capacity relays XE "relay:AC coil"  with 230 V AC coil are about half as expensive as their counterpart with 24 V DC coil, see also par. E.2. It could be powered via a tiny relay with a 24 V DC coil, that in turn connects the 230 V AC coil of the main relay to one of generator output lines.

There are some problems however:

1. The main relay will switch off immediately when generator voltage drops below `holding voltage’ (probably something like half of nominal value). This means that it is impossible to start such large motors XE "motor starting"  that voltage at starting will drop below this level.

2. When voltage would drop below this level, the 24 V DC relay will remain switched on for as long as it takes for `fast undervoltage’ to trip. This means that the main relay XE "relay:too fast switching"  will start `rattling’ (= switch on and off at a very fast rate) and will fail prematurely, see also par. 4.6.

The second problem can be solved by modifying `fast undervoltage’ XE "fast undervoltage"  in such a way that it will trip just before the main relay will switch off, see figure 1. 

In this circuit, `Vunstab’ is used as input voltage instead of +V. This voltage will drop right away when generator voltage drops (unlike +V, which is fed from V24 and V24 has those large Elco capacitors that can supply current for a second or so).

From the 10 k – 10 k voltage divider, there is a 22k – 470 nF RC filter with a time constant of 10 ms. This makes that fast undervoltage will not switch off already at zero crossings of Line 1 (when Vunstab also drops to 0).

Note 1: If this circuit would not work properly:

· In case it switches off too easily (so when there is only a minor dip in generator voltage, or even during normal operation): Replace the 470 nF capacitor by a larger value so that time constant of the RC filter is increased.

· In case it doesn’t switch off when it should (so the relay still starts rattling when a large motor is switched on): Replace the upper 10 k resistor (the one to `Vunstab’) by a larger value. Then the 470 nF capacitor will not be charged up during normal operation. Consequently it will take less time for its voltage to drop below treshold voltage for fast undervoltage. If this doesn’t help, one could also replace the 470 nF capacitor for a lower value so that time constant of the RC filter is reduced.

Note2: When there is only a tiny 24 V DC relay that draws power from Vunstab, there is no need to use the large, 24V/8VA transformer XE "transformer:capacity"  (or even larger) and fit so many Elco capacitors over Vunstab: The 18V/4.5VA transformer that is used in the single phase version and one or two 2200 uF capacitors, will do. Also there is no need to use the TIC106 thyristor. Instead, the usual BRX49 could do the job.

5.3 Voltage effect on trigger angle

5.3.1 Introduction

It is possible to use the ELC to compensate somewhat for an unbalanced user load XE "load balancing" . This means that when power drawn by user loads is unbalanced, dump load power should be unbalanced in such a way that total power drawn from the generator (= sum of user load and dump load power), becomes well-balanced. In other words: If user loads for one line draw more power than average user load power for the 3 lines, dump load power for this line should be less than average dump load power. 

As input signals, line voltages can be used. Line voltage does not vary lineairly with current drawn from that generator line and also power factor for that line plays a role. But clearly, line voltage will be lower for that line that is most heavily loaded and that is good enough to serve as input signal. Also the main benefit for this feature is improved voltage regulation XE "generator:voltage regulation"  and to achieve this, regulating towards equal line voltages is even better than regulating towards equal line currents.

See figure 1 for the circuit diagramme. The `Line voltage’ input signals are taken from outputs of opamp 17, 18 and 19, so from the `input signal for undervoltage and overvoltage circuit’. In this diagramme, these input voltages are labeled `VL1’, `VL2’ and `VL3’. The PCB design is not prepared to building this feature and there are no extra islands or such labels at the outputs of these opamps, see at the end of par. 5.3.3 with ‘building’. 

A heavily loaded line will show a lower voltage and then trigger angle must be increased in order to reduce dump load power. This means that an inverting amplifier is needed.

5.3.2 Who controls generator voltage

The ELC can not control generator voltage: If it would try to do so, the AVR would just compensate for the effect of the ELC on voltage. Then the end result would be that the ELC would not do its most important job: To controll frequency. So frequency would end up totally wrong, while in effect, the AVR would still controll generator voltage XE "generator:voltage regulation" .

But inside the generator, there is only one field current. With one output signal, the AVR can not compensate for differences in loads to the 3 lines: If it would increase field current in an attempt to get voltage at the most heavily loaded line a bit higher, voltages at the other two lines would end up too high. Most likely, it will either use average voltage of 3 lines as its input signal, or highest voltage of 3 lines. In the first case, the average of 3 line voltages ends up equal to the AVR voltage setting. In the second case, highest line voltage ends up equal to the AVR voltage setting.

The ELC can influence voltage differences between line voltages, while the AVR can not. This means that:

1. Average dump load power (= total dump load power / 3 lines), is used to control frequency. Differences between line voltages, should have no effect on average dump load power.

2. Dump load power for one line is influenced by the difference between this line’s voltage, and average line voltage. If this line’s voltage is above average, dump load power for this line should be regulated such that it will become above average. Consequently, this line will become more heavily loaded and its line voltage will drop.
When one line has a voltage above average, voltage for one or both other lines must be below average so dump load power for this line(s) will be lower and average dump load power is not affected.

5.3.3 The way this feature works

In figure 1, only the line 1 circuit is fully drawn. Line 2 and line 3 will have their own inverting amplifier and connection to the trigger angle’s add-up circuit.

Opamp 25, 26 and 27 are wired up as differential, inverting amplifiers:

1. The 11 k and 220 k resistor between VL1, -input and output create an amplification factor of 20. So any voltages at VL1 will be amplified by this factor.

2. On their own, the three 33k resistors would create an average voltage VAv from the 3 input voltage VL1, VL2 and VL3. This is used as reference voltage for the opamps, so effectively, voltage difference between VL1 and VAv is amplified.

3. Without the 220 k resistor and with VL1 equal to the average of 3 lines, output voltage of opamp 25 would be equal to this average voltage. With this 220 k resistor, voltage at VAv is pulled towards Vref. From this point of view, the three 33 k resistors are connected in parallel, giving a resistance of 11k to real average of VL1, VL2 and VL3. So there is a 11 k – 220 k voltage divider from this `real’ average to Vref. The ratio between these two resistors (= 220 k / 11 k) is the same as the opamp’s amplification factor (= 18.2, see also par. 2.1.3.3). This causes the differential effect: Only voltage differences are amplified. When there is no voltage difference (so input signal is equal to the average for 3 lines), output signal will be equal to reference voltage Vref.

4. Together with the 220 k resistor from – input to output, the 470 nF forms an RC filter with a time constant of 0.1 second. This makes that output of the opamps will amplify the 50 Hz ripple voltage at its input by much less than a factor 18.2, see below at `DC component’.

5. Between VAv and Vref, there are two 47 uF Elco capacitors connected in series with opposite polarity. Together with the resistors connected to Vav, these form an RC filter with a time constant of 0.25 seconds. This means that VAv reacts delayed to a change in average voltage for the 3 lines, so to a change in generator voltage in general. Since VAv is used as reference, a fast drop in generator voltage will cause the outputs of these opamps to rise temporarily. Then for a short while, these opamps do not work as a pure differential amplifiers. This helps PI controller to react fast to large changes in user load, see below.

The input voltage VL1, VL2 and VL3 will show a ripple voltage with a frequency of 50 Hz (due to the diodes in ‘input signal to under- and overvoltage passing through only the positive half periods) and an amplitude of 0.173 V. Via the voltage effect opamps, this ripple voltage will also appear at the trigger angle signals. It is the 50 Hz frequency that makes this ripple voltage problematic: It makes that trigger angle signal is no longer the same during positive- and negative half periods and consequently, the ELC will cause a DC component in dump load voltage.

If this 0.173 V ripple at the input would be amplified by a factor 18 and then averaged with P-effect and I-effect, trigger angle signal would show a 50 Hz ripple voltage with an amplitude of some 0.48 V. The 470 nF – 220 k RC filter will reduce this to about 1/20, so only an amplitude of some 24 mV should appear at trigger angle signal. Then for positive half periods, trigger angle for a dump load will be some 1.7 ( lower than for negative half periods. This will give a distinct DC component in dump load voltage, but the effects on DC component in generator voltage will be slight and insignificant, see also par. 7.4.6.
The output signal from each opamp is connected to trigger angle signal of the same line via a 33 k resistor. To make sure that still I-effect on its own can steer trigger angle over nearly its full range, the usual 10 k resistor between P-effect and trigger angle signal for this line, must be replaced by a 15 k one.

This causes that now P-effect has a less strong effect on trigger angle. When adjusting PI controller, the optimum setting is derived from the setting at which the system just oscillates, so one will automatically adjust P-effect faster, or to be precise: Its amplification factor higher. This makes that for small to moderate deviations in 1/f signal, the effect of replacing the 10 k with a 15 k resistor, is compensated for. For very large deviations, P-effect opamp will reach the limits of its output voltage range and it can not influence trigger angle signal as much as it would with a 10 k resistor.

Probably the effect of this on frequency controlling characteristics of the ELC, is minimal. The fact that VAv signal was filtered with a time constant of 0.25 second, also helps in this: When a large load is switched on, all line voltages will drop and frequency will decrease fast. Then this time constant on VAv makes that outputs of all voltage effect opamps will go up so that trigger angle is pulled up and dump load power is reduced. So this acts in the same direction as a strong P-effect would do.

The 33 k resistors between the voltage effect opamps output and trigger angle signal, make that these opamps have an even more limited effect on trigger angle. When voltage on a line is 11 V above average for the 3 lines, its opamps will reach the lower limit of its output voltage range. Then dump load power for this line will be some 16 % higher than average for the 3 lines (percentage given as percentage of dump load capacity for this line only, of course the opposite goes in case voltage on this line is 11 V below average).

When voltage for this line is well above average, voltage for at least one of the other lines will be way below average. So the other line(s) will regulate in the opposite direction, making the maximum difference in dump load power for any two lines some 32 %.

Building: The PCB design is not prepared for this feature so you will have to improvise using the horizontal strips and wire bridges. There are no spare islands in the print tracks conntected to the outputs of opamp 17, 18 and 19. So to make the VL1, VL2 and VL3 connections, you could to drill holes just besides these output islands at a place where it will not touch any other print track. Then stick through the blank end of a wire bridge, bend it flat over the output island at copper side and solder it there.

The voltage effect opamps are numbered 25 and up, so as if an extra LM358 chip should be placed on the PCB. But there is hardly room for that, if there is no need for `Overcurrent warning LED XE "overcurrent warning LED" ’ that is powered by opamp 23, it is easier to use opamp 21, 23 and 24 for this circuit.

5.3.4 Will it work?

I can not guarantee that this circuit will work satisfactorily. For instance, it might introduce instability in voltage regulation by the AVR, or it might cause side effects in the ELC that I could not imagine. So:

1. Do not make it if you don’t need it, see below.

2. Make sure that you can disable this feature easily, e.g. by cutting a lead of the 33 k resistors to trigger angle signals.

3. In case the DC component in generator voltage ends up too high: Reduce the 50 Hz ripple by replacing the 470 nF capacitors by larger ones.

4. In case of oscillation problems, reduce amplification factor of these opamps by replacing the 220 k resistors between – input and output by lower values. Then also the 220 k resistor between VAv and Vref must be replaced by the same lower value.

If it would turn out that this feature works, but one would like it to react stronger (so that an even smaller voltage difference would make dump load power change by this 16 %), one could choose to increase this amplification factor. But I guess this could cause oscillation problems and a too large DC component in dump load voltage. A better way to make this feature react stronger, is to add an I-effect. This can be done without using another set of opamps and changing the add-up circuit: Just put a capacitor in series with the 470n capacitor + 220k resistor (not drawn in figure 1): The 470 nF capacitor and 220 k resistor should remain in parallel. Disconnect this set from the opamp output and connect this I-effect capacitor in between. To make that this added I-effect reacts slow (so: low chance on oscillations), it should have a large capacitance. So one could use another pair of 47uF Elco capacitors connected in series with opposite polarity, like the ones in between Vref and Vav.

5.3.5 Its effect on the M.H. system

The advantages of this feature are limited and one should carefully consider whether it makes sense to build and try out this feature for each system. This is why the PCB design was not adapted to include this feature.

The main advantage is improved voltage regulation XE "generator:voltage regulation"  under normal operating conditions. Then a substantial part of generator power output is wasted in dump loads so small changes in trigger angle signal for the 3 lines does have an effect on the loads to the 3 generator phases. Then due to improved balance of total load to the generator, voltages on the different lines will be closer to one another. But:

1. When the system is overloaded or nearly overloaded, the effect will be minimal or none at all: Then all dump loads are practically off so small changes in trigger angle do not improve load balance to the generator. 

2. Whether this advantage makes sense, depends on how poor voltage regulation XE "generator:voltage regulation"  would be for a specific generator with a poorly balanced load. It could be that even then, voltage of each line remains within limits (e.g. +7% to –7% of rated voltage for an all-purpose M.H. scheme, or +7% to –10% of rated voltage for a M.H. system that does not power transformers or induction motors, see HARVEY, page 253).

3. With a poorly balanced load, voltage drops in cables make that at the user load end, differences in voltage on the 3 lines will be even greater. Voltage effect on trigger angle does not reduce these voltage differences (unless the ELC is installed near the user loads instead of near the generator). It might be more economic to design cables such that cable voltage drops are minimal. Then only voltage differences coming from the generator will come through and these might be within limits.

The only way to guarantee that appliances will not experience dangerously high or low voltages, is by adjusting  over- and undervoltage protection  correctly. And even then, certain appliances might experience undervoltage due to excessive voltage drops over cables.

Having over- and undervoltage protection adjusted rather sensitively, might mean that these features trip too often. Then the improved voltage regulation caused by voltage effect on trigger angle might help: It will make that at least under normal operating conditions, these features will not trip so easily when user load is a bit out of balance. 

Effect on load to the generator: Another important advantage of a well-balanced load is that the generator is less heavily loaded. Then maybe a smaller capacity generator would do, or a given generator could be used up to a larger capacity. Since voltage effect on trigger angle does improve load balance under normal operating conditions, one might think that, by adding this feature, a smaller capacity generator will do or the generator can be used up to a higher capacity. 

I think this way of thinking is dangerously wrong: Most likely, it will be the abnormal conditions that are decisive in generator capacity calculations. And just with these abnormal conditions, it is unlikely that voltage effect on trigger angle can help to improve load balance:

· Generally, generator current is highest when there is an overload situation (see annex B.3.4). By then, all dump loads are completely off anyway so voltage effect on trigger angle has no effect.

· When the load is badly unbalanced, the effect is too small to have an impact.

To protect the generator against overheating due to unbalanced load XE "load balancing" , a good quality overcurrent protection device is needed XE "overcurrent protection"  and it should be adjusted correctly, see par. 6.2. However, like with over- and undervoltage protection, voltage effect on trigger angle could make that this overcurrent protection will trip less often.

6 Load balancing problems

6.1 Introduction

With a 3 phase system, loads to the 3 lines should be more or less balanced XE "load balancing" . If not, the generator could overheat because one stator phase carries way too much current.

If the load is only slightly unbalanced, the effect on the generator is negligible: One stator phase will produce somewhat more heat, but the other two will produce slightly less heat. Since all stator phases are wound on a single iron packet that conducts heat rather well, temperatures of the different stator phases will end up quite close to one another: The heat spreads from a heavily loaded phase to the other, less heavily loaded phases so it is as if this heavily loaded phase is cooled better. Consequently there is little danger that the heavily loaded phase will burn out.

Things are different if load balance is realy poor. Suppose one phase carries twice its rated current, one phase carries no current while the third runs at its rated current. Then total dissipation in the 3 phases will be 1.67 times dissipation for a balanced load (the heavily loaded phase has 4 times its rated dissipation!). Even if the stator is constructed such that the 3 stator phases will still reach about the same temperature, this won’t help much because now all 3 stator phases will overheat.

A poorly balanced load will also cause voltage regulation XE "generator:voltage regulation"  problems (see also previous par at `who controls voltage’). Because of this, user appliances might not function properly or even be destroyed due to undervoltage at the heavily loaded line(s), or overvoltage at the lightly loaded line(s).

Remember that a poor load balance (or a too low power factor on one of the lines) could also mean that cable voltage drops on the heavily loaded line end up way higher than expected. Undervoltage protection does not take cable voltage drops in account, as it reacts to voltage as measured at the ELC. As a result, user appliances on this line could experience too low a voltage!

To detect and solve load balancing problems XE "load balancing" , there should be current indicators in each line XE "current indicators"  from the generator. This way, they will show total generator current, so the sum of dump load current and user load current. Then these indicators will show directly how well balanced total load to the generator is. But if they show an unbalanced load, it could either come from unbalanced user loads, or from unbalanced dump load power. 

In general, generator current indicators are not very interesting to look at as generator current will be kept practically constant by the ELC (see par. 1.1). This makes it tempting to fit current indicators in the lines to user loads as these will show how much power is actually used. But then one would easily forget that the ELC + dump loads could also form an unbalanced load, see par. 6.3. So if one would like to have user load current indicators, there should be still current indicators in the generator lines. Then dump load current could be estimated as generator current minus user load current.

Having current indicators for both user loads and dump loads and then calculating generator current as the sum of these values, is still no good: Dump load current has a distorted wave shape leading to a high effective value. When user load- and dump load current are added, the effect of this distorted wave shape averages out. Consequently, effective value of generator current will be less than just the sum of effective values of user load- and dump load current, see also annex C.2.

6.2 How to protect against a badly unbalanced load

The first question is: How well should a 3-phase load be balanced XE "load balancing" . In fact, I don’t know. I don’t have textbooks on this and I haven’t experimented with 3-phase systems. I guess that the users manual coming with the generator will tell more about this. I can only give some guidelines:

1. To protect the generator against overheating: Clearly the generator is safe if none of the 3 line currents surpasses rated current. So: The more a generator is overrated, the poorer load balance it can stand.
The users manual will recommend a setting for a 3-phase overcurrent protection device that will protect the generator adequately. Possibly it also recommends a specific type or make for this device. Such a 3-phase device reacts to currents in 3 lines and, coarsely speaking, it will trip if any of those currents is above the set point current. On closer look, it might be that it reacts just like the generator to a slightly unbalanced load (see par. 6.1): If current in 1 or two lines is well below rated current, it might trip only when current on the heavily loaded line is a bit above set point current.

2. To avoid excessive differences in line voltages: Probably the users manual will also state at which degree of unbalance, voltage differences are still within limits. It might also state how line voltages react to unbalanced load XE "generator:voltage regulation" : The AVR might regulate such that average of all 3 line voltages is kept at its set point. Or it might regulate such that highest voltage of the 3 lines, is kept at its set point. 
If the user manual does not specify anything, one will have to find out in practice: Choose voltage limits, adjust over- and undervoltage accordingly and see how well load balance must be to avoid tripping of these features.
Probably a heavily overrated generator will show better voltage regulation than one that is only slightly overrated. So also from this point of view, a heavily overrated generator can deal with a less well balanced load.

3. The manual and textbooks on 3-phase systems will state measures to improve load balance:

· To check whether the load is properly balanced, current and voltage indicators for each of the 3 lines are needed. Using these, one can also find out how single-phase loads should be rearranged in order to improve balance.

· Typical load patterns over a day, should be roughly the same for the 3 lines. The best way to assure this is by distributing all types of appliances evenly over all lines, but this would complicate domestic wiring too much. Wiring would be cheapest if one would subdivide the village map into 3 areas needing about as much power, and then supply each area with only 1 line (so: single phase only). But suppose there are a few richer people with refrigerators in the first group (drawing power day and night), most poor users are in the second group (mainly lighting, so peak power in the evening) while there are a few workshops in the third group (power during daytime). And what if in one area, a few new users what to be connected?
As a compromise, one could build 3 phase cables along most of the minigrid, and connect houses alternatively to one of the lines.

· All heavy loads (as compared to generator capacity) should be 3-phase ones. This means that large, single phase electrical motors can not be allowed on a 3-phase system.
Mind that welding transformers connected as 3-phase loads, actually use only 2 lines and  worsen the power factor on one of these lines. Check whether line currents and voltages are still acceptable when such equipment is switched on.

Do not decide too easily to move some single-phase loads from one line to another in case of an unbalanced load. First try to find out:

1. Whether this unbalance is still acceptable. If so, why bother changing things.

2. Where this unbalance came from:

· Maybe there is just an unusual situation causing one line to be loaded more heavily at the time you checked load balance. 

· Maybe the ELC + dump loads form an unbalanced load and moving user loads would not remedy that.

3. If there is a real balancing problem: Keep records about generator current in the 3 lines at different times during the day and over a number of days. If these show consistently that one line is loaded heavier by a certain %, you know how much load should be moved. If you are not sure whether your records cover a representative period, move less loads.

6.3 A malfunctioning ELC + dump loads can be an unbalanced load

Mind that dump loads of a 3-phase ELC can also form an unbalanced load XE "load balancing"  to the generator if:

1. The dump loads do not all have the same capacity. Then even when trigger angles are the same, a dump load on e.g. line 1 draws more power than the corresponding one on line 2.
The easiest way to avoid this is by using a set of dump loads that differ no more than say 10 % in capacity. If this is not feasible, measure capacity of each dump load and make matching sets XE "matching set of parts"  to connect to the different lines. It is important that capacities of `dump load 1’ for different lines, are nearly equal. It is not necessary that capacities of dump load 1 and 2 for a single line, are equal.
When dump load capacities are all equal at installation, differences might develop as dump loads wear out. Some heating elements might fail altogether and when it hasn’t failed yet, resistance value of  a worn heating element might have increased.

2. One of the triacs or thyristor pairs fails or is not triggered properly. Generally this means that one dump load is not drawing any power. The opposite could also happen: This dump load is switched fully on all the time, see par. 7.4.3.

3. Slope of sawtooth signal is not the same for all 3 line circuits. This makes that trigger angles for different lines, are not equal, see par. 4.4 and par. 7.4.3. 

The dump load lamps will tell if a triac or thyristor pair isn’t triggered properly (see point 2 above) or if slope of sawtooth signal is not the same (point 3). In case of a difference in slope of sawtooth signal, the effect on dump load power will be largest when trigger angle is large, so when a dump load is nearly off. This makes it easy to see: For dump load lamps XE "dump load lamps"  that should all burn quite dull, one of them will burn suspiciously brighter or less bright. To make that this will be noticed easily, all dump load lamps should be mounted close to one another and all should have the same type of filament lamp fitted.

The simplest way to find out whether capacity of dump loads are equal (see point 1 above), is by measuring resistance of disconnected dump loads with a good quality digital tester. Mind that these values are only good for comparing dump loads: One can not calculate their exact capacity from their resistance as this resistance might increase once the filament inside is heated up.

For checking dump load capacity while the M.H. system is running, one has to measure dump load currents. Ideally, one would like to have separate dump load current indicators (one for each line will do, see par. 6.3 at ‘current indicators’). If these are not fitted, use a current clamp indicator or current transformers (see annex C.4). If the ELC is running quite stable, one could measure and compare dump load currents directly. If dump load currents vary continuously, one could measure current and voltage simultaneously, and calculate resistance value from these. To increase accuracy, one could make a series of such measurements and calculate the average from the resulting resistance values.

7 Building, testing and troubleshooting

7.1 Introduction

Building a 3-phase ELC is very much like building single phase ELC’s. So all of chapter 7 is relevant while here, only some references are made to paragraphs in this chapter. It is assumed that readers will check this chapter first. 

In this chapter, there are no explicit safety warnings as it is assumed that readers have enough experience in electronics to take care of their own safety. Read all safety warnings  XE "safety" \t " See index single phase manual" in the single-phase manual if you are in doubt. You can use the index to look them up.

7.2 Getting components

With respect to component costs, a 3-phase ELC will be about as expensive as 3 single phase ones, see chapter 8 and compare with annex L. Since it is less likely that a number of completely identical 3-phase ELC’s can be sold, probably they have to be made to order and this might make them more expensive as 3 single phase ELC’s.

Mind that for some components, matching sets of parts XE "matching set of parts"  are needed, so parts with the same nominal value, should indeed have practically the same characteristics:

1. To achieve that block wave signals are symmetrical: The 100k resistors in Voltage dividers module should have the same value. If 1% resistors are not available: Make matching pairs, see par. 7.4.6.

2. To achieve that slope of sawtooth signal will be practically the same for all lines (see par. 4.4 at `only 1 frequency trimmer’): The 100nF capacitors between output and –input of opamp 7 should have the same value. 
Also good quality opamps should be used, and the 5k6 resistors should have the same value. But it is less likely that these will cause trouble.

3. To achieve that over- and undervoltage react exactly the same to voltages at the 3 lines (see par. 4.2: 

· The 3M3 and 294 (or 270k + 22k) resistors should have the same values.

· The diodes from the outputs of opamp 17, 18 and 19 to `uvs’ and `ovs’ should all be of the same type and, preferably, the same production batch XE "matching set of parts" . This to assure that they all have the same voltage drop at low currents. When in doubt: Measure voltage drop of a number of diodes and choose 2 sets of 3 diodes each that have a closely matching voltage drop.

7.3 Building

With respect to quality of building, the 3-phase ELC must be made more neatly than a single phase ELC:

1. The 3-phase ELC design is more complex, so troubleshooting will be harder. This makes it worthwhile to avoid making building errors as much as possible. 

2. Suppose one would build three single phase ELC’s and each of them contains 3 building errors. Then likely, it is still possible to locate and solve these errors on at least 2 ELC’s. But if one would build a 3-phase and it would contain 9 building errors, the situation is much worse:

· Now all 9 errors must be found and solved before the ELC is of any use.

· One or two of these errors might be very hard to find and solve. 

· Two errors might be closely linked, producing incomprehensible effects.

· An error could lead to components being destroyed, or the PCB getting damaged after repeated soldering. 

3. Also printing of the double-sided PCB should be done more carefully. It is larger, so a small distortion could still mean that in one corner, alignment error of copper- and component side is too poor. It is not adviseable to make a single-sided PCB and replace the copper pattern on component side by wire bridges: It would be more difficult to troubleshoot because the text on component side would be missing and the many wire bridges would make the PCB look like mess.

4. In the end, one would like a 3-phase ELC to be more reliable than a single phase one:

· For single phase ELC’s, I advised to keep a  spare ELC ready so that a broken one could be replaced easily. This won’t work with 3-phase ELC’s, as likely they will be made to order. It only makes sense to build a spare 3-phase PCB (with only standard features on it), so that at least the PCB can be exchanged easily.

· Likely, a 3-phase M.H. system has a larger capacity than a single-phase one. This makes that failures and downtime will be more expensive: There are more users affected.

Then some practical aspects: 

1. It makes sense to mount the LM324 opamp IC’s on IC connectors for easy replacement in case one turns out to be faulty or gets destroyed due to e.g. a weird short-circuit. This also makes it possible to disable modules by removing its opamps.

2. If special 1% metal film resistors XE "1% metal film resistor"  are not available, they can be replaced by ordinary ones, but measures might be needed depending on the reason why such a special resistor was chosen:

a. Their lower tolerance, their actual resistance value will be (well) within 1% of nominal value. This is important where resistor values should closely match XE "matching set of parts" , e.g. for the 100k resistors in voltage dividors module.
Replacing these by ordinary 100k resistors might cause block wave to become asymmetric, see par. 2.3. To avoid this, matching pairs of ordinary 100k resistors can be used.

b. They have a higher maximum voltage: 350 V as compared to 250 V for ordinary resistors. This is important for the 332k resistors in voltage dividers.
If these are replaced by ordinary 330k resistors, there is a chance that they might fail after extremely high generator voltage, see also par. 2.3.

c. A resistance value was needed that is not available in the standard series of resistors. This goes for the 14k0, 24k3 and 294k resistors. 
These can be replaced by two ordinary resistors in series, that come close to the desired value. There is no harm in this, except for having to fit an extra resistor.

These 1% metal film resistors have an extra ring to indicate the third digit of their value, see annex L.

There is no circuit diagramme for the power circuit XE "power circuit"  in figure 1 since it works just like a set of 3 single-phase ELC’s, see figure 19:

· Instead of 3 single phase relays, one large 3-phase relay will be used.

· There will be 6 or 9 power circuit that drive a dump load: A noise surpression coil, a triac or thyristor module mounted on its own little share of the heat sink, and a S07K420 varistor for overvoltage protection. 

· Each line needs two varistors for overvoltage protection: A S20K625 varistor at the generator end and a S20K460 at the user load end. Also mind the most important measure to protect against lightning damage: The `Neutral’ wire should hang above the `Line..’ wires and it should be properly earthed at intervals of about 100 m, see par. 3.8.4.

I did not make a detailed design for heat sinks, cables, relay etc. because likely, 3-phase ELC’s will be made to order, with capacity of the power circuit adapted to the requirements of a specific M.H. scheme. Also parts that are available here in the Netherlands in this year, probably won’t be available in another part of the world and in years to come, so one would need to improvise anyway.

The best way to build the power circuit, depends on many factors:

1. Probably, 3 heat sinks of a commoly available capacity (say: with Rth = 0.6 to 1.0 (C/W) are cheaper than one very large one (with Rth = around 0.3 (C/W, see annex E.4). Then each heat sink could have the triacs / thyristors for one line. For high capacity, a separate heat sink for each triac or thyristor module might be even cheaper.

2. For large capacity ELC’s, it will be cheaper to use a fan for forced cooling of heat sink(s) as then much smaller heat sink(s) will do. Choose a type of fan that has a high life span (e.g. a type for computer cooling) and mount it such that the fan will not be blocked easily. Make sure ELC overheat feature will protect triacs against overheating when the fan would fail.

3. Pay attention to housing: Make sure it is waterproof and mind inside temperature, see also par. 4.3 and par. 3.7. Mind the dissipation in overcurrent protection devices: MCB’s have a dissipation of ca. 3 W per line when loaded up to their rated current. Probably overcurrent trips have similar dissipation values.

4. Availability of components.

Finally a rather obvious advice: Make sure that the power wiring is built neatly and make clear labels on each (set of) wires, including tiny wires from the PCB. This way, chances on building errors are smaller and troubleshooting is easier.

7.4 Testing
7.4.1 Introduction

Maybe the most important thing is not to get confused by the complexity of this 3-phase design. It might be tempting just to build everything as neatly as one can and then organising a final test, hoping that everything will work. For an electronic circuit with so much component, built by someone for the first time, chances are slight that it would not contain any building error or faulty component. And even if the ELC was built without any error, it might still not work well because of a design error, as I haven’t tested this design myself. 

The fact that most modules are build in threefold, also makes testing easier:

· It becomes more of a routine job.

· If there is doubt whether a module works correctly, it is very easy to compare its output signal with that of the corresponding module for another line.

Like with the single-phase ELC, one could test using different test setups, ranging from an `electronics lab’ situation to a `field situation’. With the 3-phase version, one could also do lab tests with major parts of the circuit being inactive.

To let the ELC work at stable trigger angles while connected to the grid (so with constant frequency): Vary `frequency’ setting with `-in’ and `out’ measuring points of I-effect (near opamp 12) short-circuited, see also par. 7.2.7. 

Mind that there might be design errors XE "design errors" . I just found two errors in the PCB design a couple of days ago and I can not guarantee that these were the last. So in case a circuit does not work at all: Check whether the actual connections between parts on the PCB, match with the circuit diagrammes of figure 20, 21, 22 and figure 1. If there is a difference, likely the circuit diagramme is right and the PCB should be modified by cutting print tracks and connecting islands via wire bridges.

For a start, maybe read par. 7.2.1 again.

7.4.2 Just the `Line 1’ ELC circuit 

For this test, the `L1’ line voltage input should be connected to `230V Line’ wire of a mains socket and the `N’ connection to `230V Neutral’ of this socket. Use a voltage seeker to find out which of the wires from the socket carries a voltage and must be `230 V Line’, see par. 7.2.2. With this test, the ‘L2’ and `L3’ line voltage inputs are left unconnected.

Now undervoltage feature will trip because no voltage is sensed for Line 2 and Line 3, see par. 4.2. This is not a problem if one wants to check only the electronics as testing the power circuit can be postponed until all 3 ELC circuits are tested, see next par.. Or for testing the Line 1 power circuit also, one could make the relay switch on by removing the LM324 chip containing the protection features opamps (nr. 13 up to 16), or by connecting the relay coil directly to ‘E’ instead of via the TIP122 transistor.


It is not possible to test the Line 2 or Line 3 ELC circuit in the same way because PI controller uses sawtooth signal from the Line 1 circuit. Also it is not possible to try out `fast 1/ff signal’  circuit (see par. 5.1) because this needs sawtooth signals from all 3 lines.

But the first thing to test is whether connecting the ELC to the power outlet does not cause a short circuit, the fuse to blow or any electronic part getting very hot and smelly. Then check whether the DC voltages have the right value and are stable and compare signals at measuring points with fig. 24, see also par. 7.2.2.

7.4.3 All ELC circuits on single phase

All ELC circuits can be tested while using single phase power from an ordinary mains outlet. This means that `L1’, `L2’ and `L3’ are all connected to `230 V Line’ connection of a 230 V outlet and `N’ is connected to `230 V Neutral’ wire. Make sure to adjust F.T. zone for each line before doing any further tests. Now also the line 2 and line 3 ELC circuits can be tested realistically.

<tothier>

First test whether the line 2 and line 3 ELC circuits behave normally and all dump loads react to trigger angle signal properly, if not: see par. 7.4.3. If there are no power circuits connected yet, check whether trigger pulses come through for all dump loads.


This test setup is very useful to check whether the 3 line circuits produce signals that are close enough to one another. Since they all have the same input signal, any difference must come from differences in characteristics of components XE "matching set of parts" , or from building errors:

1. Slope of sawtooth signal XE "sawtooth signal:slope of-" , measure DC voltage (= mean value) of sawtooth signal. To be safe, difference between highest and lowest DC voltage should be 0.2 V or less. Then difference in dump load power for dump loads at high trigger angle, will be no more than 5 % of capacity of all dump loads powered by a single line. See par. 4.5 if differences are larger.
A somewhat larger difference is still acceptable, but then keep in mind that this effect alone will already cause some unbalance. Load balance to the generator might end up much worse due to other causes that happen to work in the same direction.

2. Trigger angle signal XE "trigger angle signal" , measure DC voltage: These could end up different if there are building errors in the add-up circuit, if the 10 k resistors are off-standard, or if F.T. zone is not adjusted properly for each line. It is unlikely that this will reveal an error, but it is not much trouble to check either.

3. Voltage signal to over- and undervoltage XE "signal to overvoltage ‘ovs’" 

 XE "signal to undervoltage ‘uvs’" : The interesting question is whether opamp 17, 18 and 19 all produce the same output voltage signal from their identical input signals. Measure DC voltage on the outputs of opamp 17, 18 and 19 (resp. pin 1, 7 and 8 of this LM324) as there are no measuring points connected to these outputs. To be safe, difference between lowest and highest value should be no more than 0.15 V DC. Then difference in setting for over- and undervoltage for different lines, will end up less than 5 V AC apart.
With this test, the effect of differences in voltage drop of the diodes to `ovs’ and `uvs’ signal, is not measured. So voltage drops of these diodes must be measured before fitting them, see par. 4.2 at `testing’. Once fitted, voltage drops can still be measured when the LM324 IC that holds opamp 17 – 20 is removed from its socket.
It makes no sense to compare `ovs’ signal to overvoltage and `uvs’ signal to undervoltage: The difference is just caused by voltage drops over the diodes and by remaining ripple voltage on these outputs. When connected to a 3-phase supply, this difference will be smaller because then ripple voltage for the 3 lines will no longer be in phase with one another. This also means that it makes no sense to adjust over- and undervoltage during this test: The settings will end up different once the ELC is connected to a real 3-phase supply.

4. Is dump load power balanced XE "load balancing" : This test only makes sense if there are dump loads connected to all outputs and if these all have the same capacity. Measure current in each input line, or in the common wire of the dump loads of a single line. Comparing these under test conditions with all lines getting exactly the same voltage signal, gives an idea of how accurately the ELC itself works.
If current is measured in the L1, L2 and L3 input wires, dump load power for line 1 will end up at least 5 W higher than that for line 2 and 3 for all trigger angles. If dump load capacity is quite small, this might look like an unbalance problem but the reason is quite innocent: Power for the ELC electronics is taken from L1.
If testing with all dump loads is not feasible, one could also check whether trigger pulses for corresponding dump loads of 2 lines, come at the same moments. For this, an oscilloscope with 2 input channels is needed. As long as trigger pulses for corresponding dump loads are no more than 1 ms apart (or 0.8 ms at 60 Hz), difference in dump load power will remain within the limit of 5 % of capacity of dump loads powered by a single line. Measure trigger moments while dump loads are nearly off (so: with trigger moments just before the next zero crossing) as likely, difference in trigger moments will be largest.
If dump load power is poorly balanced, check slope of sawtooth (see point 1) and trigger angle (point 2) again. If there are no abnormalities with these, check the final comparators circuits and see par. 7.4.3.

Then there are some further checks, just to see whether all modules work:

1. Does the PI controller react: Remove the short-circuit between ‘out`and ‘–in’ near I-effect, adjust both P-effect and I-effect quite slow (so: to the right) and play with frequency setting. With a minimal change in frequency setting, the  dump load LED’s should smoothly change from `All off’ to `All on’ and reverse.

2. Now protection features should work: 

· Does the relay switch on properly when power comes up?

· Does a feature trip while it should not, so when its input signal is normal and it is adjusted rather insensitively? If so, see par. 7.4.7.

· Does a feature fail to trip while it should, so when it is adjusted very sensitively and its input signal is manipulated a little. See  chapter 4 and par. 7.2.2 for how protection features work and how they can be tested.

3. Now power circuits for the 3 lines can be tested, but only up to the fuse rating of this mains outlet. The easiest way to test all power circuits is by having just one large capacity dump load and connecting it in turn to each of the dump load connections.

To see how reliable the electronics work, one could do the `stressful conditions’ test, see par. 7.2.2.

When optional circuits have been built, these can be tried out also:

· `Fast 1/ff signal’ should give an output signal with the same mean value as 1/f signal: Compare DC voltages. But ripple voltage on its output is still way too large because sawtooth signals from the 3 lines are in phase: Compare AC voltages, or check with an oscilloscope, see par. 5.1.

· Voltage effect to trigger angle: With voltage being the same for all 3 lines, outputs of these opamps should all be very close to Vref. Try out whether the add-up circuit still works: With a slight change in frequency setting, dump load LED’s should move from `All off’ to `All on’ and reverse.
To manipulate voltage for one line, you might connect this one to the grid outlet via a makeshift voltage divider. For instance: Have a 100 W filament lamp between the grid outlet and this line input, and a 15 W lamp + switch between this input and `Neutral’. When the 15 W lamp is switched on, input voltage will drop, output of the corresponding opamp should go up, trigger angle should go up and dump load power should be reduced (check by looking at dump load lamps or by measuring dump load voltages.

· A relay with 230V AC coil: Quite likely, the main relay will just switch on and off as the tiny relay switches its coil current. The tricky point is whether the ‘fast undervoltage’ protection against rattling works, see par.5.2 This can be tested only with a generator.

By the time these tests are completed, all modules should at least work, even though they can not be adjusted properly or are disabled.

If there is a 3-phase outlet from the grid, one could also test the complete ELC using that. But this will not give very useful information: PI controller can still not be tested since grid frequency is not influenced by increasing or decreasing dump load power. The only advantages could be:

· It could reveal short circuits or wrong connections in the power circuit. Such errors might not be found when testing with single-phase because then trigger pulses for all lines should come at the same moment anyway.

· Probably a 3-phase outlet can supply much more power, making it possible to test the ELC up to a higher power throughput with all triacs being used at the same time.

· It is possible to adjust over- and undervoltage during this test (see also par. 4.2). But it is easier to do so with a generator as generator voltage can be manipulated more easily.

7.4.4 With a 3-phase generator

Testing with a 3-phase generator set is the most important one. It is also the trickiest one since by now, the system that is being tested, has become quite complicated:

1. All modules in the ELC are active.

2. Generator characteristics will influence behaviour.

3. Load characteristics could also play a role.

On top of that: I haven’t built and tested a 3-phase ELC myself, so:

5. I can not give clear advice on what to test and how.

6. The design described in this manual might not function properly right away, see end of this par.
This goes especially for the `optional circuits’ and also a bit for `input signal for undervoltage and overvoltage’. The other modules are identical to the single-phase design or are modified only slightly. 

What I can do, is give some objectives for these tests:

· Learning about behaviour of this ELC design, gaining experience in connecting, adjusting and troubleshooting it.

· Learning more about 3-phase generators and small 3-phase grids, e.g. balance problems, voltage regulation. Ideally, these tests should be done using the same generator type and loaded up to the same % of its capacity as in the M.H. system.

· Checking whether the ELC functions properly. For as much as possible, all features should be tried out and any hidden problems should be found, as solving such problems will be much more difficult once it is installed in the field. During these tests, likely test equipment is available, spare parts can be obtained easily, test conditions can be changed and there is time to solve problems: There is not a crowd of curious and suspicious future users looking at your fingers. So it is better to spend a week on testing with a generator than to find out at installation that something doesn’t work.

· To prepare for installation: What equipment and materials are needed, what should be checked and built at the site. Maybe all steps could be written down in a kind of scenario so that everyone knows what to do and there is a fair chance that installation will go smoothly and succesfully.

Then some general things about what funktions should be tested:

1. Adjust PI controller following the procedure described in par. ELC connected to a generator set. See how fast it reacts to changes in user load. Also check whether the generator AVR might react to peak voltage by looking whether PI controller starts to oscillate when trigger angle for a dump load is just less than 90 ( (see par. 7.4.4).
In case `fast 1/ff signal’ is built: Try out whether using this signal as input to PI controller, makes it possible to adjust the PI controller faster.

2. Test the ELC over the full range of trigger angles and see whether there are no triggering errors (see par. 7.4.1 and 7.4.3). If there are triggering errors:

· Check the part of final comparators that drive this triac.

· Look whether it might be caused by high-frequency interference noise XE "interference noise" . If so: Keep power wires further away from the PCB, have them as twisted pairs or fit a metal shield (aluminum foil in a thick plastic bag for insulation will do) between power wires and PCB, see also par. 3.9.5 and 7.1.4.

· Try out whether increasing the setting for F.T. zone solves the problem (this should be done for all 3 lines so that they all have the same setting).

3. Relay: Does it switch on properly when the generator reaches operating speed? Does it switch off without `rattling’ when generator voltage drops and `fast undervoltage’ trips? Generator voltage could either drop because its speed drops slowly as it is stopped, or when a very heavy load is switched on.
Especially with a relay with 230 V AC coil, this should be checked carefully, see par. 5.2.

4. Protection features: Each feature + overload signal should be adjusted and tested. For each line, try out at which line voltages overvoltage- and undervoltage feature trip. Line voltages from the generator can be manipulated by creating an unbalanced user load and then manipulating the throttle of the engine driving it. For different lines, tripping voltages should be no more than 5 V apart, see also par. 7.4.3 with `signal to over- and undervoltage’.
The planned settings for over- and undervoltage might be too sensitive due to balancing problems, see next point.
Also overcurrent protection should be tested, see annex D.3.7.

5. Balancing problems XE "load balancing" : First check whether dump load power is well-balanced over the full range of trigger angles, see also par. 7.4.3 at `dump load balance’. For this test, user load should be balanced since otherwise, voltages at different lines won’t be the same and this would cause dump load power to be unbalanced.
Find out how the generator voltage reacts to an unbalanced load:

· By how much does voltage drop for the heaviest loaded line.

· By how much does voltage increase for the lightest loaded line. If it hardly increases, the generator AVR must react to highest voltage of the 3 lines.

Do this test for a few degrees of unbalance and with the generator loaded up to ½, and up to ¾ of its capacity.

See whether the planned settings for over- and undervoltage would lead to these features tripping too often due to a poorly balanced load. If yes, either these features must be adjusted less sensitively, or the generator should be loaded less heavily.

Check whether overcurrent protection trips when the load is so badly balanced that it would make the generator overheat, see annex D.3.7.
If `Voltage effect to trigger angle’ is used, this feature should be tested extensively, see par. 5.3.3.

6. Voltage regulation of the generator XE "generator:voltage regulation" : Check whether generator voltage drops off as frequency drops to well below nominal speed. In case inductive appliances might be damaged due to the combination of normal voltage with a too low frequency, decide whether it makes sense to add `frequency effect to overvoltage’, see par. 4.8.

Then there are two tests that only make sense when the same generator type is used as will be used in the M.H. system, and when the motor driving it, is as powerful as the turbine. If not, these tests must be done at installation:

1. Power test for ELC: Have the system running without any user load, so with all power being diverted to dump loads. Then measure:

· Heat sink temperature.

· Temperature inside housing.

See whether these values conform with design values.

2. Power test for the generator: Create the worst conditions with respect to generator overheating:  

· Adjust undervoltage feature well below its normal setting so that this feature won’t trip.

· Connect user loads with a poor power factor.

· Try with both a well-balanced, and a poorly balanced user load.

Check whether the overcurrent trip protects the generator against overheating. Stop this test when there are any signs that the generator is overheating badly:

· Line currents are above rated current

· Its cooling fins are very hot.

· The generator produces a bad smell.

If you see small oscillations in 1/f signal, trigger angle and dump load power: Mind that they might be caused by the motor driving the generator, see par. 7.2.4 at `point E’.

See par. 7.5 in case the ELC shows unexpected and unwanted behaviour.

7.4.5 Installed in the M.H. system

Before the ELC can be tested, it should be installed properly, see par. 7.3.

To a large extend, testing procedure could be the same as for a single-phase ELC, see par. 7.2.5. But a 3-phase system is more complicated and probably has a larger capacity, so:

1. It is more important to check all wiring before starting up the system. Also from the point of safety, all wiring should be carefully checked.

2. Likely, components will be more expensive and down-time affects more users. So generally, working by trial and error is not a good idea as the errors might be quite costly.

3. There is the load balancing problem. If operators will be responsible for connecting up new users or for improving load balance by switching loads to another line, they will need a good basic understanding of electricity and a thorough training.

4. Also to users and operators, a 3-phase sytem is more complex and more costly in case of failures. So it is only wise to invest in training of operators, and demonstrations and explanations to future users.

5. With a more costly system and more users, also financial agreements, good management, maintenance and repair, plans for expansion in the future etc, are more important.

Come to the site well-prepared. Probably the best plan for installing the ELC, is the one you make yourself, based on your experiences from tests with a generator set. 

With respect to technical tests, at least the following ones make sense:

1. Adjust the PI controller, as optimum setting will be different when total mass of inertia changes.

2. Check whether actual power output conforms with design power output, see par. 7.2.5.

If the `power test for the ELC’ and `power test for the generator’ haven’t been done when testing with a generator, these tests hould be done as well, see previous par..

7.5 Troubleshooting

I haven’t built and tested a 3-phase ELC myself and unfortunately, there aren’t many sensible things that I can add about troubleshooting:

1. Use par. 7.4.1 to find out what kind of trouble you are dealing with.

2. Load balancing problems are specific to 3-phase systems. This has been discussed in chapter 6 and par. 7.4.3 already.

3. Mind that there might be design errors XE "design errors" , see also par. 7.4.1.

4. Try to find out whether the problem originates from the ELC. It might be some generator or user load characteristic that makes the system behave funny.

5. Try to work out what the consequences might be if this problem remains unsolved. Maybe it is no problem at all, or solving it would cost much more than just leaving things as they are.

6. If you understand the problem, you might also know how to change the circuit in order to solve it. If this works out, please inform me so that I can include your solution in the manual and inform others.

Technical support XE "technical support" : If you come across a nasty problem and you can not solve it yourself: Describe the problem, the test conditions under which it occurred and any special things in the ELC you are testing and contact me, preferably by email. Usually, I will answer within 2 or 3 days, but it might take a few emails to and fro before I can come up with a solution.

8 Parts list

Notes:

· Prices are in Dutch Guilders (NLG), taken from a 1997-98 catalogue.

· In column `price:’, price per piece without VAT is mentioned.

· In column `costs:’, costs for number of parts needed, is given. This includes VAT and sometimes a reduction due to ordering many pieces.

· Some resistor values like 24.3k and 294k are only available as 1% metal film resistors XE "1% metal film resistor" . So either use these, or buy the two ordinary resistors that make up nearly the same value.
For color code of resistors: See guide at the end of annex L 

For standard 3-phase ELC with 2 dump loads per phase:

component:

Resistors:
needed:
price:
costs:

100R/1W resistor
1
0.23
0.27

4k7/1W


1
0.23
0.27

24k3 / 0.25W/ 1% metal film resistor (or use 22k + 2k2 ordinary resistors)
1
0.10
0.12

100k/1% (or 100k ordinary resistor)
12
0.10
1.41

294k/1% (or 270k + 22k ordinary resistors)
3
0.10
0.35

332k/1% (or 330k ordinary resistor)


10
0.10
1.18

150R/0.25W ordinary resistor
13
0.05
0.76

1k
15
0.05
0.88

1k5
1
0.05
0.06

2k2
20
0.05
1.18

3k3
1
0.05
0.06

5k6
14
0.05
0.82

10k
33
0.05
1.55

12k
3
0.05
0.18

15k
5
0.05
0.29

22k
3
0.05
0.18

27k
4
0.05
0.24

33k
3
0.05
0.18

47k
6
0.05
0.35

56k
3
0.05
0.18

68k
1
0.05
0.06

100k
6
0.05
0.35

220k
5
0.05
0.29

1M
9
0.05
0.53

3M3


3
0.05
0.18

250R trimmer, 10 mm, lying version
1
0.45
0.53

2k5 trimmer
3
0.45
1.59

10k trimmer
1
0.45
0.53

25k trimmer
5
0.45
2.64

100k trimmer


1
0.45
0.53

100k NTC resistor

Capacitors:
1
1.71
2.01

10n/100V `Wima', leads 5 mm apart
1
0.40
0.47

47n/100V, 5 mm
13
0.40
5.50

100n/63V, 5 mm
18
0.48
9.14

470n/63V, 5 mm
4
0.78
3.67

47n/250V, 7.5 mm
1
0.57
0.67

100n/250V, 10 mm
3
0.31
1.08

100n/250VAC `class Y' noise surpression cap.
1
2.36
2.77

47u/16V `Elco’, miniature, radial leads
14
0.34
5.03

2200u/35V `Elco’, radial leads

Semiconductors:
6


3.08
21.71



1N4148 signal diode
50
0.09
4.23

1N4007 high voltage (min. 600V)
3
0.09
0.32

bridge rectifier, 250V/1.5A
1
0.85
1.00

24V/1.3W zener diode
1
0.26
0.31

LED red, 3 mm
5
0.42
2.47

LED yellow, 3 mm
1
0.42
0.49

LED green, 3 mm
2
0.50
1.18

BC237B transistor
9
0.20
2.12

TIP122 transistor
1
1.14
1.34

BRX49 thyristor
1
0.78
0.92

78L15 stab.volt.supply
1
0.58
0.68

LM324N opamps
9
0.60
6.35

LM329DZ reference voltage

Miscellaneous:
1
2.75
3.23

14 pin IC connector, 
8
0.19
1.79

32mA slow fuse, 5 x 20 mm
1
0.52
0.61

fuse holder, 5 x 20 mm vertical
1
1.24
1.46

transformer, 18V/4.5VA
1
15.95
18.74

DIN 41617 connector, 31 pin, on PCB
1


3.08
3.62

DIN 41617 connector, 31 pin, on cable
1
3.78
4.44

2-sided epoxy PCB material, with photosensitive layer
1
12.26
14.41

pins for connecting component- with copper-side tracks, 50 pc/strip
0.8
3.95
3.71

signal cable, 10 wire

Power circuit
0.9
1.57
1.66

TIC263M triac
6
5.45
38.42

S07K420 varistor, 420Veff, 1.2kA
6
0.93
5.56

S20K460 varistor, 460Veff, 8kA 
3
3.16
9.50

S20K625 varistor, 625Veff, 6.5kA
3
3.16
9.50

core for noise surpr.coil

For the following components, prices depend strongly on capacity and availability:
6
1.91
13.50

Chemicals for printing PCB, pins for connecting component- with copper-side tracks
1
?
0.00

Relais
1
?
0.00

Heat sink
1
?
0.00

Housing
1
?
0.00

Cables, connectors, fixing materials
1
?
0.00

Totals:
379

221.35

Extra for 3 dump loads per phase:

150R/0.25 W ordinary resistor
3
0.05
0.18

1k5
6
0.05
0.36

3k3
6
0.05
0.36

5k6
3
0.05
0.18

8k2
6
0.05
0.36

10k
3
0.05
0.18

12k
3
0.05
0.18

15k
-3
0.05
-0.18

27k
-3
0.05
-0.18

47n/100V capacitor
3
0.40
1.41

1N4148 signal diode
3
0.09
0.31

LED yellow, 3 mm
1
0.42
0.49

BC237B transistor
3
0.20
0.71

TIC263M triac
3
5.45
19.21

S07K420 varistor, 420Veff, 1.2kA
3
0.93
2.79

core for noise surpr.coil
3
1.91
6.75

Totals:
43

33.11

Extra for relay with 230V AC coil:

10k
1
0.05
0.06

22k
1
0.05
0.06

27k
-1
0.05
-0.06

470n/63V
1
0.78
0.92

Tiny relay with 24V DC coil
1
?
0

Totals:
3

0.98

Extra for fast 1/ff signal:

14k0 / 1% (or use 12k + 2k2 ordinary resistors)
1
0.10
0.12

18k
3
0.05
0.18

10n/100V capacitor
1
0.40
0.47

47n/100V
1
0.40
0.47

100n/63V
1
0.48
0.56

470n/63V
2
0.78
0.92

LM324N opamps
1
0.60
0.71

Switch-over jumper
1
?
0

Totals:
11

3.43

Extra for voltage effect on trigger angle:

11k0 / 1% (or use 1k + 100R ordinary resistors)
3
0.10
0.35

10k
-3
0.05
-0.18

15k
3
0.05
0.18

33k
6
0.05
0.36

220k
4
0.05
0.24

470n/63V capacitor
3
0.78
0.92

47u/16V Elco cap.
2
0.34
0.80

LM324N opamps
1
0.60
0.71

Totals:
19

3.38

For other optional features like 60 Hz instead of 50 Hz, parallel set of triacs, frequency effect to overvoltage and overcurrent warning: See annex L. 

Figures



figure 1: Circuit diagrammes.



figure 2: PCB design for copper side, in mirror image.



figure 3: PCB design for component side, in mirror image.



figure 4: PCB design / map of components, left-hand side.



figure 5: PCB design / map of components, right-hand side

Index

(see also index in single phase manual)



1% metal film resistor
18; 24

3-phase system
4

amplification factor hfe
8

current indicators
15

darlington transistor
8

design errors
19; 23

dump load lamps
17

dump load LED’s
9

fast undervoltage
12

frequency trimmer
10

fuse rating
8

generator

AVR reacts to peak voltage
10

voltage regulation




11; 12; 14; 15; 16; 22

inrush current
8

interference noise
9; 22

literature references
 See literature list in single phase manual
load balancing




4; 5; 10; 12; 15; 16; 17; 20; 22

low-pass filter

delay time
10

matching set of parts
17; 18; 20

motor starting
12

overcurrent protection
15

overcurrent warning LED
9; 14

PI controller

adjustment
10

power circuit
19

relay
5; 8

AC coil
12

DC with 2 coils
9

too fast switching
12

safety
 See index single phase manual
sawtooth signal

slope of-
10; 20

signal names
4

signal to overvoltage ‘ovs’
7; 20

signal to undervoltage ‘uvs’
7; 20

technical support
23

TIC106M thyristor
8

transformer

capacity
8; 12

insulation class
8

transistor

BD139
8

TIP122
8

trigger angle signal
6; 20

voltage effect to trigger angle
9
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