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Forward by Owen Schumacher
There is no doubt that the Afghan designed ELC has been a success. It is estimated
that over 1750 ELCs (analog and digital) have been manufactured and installed
throughout Afghanistan as of 23 September 2012. Villagers that have hydro plants
from years before are purchasing the ELC with their own money for their plant
because they have seen or heard about it. When the digital ELC was released in
December 2009 the ELC manufacturers reported much better reliability and ease of
use than the previous analog ELC. For over 7 years Anders Austegard has designed,
tested and monitored the ELC development here in Afghanistan.
One of Anders’ biggest achievement has been to transfer the technology to the Afghan
workshops that make ELCs and hydropower equipments. Too often we see advance
technology dumped into a country without the service ability developed to keep it
functioning. The industry has the ability to procure the components, assemble the
ELC for various power sizes, program the microcontroller and trouble shoot and
repair the circuit boards, and.
The industry self-sufficiency and independence has been the goal of the RHL and
much effort has been expended by Anders to get the job done through training, quality
control, laboratory testing and years of field experience. Very few true research and
development projects have even been done in the electronic control field here in
Afghanistan. Most companies that need something like this just purchase a foreign
build product and install it. When it fails by human error or equipment breakdown the
experts are long gone and there is no one to send it to the manufacturer by DHL and
pay a huge price to repair it.
The Afghan ELC had to be developed in Afghanistan because things like local
available components, field conditions, repair and service abilities, and economics had
to be factored in. The choice to make the ELC openly available and repairable (no
hidden components) has lowered the cost to allow purchase and repair by Afghan
communities. Very few foreign ELCs have been imported and installed because their
cost is very high and no product support is available. RHL is happy to support
Afghan businesses so that local people can find employment and meet the needs of
the customers.
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1 Introduction
For a hydro power plants there needs to be a way to control the voltage and frequency.
Without control all the power to the alternator will go to the village, and it will turn
faster when the village uses less electricity. With the alternator we are using this
causes an increase (up to 400-500V phase to neutral) in the voltage.
This load controller is based on the work of Jan Portegijs [2] that wrote the ‘Humming
Bird’ Electronic Load Controller 6 Des 2000. First an analog controller was made,
and then a digital controller was introduced. The analog controller was a
simplification of the Humming Bird controller and was adapted for Afghanistan.
As of 23 Sep 2012, 1139 set of analog cards were sold and 1536 digital cards were
sold. With an average of 50% of ELC with double cards set (4 card for analog and 2
for digital ELC) this results in 1750 ELCs being installed.
Before the ELC was developed manual control was used. This uses switches that turn
on and off heating elements to keep the correct voltage. See Figure 3 for manual
control system.
Another method of manual voltage control is to reduce increase the flow with the
turbine valve.
Figure 1 shows the turbine with control system. For manual systems or ELC with
manual backup, one line is used for each water heater. For the ELC without manual
backup one line for each triac is used. The construction of the ELC becomes similar
for a single phase and three phase system. Figure 17 to Figure 19 shows example of
ELCs.

1.1 The goal
To make an ELC that works in Afghanistan and can be produced by Afghan without
help from the outside. They should be able to produce it without financial support or
technical help. It should be low enough cost so that villages will produce it because it
is worth being installed.
This goal should is achieved by having the right balance between reliability,
robustness, price and simplicity.
Reliability:
Reliability is important, but no system can be 100% reliable. A very reliable system
will be too costly for the villagers and difficult to repair. It is very important that the
ELC is easy and not costly to repair.
Robustness:
High security margins have been used. For example a 40 ampere triac is used to
conduct 10 ampere of electricity.
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Simplicity:
It must be simple to make, install and operate, but still function well. Security
systems are reduced to a minimum.
Price:
The price compared to other ELCs is over 3 – 5 times lower cost
Performance:
The voltage is kept very stable. Stability is prioritized over a fast response rate.

1.2 Size of the ELC
The three phase card has 18 outlets, each can run one triac and one 2 kW heating
element. One card can then be used for an ELC with size of 36 kW. With two cards
as backup not all heater elements need to be connected to each card so the ELC can be
used up to 48 kW, however, if one card fails only 36 kW can be directed to the water
heater.
If more power is needed more than one ELC can be connected to a alternator. Two 36
kW ELCs can direct 72 kW of power from one alternator to water heating elements.

1.3 External system
The system consists of a turbine, alternator, control box, and heater as shown in
Figure 1. All the Afghan projects are run of the river type. This means that we can
not save the water. If the water not is used for generating electricity the power is lost.
Because of this controlling of a water valve has no benefits. The extra electricity not
used by the village is used to generate hot water.

1.3.1 Alternator
A Chinese alternator of brands Kaijieli [4] and Y.D.S [5] is used. That alternator
gives constant voltage regardless of load. The voltage increases with RPM. The
waveform is shown in Figure 9. With no external load, the voltages go down to zero
voltage when the triacs switch on as shown in Figure 10.
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Figure 1 Control system

2 Design choices
When designing the control system a number of choices, need to be made based on
what works best in Afghanistan. In other countries, and a more developed country,
different chooses would be made. This is one reason why the controller needs to be
developed. It becomes is more about adapting existing technologies for Afghanistan
than developing new technology. Price was important for the development process
because it had to sell in the Afghan economy.

2.1 Manual control versus automatic
Prior to the ELC a manual control was used. It consisted of a voltmeter, switches to
turn on and off heating elements, and fuses to the village grid. Figure 3 and Figure 3
shows drawing of a manual control.
The manual control worked satisfactory when the electricity was used for lighting.
Often a child is used in the control room. The voltage is often set low. When the
villages turn off their lights, the voltage increases, and the operator again comes to the
control room and turn on more load.
Manual control has the following disadvantages:
- The cost to have a man in the control room is more than the cost of an
ELC.
- They need two floors in the power house, the upper floor for the man
controlling the electricity.
- They set the voltage low that gives weaker light and is a waste of
electricity. that is used for heating but could be used for light.
- Sometimes over voltage occurs.
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Not usable if electricity is used for other than lighting like motors or
welding.
It also has some advantages:
- It forces one to be at the control room, that person can also look after the
turbine and fore-bay to clean it for branches. With an ELC often the only
thing they do is to open the canal water gate and then leave, without even
going inside the power house.
- It gives salary to one person that often are poor.
- It is simple technology that is easy to understand and repair.
- It is cheaper and easier to produce than an ELC.

Figure 2 Circuit for manual controll

Figure 3 Manual control
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2.2 Regulating the alternator excitation versus contra putting
on load
One way to regulate the voltage is to change the excitation current, called AVR. This
makes a simpler control and no water heater is needed. Only changing the excitation
current will control the voltage, but the frequency and rotational speed will not be
controlled. With a cross flow turbine the rotation speed will increase about two times
when the load is removed. This can damage the alternator due to centrifugal forces on
the windings. For this reason, regulating of the excitation current was not used.

2.3 Digital versus the analog control
First an analog control was made, and then the controller was changed to a digital
control. For a three phase system the analog control was on two cards and had 6
places for adjustment. The digital control has only one place for adjustment and is on
one card. This simplifies the process for the manufacturers. The digital card became
lower cost than the two analog cards that where necessary for a three phase ELC. IT is
also easier to check the digital cards. Figure 17 shows an analog ELC and Figure 18
shows a digital ELC with one card extra as backup.
The analog cards have some benefits over the digital cards. Specially that one can set
the frequency, it has larger range. It is used in the following cases:
- When two alternators are synchronized. This is because the frequency can be set
(We have not done a project with synchronizing yet)
- When very high or very low voltage is wanted. The digital control has a limited
voltage range. This is needed if it is very long distance from the power house to the
village.
- Sometimes when repairing an old ELC. The analog cards can be replaced with
digital cards, but it is easier to put in new analog cards since the place of the wires is
the same. However, today they usually replace the analog with digital cards.

2.4 Regulating voltage or regulating frequency
The analog cards regulate the frequency; where as the digital cards regulate the
voltage. The advantages to regulate the voltage are the following:
- The voltage is the primary interest, not the frequency
- On can regulate the ELC to the right voltage. When the ELC is made the voltage
can be set so it does not need to be changed again at the village
However it has some disadvantages
- Many alternators regulate the voltage by changing the excitation current, such as the
brush-less alternator. This requires the frequency to be regulated.
- Frequency regulation is easier. The fastest regulation must always be based on
frequency; otherwise, the system can be unstable.
- Frequency regulation is necessary if alternators are synchronized.
For this reason, we have a program for the microcontroller that regulates the
frequency. The analog cards are used in the cases where synchronizing is needed.
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2.5 Single, two step or multi step process
A single step process can change the wave shape considerable as shown in Figure 10,
where the voltage suddenly drops when the triac turns on. This can make
electromagnetic noise and can influence some components. So far, these problems
have not been noticed.
A two step process where one triac turn on first and then the second one will turn on
will reduce this problem. The first prototype ELC used a two step process. However,
the ELC become more complicated, and it was easy to do the wiring inside of the
ELC wrong. For that reason a single step process was chosen, where the number of
the wires is the same, but, there are less ways to incorrectly wire the ELC.
Sometimes the manufactures gets the phases mixed up, where one phase is connected
to the input of the card and another phase is connected to the heating elements, which
causes the ELC to hunt.

2.6 Onboard power supply or use of transformer
The correct power can be obtained by first transferring to DC and then use a DC to
DC transformer. This was not used for the following reasons:
- A transformer works at 240 Volt, but, can survive at much higher voltage if the
frequency also increases.
- Onboard poser supply requires more components on the card that makes control
more difficult.

2.7 Simplification compared to the “Humming Bird” control
After making an ELC experience is obtained about what is working and not working.
A lot of control and security features must be avoided in the villages. Control features
can also fail, increase the price of the ELC, and makes the system more complicated.
Also control features that shut off the power can be hotwired (put a wire around the
feature) when it stops the power. For this reason, control features have been
minimized.

2.7.1 Changes compared to the” Humming Bird” controller
The relays for over voltage have been removed
A relay that controls the over –voltage is not used even for larger projects. What are
used instead are two or more sets of cards. If one card, transformer, triac or heating
element fails the ELC is still working using the backup card, transformer, triac or
heating element.
A relay that control over voltage is not considered even for larger projects for the
following reasons:
- It is difficult to get a high quality relay, so the relay itself becomes a
possibility of failure.
- The inside wiring becomes more complicated, that also makes repair more
difficult
- A 40 A 220 V relay adds considerable cost. (Typical cost 20 USD only for
the relay)
- The operation of the system become more difficult
- Installing is more difficult
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If the relay turns on and the ELC is not working the alternator will over
speed which may destroy the alternator.
The same effect can be accomplished by duplication components in the
ELC.

Temperature sensors on the triacs are removed:
Temperature sensors on the triacs are not necessary.
- If the triacs become hot it will not function and the control must be
repaired. A temperature sensor on the triacs will only add cost and make
one more source of error.
- If the triacs become hot, turning off the triacs does not help and only
causes over voltage to the villages. A triac will short and give a constant
load when it becomes hot.
It is not any over voltage security on the triacs
There is no over-voltage security on the triacs.
The "Humming Bird" controller has a varistor parallel to the triacs that feeds the triac
gate in case of over- voltage. Here that is not used since the triacs themselves have a
voltage limit where they start to conduct. A varistor parallel to the triacs will only
lower that limit and is unsuitable when two triacs are in parallel.
Input protection into the circuit is simplified
There are two varistors at the inlet of the controller to avoid high voltage peaks into
the controller and the transformer. The resistor and capacitor is removed. The
controller has been tested at over-speed of the alternator giving no problems at double
the speed and double voltage. However doubling the voltage at 50 Hz will probably
damage the transformer. When the frequency goes up on the non-AVR Chinese
alternator the voltage also goes up which does no damage the transformer.
The electronic circuit is simplified
The IC’s used in the “Humming Bird” that were difficult to obtain locally were not
used. The revised circuit has not experienced any problem.
The BTA-40 triac is also different from “Humming Bird”. We have had little
problems with the triacs even after years use. However, the coil is made some bigger
to compensate for that. Other types of triac were not locally available.
We have added LEDs and a voltmeter to show the status of the ELC. This has been
very helpful to the operators and helps to troubleshoot the ELC.

2.8 Redundancy (backup systems)
The ELC has a lot of redundancy in case some part of the ELC fails as listed below:
- Many ELCs have 2 cards and 2 transformers. Both cards send a signal to the triac. If
one card fails then the second card still sends a signal to the triac. Figure 18 shows a
digital ELC with a backup card and transformer installed.
- There are more than one triac. A triac can fail open or short. If the problem is at the
triac it usually fails short, so it constantly sends power to the heater. If the problem is
connections it fails open. In both cases the other triacs will regulate the power as long
as it is enough capacity remaining.
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- There are more than one heating element. When the heating element fails it fails
open so no power is going to the element. Then the other elements are doing the
regulating.
The villagers are taught to check the ELC each time the project starts. However, if
something fails, the villagers usually do nothing until they get a major over-voltage,
and then they learn. Sometimes the element breaks one by one, and the ELC is able to
send less and less power to the heater until an over-voltage is experienced at the
village.
Training is important so the operator can get repairs prior to failure of the ELC
system. If one of the major parts of the ELC fails the unit continues to function and
there is time to repair if action is taken quickly.

2.9 Regulating, stability
The requirement of accurate voltage and fast response is not very high in the villages.
However, the ELC must be working in any circumstances and not be unstable. A PI
(Proportional Integral) regulator is used. The integral term is based on voltage and the
proportional term on frequency.

2.10 Larger ELCs
One three phase card can have 18 outlets and can run 18 triacs. Each triac can run a
water heater of 2 kW and so the largest ELC with one card becomes 36 kW. With
two cards, some elements can be connected to only one of the cards and this solution
is used up to 48 kW. Unfortunately this solution control only 36 kW if one of the
cards fails.
If a larger ELC is needed more than one ELC can be connected to an alternator. For
the Daste Rawat plant 4 ELCs are connected to 2 alternators each giving 65 kW
resulting in some over 95 ampere per phase. The ELCs are shown in Figure 20. The
ELCs then regulate themselves; however, care must be taken so all connectors and
wires are strong enough for the currents. The ELC cables are copper and sized at 3 A
/ mm2 (≈0.7 kW) and the wires from the alternator to the ELC cost more than one of
the ELCs at Daste Rawat.
The largest standard automatic fuse available was 64 A (DEZ Turkey) . For the fuses
to the village we connected two 64 A fuses in parallel. This solution has worked well
because the fuses have a small internal resistance. It is important both fuses have a
good connection to the wires.
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3 How ELC is made
Figure 4 shows the working principle for the ELC. One phase is shown. For a 3 phase
system other phases are equal except that the variable resistor R9 does not exist. Some
protection components are not shown for simplicity.
Figure 5 show how the triac works. The triac connects when a signal is sent to the
gate and disconnects when there is zero voltage over the triac. Voltage from the
alternator is U-Phase, (simplified, see Figure 9 and Figure 10 for real wave forms)
after some time a signal is sent to the gate that connect the triac and sends power to
the heating element. The connected time period decides how much power is going to
the heating element which regulates the power.
Note that the heating element is put between the phase and the triac. An alternative is
to put the heating element between neutral and the triac and the triac between the
phase and the heating element. This requires a coil to run the triac and then it becomes
more complicated, but, it is safer. “Humming Bird” also put the heating element
between the phase and triac as shown in Figure 4. Figure 11 shows the circuit for the
card for a three phase system and Figure 12 shows how that is connected including
fuses and other components.

Figure 4 Principle circuit for the ELC for one phase. The other phases are equal except that the
trimming resistor R9 is only on one phase.
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Figure 5 Wave form

3.1 Parts of the ELC on the card
3.1.1 Power supply
The voltage can vary widely from 150 V to 440 V so the card must be able to handle
this voltage range. 440 V occurs when the alternator over speeds. Fortunately the
frequency also increases so the transformer can handle the increased voltage. The
first transistor T4 is positioned to handle the high input voltage. A capacitor C5 is
connected in serial with the zener diode to handle low voltage better. This voltage is
also connected to a resistor (R7) and capacitor (C2) to neutral. When the triac triggers
(connects) a current peak is drawn from the system. The capacitor C2 and resistor R7
is there so the current peak does not influence the microcontroller or the voltage
divider.
Finally the voltage goes to a voltage regulator (IC1) that gives 3 V, 0.1A to the
microcontroller and the voltage divider. As voltage regulator is it used component
L78L03, but also LE30AB and LE30C can be used.

3.1.2 Voltage divider
The microcontroller reads the voltages for each phase 12600 times each second. The
program then uses that to calculate frequency, voltage, and when it is zero voltage.
The input voltage goes through resistors so a voltage from -410 to 410 V (peak to
peak single phase) becomes a voltage from 0 to 3V which is the voltage the
microcontroller reads. A small capacitor (C1) is used to smooth the signal.
A resistor R9 is used to regulate the voltage for channel 1. This channel read the
voltage and the regulator tries to keep it constant. By turning it clockwise a lower
voltage goes into the microcontroller and the total voltage increases. It can regulate
from 220 to 270 V.
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3.1.3 Output circuit
The microcontroller gives an output signal when the triac should be fired. Two
transistors (T2 and T3) are used to secure the signal is strong enough to drive a
maximum of 8 triacs on one transistor.
A 220 V PTC thermistor is used at the outlet, type 0ZRE0005FF1C, current 50mA,
resistance 18.5 to 30 Ohm at room temperature. Experience has shown that
sometimes a high voltage (220V) occurs on the outlet and the resistor and outlet
transistor burns out. This thermistor protects the transistor so it does not become
destroyed. This thermistor is normally 20 ohm. When unwanted high voltage is feed
to the thermistor, it heats and the resistance increase considerable (open the circuit).
This reduces the current so the components do not become destroyed. When the
temperature reduces, the thermistor again works normally.

3.1.4 LEDs (Light Emitter Diode)
The ELC has 4 LED that show the status of the system
- Green shows power going to the heater. This changes in brightness depending on
how much power that is going to the heater.
- Red light for low voltage: Lights up if no power is going to the heater, meaning the
voltage is too low
- Green light for normal voltage: Lights up if some power is going to the heater.
- Red light for high voltage: Lights up if all the power the heater can take is going to
the heater. This means that the voltage is too high and something is wrong..

3.1.5 Microcontroller
The Texas Instruments microcontroller MSP430F2012 is used. It has a DIP package
with 2.54 mm (=0.1 inch) between the terminals, which is easy to use for hand made
cards (usually microcontrollers are smaller). It has a 10 bits analog to digital (AD)
converter that read the voltage 12600 times each second for each phase. The
microcontroller has 14 terminals where 10 terminals can be used as input/output. The
microcontroller has 2 kB flash memory and 128 byte RAM memory.
Figure 11 shows how the microcontroller is connected for a 3 phase system. It uses
the following ports
Input A0-A2: Reads the voltage for all three phases. Phase A0 is used for regulating
and to measure the voltage and frequency. A variable resistor is connected to A0 that
changes the voltage.
Output to triacs: P1.3, P1.4 and P1.7: Here a signal is sent when the triacs shall open
Output to LED: P1.5, P1.6, P2.6, P2.7: Turn on and of the LEDs (Light Emitter
Diode)
Three different program codes have been written for the different alternator options:
1PhV1:

Programmed for single phase cards. This regulates the voltage for
brush type single phase alternators
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3PhV1
3PhHz1

Programmed for three phase card. This regulates the voltage for brush
type three phase alternators.
Programmed for three phase card. This regulates the frequency to
50Hz. Turning the variable resistor does not change the frequency.
This regulates the frequency for alternators with AVR.

The program has been given to the Afghan industry so they can download the
program into the microcontroller.

3.2 Parts in the ELC outside of the card
3.2.1 Triac
The ELC uses triacs of type BTA40-600B from ST Microelectronics. This mean it is
made for 40 A and up to 600V. Above 600V it will start to conduct. At present no
problems have been experienced with the triac. However there exists a non-original
triac with the same name. This triac has a smaller silicone plate and is unreliable and
inferior.
The BTA40-600B has been selected for the following reasons:
- The triac is insulated
- It is available
- It is the only triac with 40 Amps capacity
- The triac is not mounted on any PCB, and BTA40 is easier to mount and
has a more robust casing than BTA41.
- The BTA40-800B can also be used but, is more expensive.
Even if the triac is rated to 40A is it difficult to get 40A through the triac without
overheating the triac, therefore the current is mostly limited by the heat sink. An
image of the triac is shown in Figure 8.
Two triacs are attached to one heat-sink and have a maximum effect of 2 kW (≈10A)
through one triac.
On earlier designs one triac was controlling 4 kW on one heat sink. Due to this some
triac failure was experienced. The max current is decided by heat generated and not
maximum allowed current through the triac. See section 3.6.1 for calculation of heat
on the heat sink.
The triac is connected with special heat transfer grease to the heat sink. After the triac
is mounted some of the heat transfer grease should be seen outside of the triac.

3.2.2 Heat sink
A heat sink with length 28 cm is used. The cross section is shown in Figure 6. Two
triacs are mounted on each heat sink.
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Figure 6 Geometry of the heat sink, length 28 cm

3.2.3 Coil
A ferrite coil is used to protect the triac. It is made of ferrite with relative
permeability 490. Core diameter is 10mm, 14 turns are used that gives 95 mF
inductance. A 4 mm2 copper wire is used which allows 12A that that gives power to
the 2 kW heating element; however, some older ELC uses one 4mm wire to feed two
2 kW elements without problems.

3.2.4 Fuse
The ELC uses one ore more fuses. The size and number of fuses is decided by the
grid network in the village. If the grid goes in two directions, the system has two
fuses. The fuses are placed after the ELC, so, that when the fuse breaks the current, it
dumps the extra power to the heating elements. There exist 2 types fuses B and C in
Afghanistan. A type B (faster) fuse is used rather than the slower type C fuse.
The fuse has a bimetallic spring that bends when it heats up due to the current going
through the spring. In addition, it has a coil that turns the fuse off suddenly when the
current is 3 to 5 times the rated value.
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Figure 7 Typical time before a 32 ampere automatic fuse of type B trips.

Figure 7 shows the typical time period before a 32 ampere fuse breaks the circuit.
First the time is decided by the bimetallic spring. The coil turns off the fuse at a much
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faster time period, typical 0.02 s. It would be even better if the fuse was faster, but,
this kind of fuse is not available.
The problem with a short in the village grid is that the alternator slows down and then
is not able to give much electricity. However, the windings in the alternator can still
overheat. This causes a problem and care must be taken when choosing right fuse. A
too small fuse will trip off regularly at normal use. If the fuse is too large and a short
occurs, the alternator will slow down and the fuse will not trip. In this case the fuse
may not trip at all or trip after a long time, and cause the alternator to burn out.
The maximum fuse sizes that allow a trip have been tested for different brush type
Kaijieli [4] alternators. This is the result that RHL found:
Alternator size
7
12
12
20
kW kW
kW
kW
Phases
1
1
3
3
Maximum size of fuse that always trips for a short that 20A 32A 32A 40A
is close to the alternator.
Size of fuse that only sometimes trips (when they do
24A 40A 40A 63A
not trip, the short will stop the alternator).
The fuses that are brought into Afghanistan have various qualities. The problem is
that the fuses are copied and then brought to Afghanistan with fake brand name.
Generally the fake fuses trip according to the time that is specified, however, after the
fuse has tripped some times (typically 10 times) it does not reset on again. Also some
brand are first good, but, when the same brand is bought one year later they become
poor quality. This means that the fuses need to be tested. A welding machine is used
to test the fuses. The fuses are tripped many times to see if they get hot and are still
working. In this test many brands of fuses get hot and then do not work proper (that is,
they are not able to turn on) after a few tests.

3.3 Meters to measure power
The ELC needs meters to show the status. The card has 4 light diodes as descried
above. In addition a voltmeter is needed to show the voltage to the villages. It is also
good to see the amount of power going to the village or the elements. This can be
done by amp meters or a voltmeter to the elements. A voltmeter to the element shows
the voltage over the element, this increases when the village uses less power. This is
a low cost and reliable way to do it. Figure 18 shows an ELC with two voltmeters,
one volt meter shows voltage for the village and one volt meter shows the volts across
the element which relates to the amount of electricity going to the water heater.
The Afghan customers enjoy lots of meters so the ELC looks important even if the
information from it is limited.

3.3.1 Ampere meters
Many ELCs have been mounted with amp meters. A three phase system can be
installed with 3 amp meters.
Currently only amp meter connected with a coil are used. The relations can be 1/20
so 20 amp through the coils gives 1 amp through the amp meter. This way, even if
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the amp meter fails, the ELC still work, the only thing is that the amp meter does not
show the current through the amp meter. Figure 21 shows an ELC with coils for the
amp meter.
Earlier we allowed the current to go straight through the amp meter. When the amp
meters burned out or connection failed the ELC did not give power to that phase. To
avoid this an amp meter that takes a higher current, can be used but, then the current
normally is so low that the meters do not show anything. For this reason we today
only coil amp meters are used when the ELC has amp meters. If customers do not
want this extra cost, it is better to not have any amp meter, only a voltmeter over the
element. Figure 17 shows an old ELC without coils where the power goes through
the amp meters. Figure 21 shows a digital ELC with coil amp meters.

3.4 Box
The ELC must be in a box. It is important that the box is open towards the top so the
hot air is able to escape. It needs openings both on the top and the bottom of the ELC.
At the bottom the wires go into the ELC and an opening is natural. At the top special
openings must be made so the hot air escapes. A cooling fan is not used in the ELC
because the fan can stop working and cause the ELC to overheat.
The power house is not always dry. Water can go down the back wall or it can drip
water from the ceiling. The box must be protected from water dripping from above
and wet walls. It is best to mount the ELC box about 3 cm away from the wall.
There are two kinds o boxes used, one with a door and one which is low-cost without
a door where the heat sink makes the outer part of the ELC. Figure 17 and Figure 21
shows an ELC with door and Figure 18 shows an ELC without door.

3.5 Water heater
The excess energy not used in the village is used to heat water. In the local marked
1.2, 1.5 and 2 kW heating elements are available. The villagers are usually able to
replace elements that are not working. Figure 22 shows the element and Figure 24
shows a drawing for a way to make the water heater together with the water heater we
are using.
It is very important that the water heater is earthed. The water heater is usually
earthed with a wire to the alternator or the penstock (pipe). This is easy when the
heater is at the power house. However, if the heater is outside the power house, a
proper eart need to be installed.
Presently there are problems with the elements. Figure 23 shows a broken element.
This failure is not due to operating without water in the water heater. Operating
without water causes the elements to melt and bend.
What happens is not clear; it looks like it is a fatigue problem when the heating
elements turn off and on under normal operation. After some time a crack can occur,
then the element sucks water in when the project is turned off. The next day when it
turns on the element cracks because the water in the inside of the element boils and
gives high pressure.

Remote HydroLight www.remotehydrolight.com

20/43
The elements are checked by measuring their resistance. A 2000 W element should
have a resistance between 23 and 25 Ohm. It is also usually visible when the
elements are bad as seen in Figure 23. Usually the village has a ohm meter (Clamp
meter with ohm) they can use for checking the elements. It is also possible to see
from above what elements have failed. A higher quality element is available,
however, the element is usually replaced by the village with a low cost one.

3.6 Measurements and calculating of the components
3.6.1 Measurement and calculation of heat transfer
Appendix 2 shows experiments that measured heat transfer from a triac to the
environment. By using those experiments and data from the supplier [6] the heat
resistance from junction to environment and heat sink to environment was obtained as
shown in Table 1. Figure 6 shows the geometry of the heat sink.
Table 1 Heat resistance

RHS-E Heat resistance from average heat sink to
environment (K/W)
RJ-E Heat resistance from junction to
environment (K/W)

1 triac per
heat sink
1.86

1 triac on a half
heat sink
3.72

3.8

5.7

The supplier [6] suggested that the maximum junction temperature (TJ) is to be 125
°C, internal resistance is RTR = 0.010 W and voltage drop at no current V0 = 0.85 V
(At TJ=125 °C). Then the heat generated becomes:
2 2
2
P=
V0 I RMS + RT I RMS

p

And the junction temperature:
T J = TE + R J - E P
Table 2 shows the tempertures for the enviroment temperature of 40 °C.
Table 2 Temperaures calcualted when environment temperature are 40 °C

One triac per heat
sink
Two triacs per heat
sink

IRMS (A) per element
Elements connected to each triac
(kW)
Heat generated at triac (W)
Heat sink temperature
Junction temperature
Heat sink temperature
Junction temperature

9.1 13.6 18.2 22.6
2.0 3.0 4.0 5.0
7.8 12.3 17.2 22.4
54
63
72
82
70
87 105 125
69
86 104 123
110
138 167
84

It is ok to use 2 triacs per heat sink, each connected to a 2 kW element, which gives a
junction temperature of 84 °C, it is also ok to use 1 triac per heat sink connected to a 3
kW element, which gives a junction temperature of 87 °C. If more power is connected
to the triacs the margin become too small.
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Figure 8 Triac

3.6.2 Parallel connection of triacs
The triacs can be connected in two ways, one where each triac is connected to a 2 kW
heating element, or the triacs are connected in parallel and connected to two 2 kW
heating elements in parallel (4kW).
Parallel connection of triacs does not work if the current going through each triac are
too different.
Voltage over the triacs can be written:
DU = DU 0 + R * I - k * T
Where DU is voltage over triac, DU0 is voltage drop over triac at 0°C and no current,
R resistance and k is temperature dependence, T is temperature in °C. An analysis for
DC current is shown in Appendix 3. Results show that care should be taken with
connecting the triacs in parallel. If the two triacs are on the same heat sink, it can be
connect in parallel, which has been done with success. If the two triacs are on two
different heat sinks, one heat sink will be hot with low voltage drop and take all the
current and one heat sink will be cold with high voltage drop and take no current.
Usually triacs in parallel are not connected for the following reasons:
- Having some elements with 2 triacs (4 kW) and some with 1 triac (2 kW) can
confuse the village operator.
- Checking of the heating elements and the triacs become more difficult
- If one triac fails the second triac in parallel has no benefit.

3.6.3 Are the ferrite coils necessary ?
The “Humming Bird” controller uses a ferrite coil so there is no voltage over the triac
to limit dI/dt when the triac connects. The BTA triac has a dI/dt limit of 50 A/ms. To
limit dI/dt when the triac connect coils are placed in series with the triac. In addition
the alternator windings function as a coil and the grid wire function both as a coil and
capacitor. In Appendix 1 measurements and calculations are shown, and the problem
is discussed. Currently coils are always used in series with the triac.
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4 Manufacturing process
At the startup of the project the cards were made here in Afghanistan, currently the
cards are produced in Pakistan at Amjad Electronics [3]. Usually 100 cards or more
are in one order. Machines are used to produce the PCB (Printed Circuit Board) and
the components are mounted and soldered by hand.
At first the cards were made by RHL by getting blank PCB cards with cobber on one
side, and produced it in the following way
1.
2.
3.
4.

Made a 1:1 drawing of the bottom side of the card.
Drilled holes in a PCB (Printed Circuit Board).
Draw the path where the copper lines go with a permanent waterproof pen.
Removed the copper that was not marked with mixture 1 part 10%
hydrochloride acid, 1 part hydrogen peroxide and 1 part water.
5. Mount and solder the components.
6. Testing the finished card.
This way becomes both a costly and unreliable process, and is now only used for
prototype work.
Currently the following process is used for making cards:
1: Receive the microcontrollers and PTC from USA.
2: Send the PTC to Pakistan with the drawings where make the cards are made.
3: Check each single card. Check that it works properly and the soldering quality.
A problem with getting components from Pakistan is that it is easy to get unoriginal
components with low quality. That can reduces the reliability of the ELC
considerably. It is natural for Afghan workshops to get things from Paksitan, but,
very difficult to get thing from aboard.

4.1 Control of the cards
When the cards are received they must be quality controlled. Prior to releasing a card
to a ELC manufacturer, RHL checks each card. The ELC manufacturers are starting to
check their own cards without having an education in electronics. They are then able
to check if the card is working, but, not the repairing of the card. Some workers are
also able to repair the card.
Figure 13 shows the card with measuring points and Figure 15 shows the control
board tester. The control board tester consist of a transformer, 3 bulbs at 60W or
larger, (a small bulb will not send enough current through the triac to keep it on) and 3
triacs. The card is intended to run 8 triacs for single phase, so a 1 Ohm resistor is
parallel to the gate to increase current that is required. LEDs are also connected to the
card.
The following equipments are required
· The board shown in Figure 15
· An electric screw driver that lights when connecting phase
· A voltage stabilizer if the voltage is below 220 V
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·
·

A multi-meter that can measure both AC voltage down to 0.2V, DC voltage
and resistance
Equipment to check the transistor as shown in Figure 15.

Steps for checking the card:
1. Measure what is neutral and phase with an electric screw driver.
2. Connect light diodes to the card as shown in Figure 15.
3. Connect to a power supply that gives between 220 and 240 V. If the power is
weak, use a stabilizer..
4. Check the voltages at the power supply (M1-M4 in Figure 13).
5. Check the voltages at the inlet to the microcontroller both AC and DC. (M5).
6. Turn the trimming resistor (R9) all the way clockwise. If it works the green
LED (LED1) for triac will turn slowly on, light bulbs will turn on, and the
LED for high voltage will turn on (LED2). Turn the trimming resistor counterclockwise, then the bulbs will slowly turn off, and the LED for low voltage
(LED4) will turn on. The green LED (LED3) should always be on when both
LEDs for high (LED2) and low (LED4) voltage is off. (At the end when the
bulbs turn off, the bubs will blink. This happens because all channels are
connected to the same phase, and will not occur in a three phase system) The
different LEDs are shown in Figure 15.
7. Check the transistor with transistor tester shown in Figure 15.
8. Check the backside of the card for good soldering. The wire from the
component on each solder point should be seen, if not, check that the
component actually is fastened.

4.2 Checking operation of the ELC unit
Each ELC needs to be checked before sending to the field if possible. This can be
done in the shop producing the ELC, or, at the village.
For checking the ELC unit a three phase alternator is needed. The alternator should
give above 250 V with no load, then the ELC will load it down. If a single phase
alternator is used the phases sequence of a 3 phase system can not be checked.
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5 Field experience with the ELC
The majority problem with the ELC system has generally been with the method of
dumping the energy into the water heater. The water heater elements seen to vary
considerably in quality and they can fail. An example is shown in Figure 23. The
varying load generated by the ELC causes the thin copper tube to fatigue and crack.
Some elements seem to last a long time (years). The Chinese made elements are
priced much lower than the higher quality elements and the village people are not
willing to install the better elements. Training operators in how to identify a failed
element and changing it has reduced this problem.
The connection of the ELC cable to the ELC cable to the element terminals has also
been a source of failure. Condensation or any water leakage at the elements threads
can cause moisture to touch the terminals, connectors and wire. Moisture brings
corrosion which can cause heat build up which cause a short and failure. Currently the
elements are mounted horizontally along the bottom of the water heater which can
more easily allow moisture problems. The design in Figure 24 would allow
condensation or leaks to drip past the terminals, connectors, and wire to solve the
problem.
The digital cards ELC have shown to be much more reliable than the analog ELCs.
That is because the outlet of the digital ELC has a PTC that works as a fuse. The
analog ELC had only a resistor that often burned. In addition the analog ELC had
more components and less redundancy on the card.
Previously the amp-meters without coils would fails, this is now solved by letting the
current go through a coil, and not through the amp-meter.
Some of the industry uses non-original triacs that are weak and can fail. The
transformer can also fail sometimes.

5.1 If some things goes wrong in the village with the ELC
Sometimes the village experience problems with the ELC. It is much cheaper to
repair it if the village is able to bring the ELC to the shop that made it. The cost of a
trip to a project is normally higher than the repair of the ELC. They will usually
experience a low voltage, high voltage, no power at all or blinking. When they bring
the ELC they are usually asked about the other parts of the system. Often the villagers
claim that it is the ELC when the problem is in some other place. Often problems on
the ELC can be seen by looking at the 4 light diodes on the panel.
The problem can also be with the turbine, belt, alternator, heater elements,
connections or in the village grid. The village operator is not expected to be able to
repair the ELC; however, they should be able to find what is causing the problem.
Unfortunately things are ignored until it is not working at all, or their equipment burn
out.
The cross-flow turbine usually has a manual valve that can be used to regulate the
power. The project can be operated even when the ELC is not working. In this way
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the turbine, belt, alternator and village grid can be observed for problems when the
ELC is disconnected.
High voltage:
It is the task of the ELC to control the voltage. If there is high voltage the problem
must be at the ELC or water heater. Operators are instructed to check the ELC by
first turning the fuses off when starting the project. However operators often do not
do this and it can take time before they realizes that the ELC is not working.
Low voltage:
Here the problem can be the ELC, alternator, or extra load in the village. Sometimes
the diodes on the alternator get shorted which can also cause low voltage. If a triac is
shorted it can cause low voltage because it connects electricity to the element.
Blinking of the light bulbs:
It is the task of the ELC to regulate the power so it is stable. However it does not
always need to be the ELC to cause blinking. It can be the belt slipping, and then the
ELC can amplify the oscillations.
No power at all
In this case the problem can be the alternator, the ELC, or the connections. If it is the
ELC, it means the power is cut inside the ELC, or the connections to the ELC are bad.
Usually it is the connections from the alternator to the ELC or from the ELC to the
grid that gives problems.
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FIGURES

Figure 9 Voltage from generator without any effect going to the heating elements

Figure 10 Voltage from the generator when triac triggers
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Figure 11 Circuit for three-phase ELC. The connection to the connectors G1, G2, G3, Ph1, Ph2,
Ph3, 6V, N, +LED, Low, Normal, High and Triac is shown in Figure 12
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Figure 12 Connection of outlet in Figure 11 for a 6 kW ELC. The electric heaters are elements in
the water heater. For ampmeters it is used a current transformer as described in section 3.3.1,
and the ampmeters, voltmeters and LEDs are mounted on the door.
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Figure 13 Layout for three phase card with measure point. Card size 4” x 6” (102mm x 152mm)

Figure 14 Layout for singl phase card. Card size 3.3” x 5.3” (83mm x 134 mm)
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Figure 15 Control board used to check the card and transistor tester.
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Figure 16 Circuit diagram for ELC 3 phase, 12 kW

Remote HydroLight www.remotehydrolight.com

32/43

Figure 17 A 24 kW ELC with analog cards in a box. Here there is only one set of cards and
fuses.

Figure 18 A 16 kW digital ELC with extra backup card and transformer
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Figure 19 The two ELCs in Figure 17 and Figure 18 seen from the outside

Figure 20 ELC Daste Rawat, Panjshir. Here there is 4 ELCs for 2 alternators, each giving 65 kW
electrical output.
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Figure 21 Digital 24 kW ELC in box from the inside

Figure 22 The 2000 W heating element
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Figure 23 Broken heating element

Figure 24 Water heaters. The water heater to the left is designed so leaks and condensation drop
vertical and do not get on the elements and cable connections to cause shorts or corrosion. To the
right is a typical water heater (without shield over the elements).

Figure 25 Example of ELC produced in a private workshop
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Appendix 1: Is the coil necessary
Portegijs controller [2] uses a coil so there is no voltage over the triac when it is
triggered. Some ELCs do not utilize a coil to protect the triac.
Our experience shows that if a capacitor is put in parallel with the triac the triac fails.
The specification for the triac BTA40 is that dI/dt < 50 A/ms. At a maximum voltage
of 310 V an inductance (Lc) of 6 mH is needed:

Lc =

U
310V
=
» 6 mH
¶I / ¶t 50 A / ms

The alternator function as a large coil and the voltage goes down to zero when the
triac is turned on as seen in Figure 10. This is not the case if the village uses power.
A diagram like Figure 26 can represent the system for each of the phases if there are
no heavy loads close to the ELC.
There can be a heavy load close to the ELC for the phase going to the ELC:
- Heaters in the power house.
- The other elements in a two step process. This ELC is a single step process
- The other heating elements. However, the difference in time for when the gate
current reaches the triacs is in nanoseconds
- A second ELC, that function as a two step process.

Figure 26 Simulating of wire
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Figure 27 Simulated current through the wire. It goes in steps as the wave travel back and forth
on the wire.

Figure 28 Voltage over resistor when opening transistor

Therefore Figure 26 can be a representative network. For an 85 m long wire with area
10mm2 and the wires are close to each other results in an inductance of 52 mH and
capacitance of 2.7 nF. The impedance of the wire is then (Z0=√(L/C)) 119 Ohm
which is much higher than the resistance of the element. The resulting current through
the resistance has the form of Figure 27. The wire should be enough and a coil is not
necessary. When taking a transistor that opens in about 0.6 ms in serial with an 85 m
long wire described above and with a 16 ohm resistor in series it opens as shown in
Figure 28. This shows that the wire is working as a coil and limits dI/dt over the
transistor when it opens. However, at the start the current does make a small jump.
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Then it still is unclear if coil is necessary, since it is dI/dt straight after the triac
connect that is important after Portegijs [2].
Nevertheless we started using coils and have not wanted to take the risk it is to
remove the coils from the ELC. When it is known that there is no other heavy load in
the power house and the houses are more than 50 m away, which is usually the case,
coils are not needed in the ELC. The coils are a relatively small expense and makes it
so the ELC can be used everywhere even if there is a heavy load close to the ELC
such as a heater or a second ELC. Also, because of the capacitance of the wire the
current will suddenly increase as shown in Figure 27 with value U/Z0.

Appendix 2: Measurement of heat transfer for triac
The heat transfer was measured on a triac. Figure 29 shows the heat sink with 4
thermo-elements, at the top (TO), bottom (BO), heat sink close to the triac (C) and on
the triac (TR). Unfortunately the measurement was done on a non-original triac.

Figure 29 Measurement of heat transfer for heatsink and triac. The thermoelements BO, TR, C
and TO is shown.

Remote HydroLight www.remotehydrolight.com

40/43
Table 3 Measured and calcualted heat transfer from triac to heat sink

Variable

Note1

What

Test no

Average

1
2
3
Current(A)
24.8 27.6 18.8
Environment temperature (°C)
27.2 28.3 28.7
Temperature triac casing(°C)
108.4 117.6 80.9
Temperature close to triac(°C)
94
102.4 71.3
Temperature at top of heat
82.2 87
61
sink(°C)
TBO
M
Temperature at bottom heat sink
71.9 78.7 56.7
(°C)
THS
C
Average heat sink temperature
83.53 92.6 65.07
(°C)
UMax
M
Max voltage over triac, UMax (V)
1.605 1.701 1.315
U0
M
Voltage over triac at zero
0.571 0.517 0.663 0.60
ampere(V)
RTR
C
Resistance triac (mOhm)2
29
29
27
P
C
Produced effect(W)
30.88 34.95 19.90
RTR-C
C
Heat resistance triac – heat sink,
0.47 0.44 0.48 0.46
close to triac (K/W)
RC-HS
C
Heat resistance close to triac – heat 0.27 0.27 0.31 0.28
sink
RHE-E
C
Heat resistance heat sink
1.89 1.85 1.83 1.86
environment
RTR-E
C
Heat resistance triac environment
2.63 2.57 2.62 2.61
(K/W)
RJ-TR
[6]
Heat resistance junction triac
1.22 1.22 1.22 1.22
case(K/W)3
RJ-E
C
Heat resistance from junction to
3.85 3.79 3.84 3.83
environment (K/W)
1
M = Measured, C = Calculated in formula below
2
For original triac 10mW
3
Given as 0.9 K/W in [6], but, Figure 2 in [6] over max temperature and current
correspond to RJ-TR = 1.22 K/W. This is used since the primary goal is to find max
allowed produced heat.
IRMS
TE
TTR
Tc
TTO

M
M
M
M
M

Calculations:
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THS = (TTO + 2TC + TBO ) / 4
I Max = I RMS 2
RTR = (U Max - U o ) / I Max
P=

2 2

p

RTR -C =

U 0 I RMS + RTR I RMS

2

P
P
, RC - HS =
,...
TTR - TC
TC - THS

RTR - E = RTR -C + RC - HS + RHS - E
R J - E = RJ -TR + RTR - E

Table 3 shows the resulting temperatures and calculated heat transfer coefficients. It is
done on a non-original triac, but, the heat transfer from the casing to the environment
is not affected. However U0 and RTR are different. The documentation [6] says R =
0.010 W and U0=0.85V at 125 °C.
With two triacs on a heat sink
The number 2 is added for subscript in this case. Two triac on one heat sink become
equivalent to one triac on a half heat sink, and the hest transfer from the heat sink to
the environment halves or heat resistance double. That gives RHS-E,2=2RHS-E = 3.72
K/W that gives RJ-E,2 = 5.69 K/W.
With an original triac U0 = 0.85V and RTR = 0.01 W with environment temperature TE
= 40°C
This gives maximum current IRMS = 16.12 A
which generates heat P = 14.9W
And TJ = TE + RJ-E * P = 125 °C
This allows an element of PElem = 220V * IRMS = 3546 W.
Only 2 kW elements on each triac are used to be conservative for the cases where heat
transfer is not good.
Measure of an ELC in a box
Measurement have been done inside a box like the box shown in Figure 17, but, with
3 heat sink and one triac per heat sink that gave a heat transfer coefficient from triac
casing to environment of 2.3 K/W, 2.3 K/W and 2.0 K/W for the three triacs. This is
lower than in Table 3 where heat transfer resistance (RTR-E) was calculated to be 2.61
K/W
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Appendix 3: Parallel connection of triacs
The triacs can be connected in two ways, one where each triac is connected to a
heating element, or the triacs can be connected in parallel to connect 4 kW.
If the triacs are connected in parallel one must be sure the current going through each
triac is not too different.
Voltage over the triacs can be written:
DU = DU 0 + R * I - k * T
Where DU is voltage over triac, DU0 is voltage drop over triac at 0°C and no current,
R resistance and k is temperature dependence, T is temperature in °C.
Analyze for DC voltage
For simplicity here an analysis for DC voltage is used where a DC current is sent
through two or more triacs in parallel. Also, the formula for generated heat is
simplified where second order terms (RI2) is neglected.
The heat generated (P) by the triac can be written:
P = DU * I = (T - T0 ) / Rth Þ T = T0 + DU * I * Rth
where T0 is environment temperature and Rth is thermal resistance from junction to
environment.
Now the voltage drop can be calcualted:
d ( DU )
dT
d (DU )
= R-k
= R - k * (DU * Rth * I * Rth )
dI
dI
dI
d (DU ) R - k * DU * Rth
Þ
=
dI
1 + k * I * Rth
From [6] figure 4 one gets:

DU = 1.05 V at 20A and 125°C,
DU = 1.23 V at 20A and 25°C, which gives
k= (1.23-1.05) / (125-25) = 0.0018 V/k = 1.8 mV/k

DU = 1.05 V (20A, 125°C), R = 0.010 Ohm. (Use I = 20A, U0 = 1.27V)
Rth = RJ-E,2 = 5.7 K/W
This gives
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d (DU ) 0.01 - 0.0018 * 1.05 * 5.7 0.01 - 0.011
=
=
= -0.0008V/A
dI
1 + 0.0018 * 20 * 5.7
1 + 0.205

This is a negative value, meaning that if a DC current is applied to triacs in parallel,
one triac will heat up and getting all the current.
For AC
This analysis become some different for AC, where it will be some dividing of the
current between the two tracs, but not very different.
If the two triacs are on one heat sink, then the heat resistance becomes 2.0 K/W and
parallel connection of triacs is possible.
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