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Abstract

Objectives: This paper is to highlight the various control topologies used in 3-phase Self-Excited Induction Generator
(SEIG) used in pico-hydro power generation system feeding isolated load. Methods/Statistical Analysis: The various
topologies of these controllers which are also known as Electronic Load Controllers (ELC) include conventional as well
as STATCOM based controllers using various power electronics devices for power system parameters regulations and
power quality control. The Self-excited induction generators are most suitable for pico and micro hydro power generation
systems feeding isolated load due to their advantages over conventional synchronous generators. Findings: In isolated
mode of operation of self-excited induction generators, a suitable control is necessary to maintain the voltage & frequency
of the generated output within permissible limits under varying loading conditions. This is achieved by using an Electronic
Load Controller (ELC) and dump load in the system. The main aim of the control strategy is to control the voltage output of
SEIG and to maintain the desired frequency of the generated output. These electronic load controllers regulate the dump
load in the system so that total load seen by SEIG remains constant under varying consumer load conditions and thus
maintaining the frequency of the system. From the analysis of various types of these controllers, it is found that simplest of
the electronic load controller is conventional diode rectifier based ELC. However, it suffers with the problems of harmonics
in the circuit. Modern ELCs use voltage source converters along with different transformer configurations for better power
quality control and better voltage and frequency regulations under different operating conditions. Improvements: Fast
computational capabilities of DSP are also used to control the STATCOM switches and chopper circuit in ELC for better and
fast control. The use of different transformer configurations such as star-delta and zigzag type provide neutral path for
3-phase, 4-wire system apart from eliminating the 3rd harmonics in the system.

Keywords: Electronic Load Controller, Pico-Hydro, Power Quality, Self-Excited Induction Generator, Voltage & Frequency
Control

1. Introduction

The world energy scenario prevalent presently demands for
the harnessing of renewable energy potential available in
abundance to meet the ever increasing demand of electri-
cal energy across the globe. It will also help in minimizing
the adverse effects on environment caused by various con-
ventional energy sources. Advancement in technology
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and growing concern on environmental issues worldwide;
have paved the way for harnessing of alternate sources of
energy such as wind, hydro, geothermal, tidal, biomass,
etc. Renewable energy sources based power plants are best
suited to rural and remote areas to meet the electricity and
other energy demand of inhabitants residing in these areas.
Hydro energy is the most reliable and cost effective renew-
able energy source. Small hydro power plants are suitable
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to meet the power requirement of remote mountain-
ous regions. These are environment friendly and require
less investment as compared to large hydro power plants.
Induction generators with their numerous advantages over
conventional synchronous generators are most suitable in
converting these renewable energy sources into useful elec-
trical power. Due to their simpler construction, robustness
and small size per generated kW, the induction genera-
tors are suitable for small hydro power and wind energy
conversion systems." The self-excited induction generator
is most suitable for renewable energy conversion system
involving small power plants operated in isolated mode
and which are not connected to the grid. In isolated mode
of operation of induction generators, a suitable control is
required to maintain the voltage & frequency of the gener-
ated output under permissible limit under varying loading
conditions. This is achieved by using an Electronic Load
Controller (ELC) along with the dump load. Most of the
small hydro power plants are located in the remotest part
of the mountainous region feeding isolated load in small
populated area having demestic electrical load comprising
of lighting and heating. The daily load requirement varies
during 24 hours in these areas as most of the electrical load
comprises of lighting and heating is switch according to the
requirement. Figure 1 shows the averaged dailiy electrical
loading pattern as the per data collected from three 11kV
feeders feeding the rural villages located in remote mouita-
nous regions during a full year.
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Figure 1. Electrical loading pattern in remote rural
regions.

From the loading pattern as shown in Figure 1, it is
clear that during the evening time between 6 PM to 10
PM, load is maximum with peak loading at 8 PM. While
the load is minimum during night till early morning and
which is about 20% of the maximum load. This loading
pattern becomes crucial in the case if the rural isolated
load is fed from a pico/micro hydro power plant and

B 2 | vao (31) | August 2017 | www.indjst.org

which is not connected to the grid. Under such condition
a suitable load-frequency control is required to main-
tain the voltage and frequency within permissible limits.
Under such varying load conditions, the use of suitable
technologies on power generation such as the use of self-
excited induction generators along with suitable control
is beneficial due to their adaptability to variation in load
and keeping its voltage and frequency constant. Generally
the frequency in isolated induction generators is kept
constant by using resistive dump load so that load seen
by the induction generator is always constant under all
loading conditions. This is achieved using various control
schemes involving different types of electronic load con-
trollers which also help in maintaining the power quality
standards under different types of loading conditions.

This paper presents the various topologies of elec-
tronic load controllers which are efficiently used in
3-phase SEIG in pico-hydro power generation system
feeding isolated domestic load. These topologies include
power electronics based conventional electronic load
controller, latest ELCs involving voltage source converter
with different configurations and improved power quality,
and DSP based ELCs. The usefulness and performance of
these ELCs have been evaluated for their applications in
3-phase SEIG system feeding isolated load.

2. Three Phase Self-Excited
Induction Generator

All Induction generators are best suited for renewable energy
conversion systems as compared to the synchronous gen-
erators due to their advantages of reduced cost and size,
ruggedness, brushless in squirrel cage construction, absence
of separate D.C. source, ease of maintenance and self protec-
tion against severe overloads and short circuit conditions. The
induction generators are most suitable for small hydro power
plants and in wind energy conversion systems. Induction
generators have outstanding performance as a motor or gen-
erator and have the same constructional features with slight
improvement in its efficiency and excitation techniques in
case of generator? In case of induction generator the rotor
speed is more than the synchronous speed, while in induction
motor, the rotor speed is slightly less than the synchronous
speed. Output induced voltage in induction generator is
proportional to the relative difference between the electrical
synchronous rotation and the mechanical rotation of rotor
within a speed slip factor. Broadly, the induction genera-
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tors are classified as self-excited induction generator (SEIG),
Doubly Fed Induction Generator (DFIG) and Permanent
Magnet Induction Generator (PMIG).? In case of self-excited
induction generator, magnetization current for excitation is
provided by an external circuit as shown in Figure 2 or by the
system to which it is connected because induction generator
consumes reactive power rather than supplying it.

Py
(Active Power to Load) Consumer
o —
3 Load
-0\ I (Linear/Non-
SEIG / [ ( linear,
«— [ —— | Balanced/Un-
Qq( Reactive Qy (Reactive balanced)
Power to Power to Load
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(Star or Delta Power for
Mode) Excitation)

Figure 2. Excitation circuit in 3-¢ SEIG.

The excitation circuit in SEIG includes the capacitor bank
connected either in star or delta mode. Capacitors in self
excited induction generators serve the purpose of providing
leading reactive power to supply the magnetizing current.™?
The capacitor bank remains connected to the stator terminals
of induction generator as it supplies required kVAr demand
for its continuous operation. The residual magnetic field in
the rotor initiates a voltage across the induction generator
terminals when rotor speed exceeds the synchronous speed.
This in turns further augments the capacitor current to con-
tinue rise in voltage as capacitors reinforce the magnetic field
and system builds up an increasing excitation which results
in further increase in terminal voltage. Residual magnetism
is necessary to build up the generator voltage. There must be
some residual magnetism present in the rotor. In the absence
of residual magnetism, the voltage will not build up in
induction generator. The minimum capacitance is inversely
proportional to the square of speed and also inversely pro-
portional to the maximum saturated magnetizing reactance
and the terminal capacitance required under the loaded
condition of the generator. It is significantly higher than
the corresponding no load value as it is affected by load
impedance, power factor and induction machine speed. The
maximum power output from the isolated SEIG depends
upon its terminal capacitance and the speed of the generator.
There must be a threshold speed below which no excitation
is possible, whatever the value of capacitor may be and this
speed is called the cut off speed.
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3. Control Requirements in
Three Phase SEIG System
Feeding Isolated Load

The control mechanism is necessary in renewable energy
conversion systems using self-excited induction genera-
tors to produce the desirable electrical output compatible
with the power system to which it is connected or feed-
ing isolated load under various operating conditions.
With the rapid advancement in renewable energy con-
version technology field of power electronics along with
the widespread use of computational devices and artifi-
cial intelligence based tools, it has become easier to have
proper control with increased reliability and efficiency
in energy conversion systems. Modern power electron-
ics based devices find widespread applications in control
of machine drives. The amount of power supplied by
the renewable energy sources varies significantly on
the hourly, daily or seasonal basis. This variation means
that power is not fully available all the time as it may be
less than the full capacity or sometimes there may be an
excess power. Also the consumer load on the system is
also not constant. Therefore, control is required to care-
fully manage the power available with these sources for
maintaining the reliability and quality of power.

The control requirement in small hydro power plant
such as pico-hydro using self-excited induction generator
is different as pico-hydro power plants are generally clas-
sified as constant power driven prime mover power plants
because the water discharge and head remain constant.
This results in constant availability of power at the output
of self-excited induction generator. Therefore, the load
connected at the output terminals of induction generator
must remain constant for maintaining the requisite voltage
and frequency of the generated output. Voltage in the SEIG
system in isolated mode is maintained using voltage regu-
lators involving power electronics based devices. Suitable
control for frequency in standalone SEIG system is neces-
sary due to the intermittent nature of the load. Therefore,
electronic load controllers are used in SEIG system feeding
isolated load in small hydro power generation system.***
The main aim of the design of control strategy is to regulate
or control the voltage output of the generator and to main-
tain the desired frequency of the generated output. This
controller can consume both the real and reactive power.
These controllers pick up the real and reactive power which
is not used by the load, so that the load seen by the gen-
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erator at its terminals is always constant which results in
achieving desired constant voltage and constant frequency
as any change in load is immediately compensated by these
electronic load controllers.

4. Control Topologies of ELC
Used in 3-Phase SEIG System
Feeding Isolated Load

Various topologies of electronic load controllers used in
constant power prime mover driven small hydro power
generation systems include conventional controllers
based on diode rectifier to latest electronic load control-
lers with improved power quality and reliability. These
electronic load controllers are also classified according
to the types of applications such as for 3-phase 3-wire
or 3-phase 4-wire distribution system feeding isolated
load. Other topologies are also based on the type of
Voltage Source Converter (VSC) used in the circuit such
as two-leg, three-leg or four-leg type. Different types
of transformers are also used in 3-phase SEIG system
feeding isolated load for harmonics eliminations. Based
on the connections of these transformers either in non-
isolated mode or isolated mode of configuration, the
ELC topologies are also defined. Another classification
of ELC is based on the use digital signal processors and
various soft computing techniques used in the control
scheme. The broad classification chart of these control-
lers is shown as in Figure 3.

Electronic Load Controllers for
SEIG System

| Conventional ELC |

Modern ELCs

Diode rectifier NEOI:'CeI De-(étl.(::pled DSP
based ELC based
(6-P, Multi-Pulse) | | ELC
]
~ N N
. ELC with 3-L ELC with 2-L
ELC with 2, 3, 4-
Log VSC VSC & TIF | | VSC & TIF |
| Isolated | | Non-Isolated |
ELC with Star- ELC with Zig- ELC with T-
Delta T/F Zag TI/F Connected T/F

Figure 3. Broad classification of ELCs in 3-¢ SEIG feeding
isolated load.
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4.1 Conventional Electronic Load
Controller

Conventional diode rectifier based electronic load
controller circuit as shown in Figure 4 consists of an
uncontrolled 3-phase rectifier using 6 diodes, a filter-
ing capacitor, a chopper circuit and a series of registers
constituting the auxiliary or dump load. This type of
controller is also called impedance controller. The
uncontrolled rectifier converts AC terminal voltage of
SEIG into DC voltage and filtering capacitor removes
the ac ripples from rectified output. The chopper circuit
consists of an Insulated Gate Bipolar Transistor (IGBT)
which is used as electronic switch operated by a close
loop controller based driver circuit. This driver circuit
is used to switch ON or switch OFF the IGBT to con-
nect the dump load according to the load requirement
in such a manner that the total load seen by the SEIG
terminal remain constant to maintain the required volt-
age and frequency of the output generated voltage.** The
dump load consists of heating elements submerged in
continuous flowing water to dissipate the extra power
when the consumer load on SEIG is less. The advantage
of this method is that it is the simplest method of con-
trol and there is no need of expensive turbine governor.
However, there is wastage of energy as excess power is
dissipated in the dump load circuit which could other-
wise have been used for useful purposes such as lifting of
water using water pump as load or useful heating appli-
cations.”

Consumer Load
(Linear/Non-Linear,
Balanced/Un-balanced)

3-1 Self-Excited
Induction Generator N/

locs 1

Delta Connected |
Capacitor Bank

for Excitation A 4 1

A X
Ds

Electronic Load Controller

39 SEIG System with ELC for Constant |
Speed Prime Mover Driven Induction 4
Generator feeding Isolated Load

Figure 4. Conventional control scheme for 3-phase SEIG
feeding isolated load.

4.2 Modern Electronic Load Controllers

The modern electronic load controllers have improved
power quality, better control, harmonics elimination
capability and they maintain desired voltage and fre-
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quency at various operating conditions.®2It consists
of Voltage Source Converter (VSC), chopper circuit
and auxiliary load. The various topologies of three-
phase three-wire novel electronic load controller are
based on number of VSClegs used in the circuit. Based
on it, these are classified as 4-leg, 3-leg, 2-leg VSC
based electronic load controller. In three-leg voltage
source converter based NELC as shown in Figure 5,
output of the voltage source converter is connected
through AC filtering inductor to terminals of SEIG.
The DC bus capacitor is used in self supporting DC
bus. The DC chopper circuit controls the connected
dump load depending upon the requirement accord-
ing to connected consumer load which is variable in
nature.

Induction Generator

Sk | —
° iR Consumer Load
(Linear/Non-Linear,
. iy Balanced/Un-
s o balanced)
(2l L0 ic
i [ — s L
lecv 3-Leg VSC
lecs NN T
i .
| [T L
ior Ry
Capacitor Bank |, -
For Excitation
) Sy, Sy- Sg,
ELC using Three-Leg VSC for Constant Speed Prime — - 4
Mover driven Induction Generator feeding Isolated

Load using 3-Phase 3-Wire System

Figure 5. Three-Leg VSC based novel electronic load
controller.

Another topology of modern ELC is of de-cou-
pled type. De-coupled ELC is a combination of
conventional diode rectifier based ELC and VSC
based ELC. In this case ELC maintain the desired
voltage & frequency like conventional control-
ler, while the voltage source converter serves the
purpose of voltage regulation, maintaining power
quality by eliminating harmonics and load balanc-
ing. It is further classified into 2-leg VSC and 3-leg
VSC type. Advantage of this type of configuration is
that the rating of Voltage Source Converter (VSC)
is comparatively low in this as the auxiliary active
power flows only during the unbalanced load period.
However, the circuit components increases in this
case as dump load circuit is fed through separate
rectifier circuit. Figure 6 shows the 3-leg VSC based
de-coupled ELC topology used in 3-phase SEIG sys-
tem feeding isolated load.®!
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Figure 6. Three-Leg VSC based de-coupled electronic load
controller.

4.4 Harmonics Eliminating Transformers
based ELC Topologies

Various transformer configurations are also used along
with ELC in 3-phase SEIG system to bypass the harmonic
currents as well also to provide the neutral because in
remote areas, majority of the domestic consumer load is
single phase type which requires the use of neutral wire
using 3-phase, 4-wire distribution system. In conventional
distribution system fed from grid, delta-star transformer
is used to convert 3-phase system into single phase system
using 3-phase, 4-wire. In 3-phase SEIG system feeding
dedicated load, the use of delta-star transformer or zig-
zag transformers is useful in creating neutral conductor.
It will also bypass harmonics through neutral in case of
non-linear load on the SEIG terminals. The transformer
configurations which are used for harmonics mitiga-
tions are star-delta, zigzag or grounding transformer and
T-configurations. These transformer configurations pro-
vide independent path to flow of load neutral current,
therefore the requirement of source neutral is not man-
datory. Zigzag transformer configuration is most popular
configuration in eliminating harmonics in 3-phase SEIG
system feeding non-linear unbalanced load. Apart from
by-passing the zero sequence currents, zigzag transformer
also provide the neutral connection for connecting the
load as shown in Figure 7. This connection has some of
the features of the Y and the A connections, combining
the advantages of both. The zigzag transformer contains
six coils on three cores. The first coil on each core is con-
nected contrariwise to the second coil on the next core.
The second coils are then all tied together to form the
neutral and the phases are connected to the primary coils.
Each phase, therefore, couples with each other phase and
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the voltages cancel out. The zigzag transformer allows the
three in-phase currents to easily flow to neutral. If three
currents, equal in magnitude but 120° out of phase with
each other, are applied to the three terminals, the ampere-
turns in the windings cannot cancel and the transformer
restricts the current flow to the negligible level of mag-
netizing current. Therefore, the zigzag winding provides
an easy path for in-phase currents but does not allow the
flow of currents that are 120°out of phase with each other.
The zigzag connection in power systems also traps triple
harmonic (3rd, 9th, 15th, etc.) currents and are installed
near loads that produce large triple harmonic currents."-2
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Configuration for Constant Speed Prime Mover driven
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Zig-Zag TIF with Non- & Yy
Isolated Configuration <7

Figure 7. Zigzag transformer based ELC topology.

4.5 Processors based ELC Topologies for
3-Phase SEIG System Feeding Isolated
Load

Digital signal processors are used in latest electronic
load controller circuits due to their fast computational
capabilities. These controllers also used modern control
techniques use various adaptive control and soft com-
puting techniques for better control and reliability."**
DSP based electronic load controller consists of a three
leg voltage source converter with a dc link capacitor, a
chopper and an auxiliary load at its dc bus. Electronic
load controller also balances the induction generator
under un-balanced dynamic loading conditions and
eliminates the harmonics, thus acting both as a load
leveler and a harmonic eliminator. The gating signals
for VSC switches and chopper switch are generated by
DSP based on the system feedbacks in terms of system
voltage, generated current, load current and DC link
capacitor voltage. Figure 8 shows the application of digi-
tal signal processor in ELC used in 3-phase SEIG system
feeding isolated load.
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5. Conclusion

Various topologies of electronic load controllers used
in 3-phase SEIG feeding isolated load have been pre-
sented in this paper. Specifically the broad classification
of various types of electronic load controllers suitable for
constant power prime-mover driven 3-phase SEIG feed-
ing isolated load in pico-hydro power generation system
have been presented. The simplest of the electronic load
controller is conventional diode rectifier based ELC also
known as impedance controller. However, it suffers with
the problems of harmonics in the circuit. Modern ELCs
use voltage source converters along with different trans-
former configurations for better power quality control
and better voltage and frequency regulations under differ-
ent operating conditions. Fast computational capabilities
of DSP are also used to control the STATCOM switches
and chopper circuit in ELC for better and fast control. The
use of different transformer configurations such as star-
delta and zigzag type provide neutral path for 3-phase,
4-wire system apart from eliminating the 3" harmonics
in the system. Widespread use of self-excited induction
generators along with these control topologies can help in
harnessing of maximum hydro power potential available
in remote mountainous regions to meet the electricity
demand of people residing in these remote areas with
better power quality and reliability under all operating
conditions.
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Figure 8. DSP based ELC topology for 3-phase SEIG
system.
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