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ABSTRACT

This paper deals with a voltage and frequency (VF) controller for an isolated power gencration system based on an
asynchronous generator (AG) driven by a pico hydro turbine. The proposed controller is a combination of a static
compensator (STATCOM) and an electronic load controller (ELC) for decoupled control of the reactive and active powers
of the AG system to control the voltage and frequency respectively. The proposed generating system along with its VF
controller is modeled in MATLAB using SIMULINK and PSB (Power System Block Sets) toolboxes. The performance of
the controller is verified for the proposed system and feeding various types of consumer load such as linear/non-linear,

balanced/unbalanced and dynamic loads.
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Dynamic Load

1. Introduction

Asynchronous cage machines (AMs) are robust,
inexpensive compared with DC and wound field
synchronous machines, require little maintenance, and
have high power weight ratio'*. Despite these favorable
features, commercialization of an asynchronous machine
as an isolated asynchronous generator (IAG) is still a
bottleneck because of its unsatisfactory voiltage and
frequency regulation, even when driven at constant speed
and feeding varying loads. In view of this, a number of
research publications are reported on modeling, steady
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state and transient analysis ! of the capacitor excited
asynchronous generator (CEAG) along with its controller
3201 In these applications, the pico hydro turbine is
generally uncontrolled and hence provides constant power.
Thus TAG has to operate at constant power at varying
consumer loads, called “single point” operation, as the
excitation capacitance and the speed are

maintained nearly constant. Therefore for regulating

power,

constant power at the generator terminals, ELCs are used
which in turn regulate voltage and frequency of the
isolated generation. The basic principle of operation is that
total generated power should be absorbed by consumer
loads and ELCs to regulate power constant at the
generator terminals. In the reported literature 613 for
pico/micro hydro generation, variable VAR compensators
are used to regulate the voltage with allowable frequency
variation . Moreover, there are some attempts which
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are based on turbine governor control'® in pico hydro
power applications. In later stage, the development of
electronic load controllers”*?"! have been reported for
maintaining constant power at the terminal of the
generator.

In this paper, a new VF controller is proposed which is
having capability of controlling the voltage and frequency
in decoupled manner, For controlling the voltage, a static
compensator (STATCOM) is used as a reactive power
compensator along with harmonic eliminator and a load
balancer while for controlling the frequency; an electronic
load controller (ELC) is used to regulate the total active
power at the terminals of generator. The STATCOM is
realized using IGBTs (Insulated gate bipolar junction
transistors) based voltage source converter (VSC), and a
capacitor as an energy storage element at its DC link,
while an ELC consists of a diode bridge rectifier, a
chopper switch and an auxiliary load resistance.

2, System Configuration

Fig. 1 shows the system configuration of CEAG
(capacitor excited asynchronous generator), DVFC
(Decoupled voltage and frequency controller) (consisting
3 leg IGBT based VSC and diode bridge rectifier based
ELC) and the consumer loads. The delta connected
3-phase capacitor bank is used for the generator excitation
and value of an excitation capacitor is selected to generate
the rated voltage at no load. The CEAG generates constant
power and when consumer load power changes, the DC
chopper of an ELC absorbs the difference in power
(generated-consumed) into an auxiliary load, while
STATCOM is used to regulate the voltage due to load
changes. Thus generated voltage and frequency are not
affected and remain constant during the changes in
consumer loads.

The DVFC is an arrangement of a STATCOM with an
ELC. STATCOM consists of IGBT based current
controlled 3-leg VSC, DC bus capacitor and AC inductors,
The output of the VSC is connected through the AC
filtering inductors to the CEAG terminals. The DC bus
capacitor is used to filter voltage ripples and provides self
supporting DC bus. A DC chopper in an ELC is used to
control the extra power in the controller auxiliary load due

to change in consumer loads, so that generated power at
the generator remains constant.

Fig.2 shows the control scheme of decoupled voltage and
frequency controller (DVFC) for providing single point
operation (constant voltage and frequency along with constant
excitation capacitor) of CEAG.
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Fig. 1 Schematic diagram of a proposed VF controller for an
isolated power generation

The control algorithm for STATCOM control is based on
the generation of reference source currents while ELC is
controlled for regulating the constant generated power.

3. Control Strategy

Fig.2 shows the control strategy of the proposed VF
controller for CEAG. The control scheme of STATCOM
to regulate the terminal voltage of the CEAG which is
based on the generation of source currents has two
components, in-phase and quadrature, with AC voltage.
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Fig. 2 Control scheme for the proposed voltage and frequency
controller

The in-phase unit vectors (u,, w, and u,) are three-phase
sinusoidal function, computed by dividing the AC
voltages v,, v, and v, by their amplitude V.. Another set of
quadrature unit vectors (w,, W, and w.) are sinusoidal
function obtained from in-phase vectors (u,, u, and u.). To
regulatc AC terminal voltage (Vy), it is sensed and
compared with the reference voltage. The voltage error is
processed in the PI (Proportional Integral) controller. The
output of the PI controller (Ismq*) for AC voltage conirol
loop decides the amplitude of reactive current to be
generated by the STATCOM. Multiplication of quadrature
unit vectors (wa, wb and wc) with the output of PI based
AC voltage controller (Ismq*) yields the quadrature
component of the reference source currents (isaq*, isbq*
and iscq*). To provide a self-supporting DC bus of
STATCOM, its DC bus voltage is sensed and compared
with DC reference voltage. The error voltage is processed
in another PI controller. The output of the PI controller
(Ismd*) decides the amplitude of the active power
component of the source current. The output of the PI
controller (Ismd*) decides the amplitude of active power
component of source current. Multiplication of in-phase
unit vectors (ua, ub and uc) with output of PI controller
(Ismd*) yields the in-phase component of the reference

source currents (isad*, isbd*and iscd*). The instantaneous
sum of quadrature and in-phase components gives the
reference source currents (isa*, isb* and isc*), which are
compared with the sensed source currents (isa, isb and isc).
These current error signals are amplified and compared
with the triangular carrier wave to generate the gating
signals for VSC of STATCOM.

For controlling the chopf)er of an electronic load
controller, measured power (Pgen) is compared with rated
power (Pr) of the generator and then output of a power PI
controller is compared with the saw-tooth carrier wave
resulting in PWM output of varying duty cycle for
switching of the IGBT of an ELC chopper.

4. Control Algorithm

Basic equations of control algorithm of a proposed
decoupled VF controller (DVFC) for CEAG are given
here. The control scheme 1s divided into two sections.
Section ‘A’ describes the equations of controlling the
“STATCOM” while section ‘B’ deals with the chopper
control of an electronic load controller (ELC).

4.1 Control Algorithm for STATCOM

Different components of CEAG-DVFC system shown
in Fig. 1 are modelled as follows.
Three-phase voltages at the CEAG terminals (v, vy and v,)
are considered sinusoidal and hence their amplitude is
computed as:

Ve= V{@23) 0+ )3 ¢
The unit vector in phase with va, vb and vc are derived as:

U, = Vo/ Vi, W, = vi/ Vit = Vol Vi 2

The unit vectors in quadrature with va, vb and vc may
be derived using a quadrature transformation of the
in-phase unit vectors ua, ub and uc as:

W, =-uy/ V3 +1u,/ V3 (3)

wy=V3 1,/ 2+ (u, — 1) / 23 4)

We=-\3u,/2+ (uy—ug) / 2N3 (5)
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4.1.1 Quadrature component of reference source
currents
The AC voltage error Ver(n) at the nth sampling instant
is:

Ver(n) = Vtrei(n) - vt(n) (6)

where Vi(n) is the amplitude of reference AC terminal
voltage and Vt(n) is the amplitude of the sensed
three-phase AC voltage at the CEAG terminals at nth
instant.

The output of the PI controlter (I',yq) for maintaining
AC terminal voltage constant at the nth sampling instant is
expressed as:

I*qu(n)=1*3mq(n— DHRG{ V)~V {n-1) }HK, Ve (n) (7)

where K, and K;, are the proportional and integral gain
constants of the proportional integral (PT) controller. Ve ()
and V., are the voltage errors in nth and (n-1)" instant
and [y is the amplitude of quadrature component of
the reference source current at (n-1)" instant.

The quadrature components of the reference source
currents are computed as:

i*saq= I*smq W, i*sbq = I:mq W, i*scq = I*qu W, ‘)
4.1.2 In-Phase Component of Reference Source
Currents

A PI voltage controller is used to control the DC bus
voltage of STATCOM to obtain in phase component of
reference source currents.

The error in DC bus voltage of STATCOM (Vgee(11)) at n
sampling instant is:

Vdcar(n) = Vdcref(n) - Vdc(n) (9)
where Vieeen) 15 the reference DC voltage and Ve is
the sensed DC link voltage of the STATCOM. The output

of the PI controller for maintaining DC bus voltage of the
STATCOM at the nth sampling instant is expressed as:

I smna™] smdtn 17 K pa{ VacertVaoern 1)y KiasVacermy - (10)

Iimdwy is considered as the amplitude of active
component of source current. K¢ and Kjq are the
proportional and integral gain constants of the DC bus PI
voltage controller.

In-phase components of reference source currents are
computed as:

i*sad = I,‘swmd Ug, i*sbd = I“smdub; i‘scd =] smd Ue (11)
4.1.3 Reference Source Currents

Total reference source currents are sum of in-phase and
quadrature components of the reference source currents as:

isa=1saq ¥l sad (12)
i sb = i sbq +i sbd (13)
i s ™ i s6q +H scd (14)

4.1.4 PWM Current Controlier

These reference currents (i*sa, i’y and i*sc) are compared
with the sensed source currents (i, i and i) The
ON/OFF switching patterns of the gate drive signals to the
IGBTs of VSC are generated from the PWM current
controller. The current errors are computed as:

*

isaerr = 1 sa isa (15)
isben" = i*sb - isb (16)
iscerr = i*sc - isc (17)

These current error signals are amplified and then
compared with the triangular carrier wave. If the amplified
phase ‘a’ current error signal is greater than the triangular
wave signal switch S4 (lower device) is ON and switch S1
(upper device) is OFF. If the amplified current error signal
corresponding to isaerr is less than the triangular wave, the
signal switch S1 is ON and switch S4 is OFF. Similar
logic applies to other two phases of VSC of STATCOM.

4.2 Control Algorithm for ELC

To maintain the generated power constant at the
generator terminals, the measured power (P,;) is
compared with generator rated power (P,) and power error
Per(n) at nth  sampling instant is calculated as:
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Per(n) = Pr(n) - Pgen(n) (18)

where Py, is the reference or rated power Pg(n) is the
measured power at the nth sampling instant and estimated
as:

pen=l—(vaq+» i, +v,i, )
Vs (19)

where v, ,v;, and v, are ac voltages and ia, ib and ic are the
generator currents. The output of the PI power controller
at the nth sampling instant, is expressed as:

*

P con(n)z P. con(n-1 )+Kpp{Per(n)‘“Per(n»l)}+ Kpi Per(n) (20)

where K, and K,;; are the proportional and integral gain
constants of the power controller. The PI controller output
(P*con(n)) is compared with the triangular carrier (Pyi)
waveform and output is fed to the gate of the chopper
switch (IGBT)is used in an ELC of DVFC.

When P> Py, SD =1land
When P’ o)< Py, SD=0 @2

The SD is the switching function used for generating
the gating pulse of IGBT of the ELC chopper.

5. MATLAB Based Modelling

The MATLAB model of the DVFC asynchronous
generator system consists of the asynchronous machine
with capacitor bank and DVFC are realized in MATLAB
version 7.3. The modelling of CEAG is carried out using
7.5 kW, 415V, 350Hz, Y-connected cage induction
machine and SkVAR delta-connected excitation capacitor
banks. The VF controller is realized with a 3-leg voltage
source converter and a diode bridge rectifier based ELC
with DC chopper and an auxiliary load. Various loads
such as linear, non-linear and dynamic loads are
considered here to demonstrate the capability of the VF
controller. Simulation is carried out in discrete mode at
10e-6 step size with ode23tb (stiff/ TR-BDF-2) solver.

6. Results and Discussion

The DVFC for TAG system feeding 3-phase 3-wire

linear/ non- linear, balanced/unbalanced and dynamic
loads are simulated and waveforms of the generator
voltage (Vane) and current (i), capacitor current (ic),
load current (i), STATCOM current (iga.). ELC current
(iga), amplitude of terminal voltage (V,), DC link voltage
(Vao), frequency and speed (f.o) and variation of power
(Pgen. Ploaa and Pgunp) etc are shown in Figs. 3-6. For the
simulation, a 7.5 kW, 415V, 148A, 4 pole induction
machine is used as an asynchronous generator and its
parameters are given in Appendix.

6.1 Performance of IAG-DVFC System Feeding
Balanced/unbalanced linear Loads

Fig. 3 shows the performance of the DVFC-IAG system
with balanced/unbalance resistive loads. At 2.6 sec
balanced 3-phase load is applied and the power is drawn
by auxiliary load (Paump) which reduces to almost zero.
With opening of one phase at 2.75 sec, the load becomes
unbalanced and charging and discharging of DC bus
capacitor of STATCOM is observed which shows the load
balancing aspect of VF controller. It shows that the VF
controller maintains the generator power and voltage
constant as well as functioning as a load balancer.
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Fig. 3 Transient waveforms of 7.5 kW IAG with DVFC

feeding balanced/unbalanced linear resistive load
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6.2 Performance of IAG-DVFC System Feeding
Balanced/unbalanced Non-linear Loads
Fig. 4 shows the performance of IAG-VFC system
feeding balanced/unbalanced npon-linear loads using a
three phase diode bridge with resistive load and capacitor
filter at its DC side. At 2.6 sec a balanced non- linear load
is applied and then auxiliary load power (Paump) is reduced
for regulating the power, and controller currents (icae)
become non-linear for eliminating harmonic currents,
During load unbalancing at 2.8 sec a ripple in DC bus
capacitor (vq) is observed similarly as with linear loads.
Table 1 shows the THD (total harmonic distortion) of
generator voltage (v,) and current (i,) for no-load and for
balanced and unbalanced non-linear Ioad conditions. It can
be observed that total harmonic distortion (THD) is less
than 5%, the limit imposed by IEEE-519 standard %,

. , ; : ,
5% B g S BESBsR

Fig. 4 Transient waveforms of 7.5 kW IAG with DVFC
feeding balanced/unbalanced Non-linear load

6.3 Performance of IAG-DVFC System Feeding
3-Phase 4-Wire Dynamic Loads

Table 1 Total Harmonic distortion Under Different Non-linear
Load Conditions
SN Condition of % Total Harmonioc Distortion (THD)
Load Va ia iga ite
Balanced
1.27 2.03 - 66
1 Non-linear Load
2 Un-Balanced 129 3.67 67 | 68
Non-linear Load

Figs. 5 and 6 show the performance of the proposed
IAG system with direct on-line stating of an
asynchronous motor and application/removal of a load
torque on the running motor respectively. Different
transient waveforms of generator voltage (va.) and
generator currents (i), excitation capacitor carrents (io),
load currents (ig.), STATCOM currents (ies.), ELC
current (ig,), amplitude of terminal voltage (Vy), the DC
link voltage (Va), frequency (f), generator and motor
speed (v, ®n) and motor applied load torque (T1) power
(Pyen, Pioas and Paunyp) etc are shown in these figures to
demonstrate IAG waveforms.

Fig 5 shows the VF controller performance with direct
on line starting of a 3-phase asynchronous motor. At 2s it
is observed that due to sudden starting of an asynchronous
motor, the current flowing through the load controller
suddenly reduces to maintain the power at the generator
terminal constant.

At 2.4 s the load torque is applied on the motor as
shown in Fig 6, then the current in the stator winding of
the motor is increased and the current drawn by the
auxiliary load is reduced due to action of the VF controlier
while voltage and current at the generator terminal remain
constant. At 2.75 s when the load torque on the motor is
removed the current drawn by the motor is reduced and
additional generated power is absorbed by the auxiliary
load. In this way the controller functions as voltage and
frequency controller.

7. Conclusion

The performance of the proposed voltage and frequency
controller has been demonstrated for an isolated power
generation system and for feeding various types of

consumer loads such as linear/non-linear,
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balanced/unbalanced and dynamic loads. Here it is
observed that the controller responds in a desired manner
and regulates the system voltage and frequency under
direct on line starting of the asynchronous motor and
application/removal of load torque. In addition, the
proposed VF controller also functions as a harmonic
eliminator, load balancer for feeding linear/non-linear

balanced/unbalanced loads.
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Fig. 5 Transient waveforms during direct online starting of an
asynchronous motor load in proposed electrical system
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Appendix

8.1 The Parameters of 7.5kW, 415V, 50Hz, Y-Connected,

4-pole Asynchronous Machine used as AG are
given below
R,=1Q, R, = 0.77Q, Xi= Xj= 1.5Q, J = 0.1384 kg-m®
La.=0.134 (I,<3.16)
L,=9e-51,,°-0.00871,+ 0.1643  (3.16<1,<12.72)
L, =0.068 (1.>12.72)

8.2 The Paramecter of 4kW, 415V, 50Hz, Asynchronous
Machine as a Motor Load

R, = 140, R, = 1.39Q, X;= X= 1.8Q, J = 0.0131
kg-m”>.
8.3 Non- Linear Load

Three phase diode bridge with capacitor filter of 1000uf
and resistive load of 7kW.

8.4 Controller Parameters
L= 5SmH, R¢= 0.1, and Cy. = 4000pF, Ry = 35Q K,

= 0.03, Kiy= 0.001, Kpa = 0.12, Kig = 0.014 K,,=0.07,
K,=0.02

References

[1] R.C. Bansal, “Three phase self excited induction
generators: an overview”, IEEE Trans. on Energy
Conversion, Vol. 20, No. 2, pp. 292-299, June 2005.

[2] SN. Bhadra, D. Kastha, SBanerjee, “Wind Electrical
Systems”, 1st Ed. Oxford University Press, New Dethi
2004.

[3] M. Godoy Simoes, Felix A. Famret, “Renewable Energy
Systems™, 1st Ed. CRC Press Florida, 2004.

[4] M. H. Salama and P. G. Holmes, “Transient and steady
state load performance of a stand alone self excited
induction generator”, IEE Proc.- Electr. Power Appl., Vol.
143, No. 1, pp. 50-58, January 1996.

[5] S. H Kim and S. Y. Hahn, “Analysis and design of a
induction generator with a superconducting bulk magnet
rotor”, IEEE Trans. on Applied Superconductivity, Vol. 10,
No. 1, pp. 931-934, March 2000.

[6] S.M. Alghuwainem, “Steady state analysis of an isolated
self excited induction generator driven by regulated and
unregulated turbine”, IEEE Trans. on Energy Conversion,
EC-14 (3), pp.718-723, 1999.

[71 D. Sutanto, C. Grantham and F. Rahman, “A regulated
self-excited induction generator for use in a remote area
power supply”, in Proc. of Sixth International Conf. on
Flectrical Machines and Drives, pp. 234 —239, 1993.



274

(8]

(91

[10]

(11]

[12]

[13]

[14]

{15}

[16]

[17]

(18]

[19]

Journal of Power Electronics, Vol. 9, No. 2, March 2009

C. Grantham, F. Rahman and D. Seyoum, “A self-excited
induction generator with voltage regulation for use in a
remote area power supply”, in Proc. of Third International
Conf. on Power Electronics and Motion Control, pp.710 -
715, 2 2000.

P. Freere, “Electronic load/excitation controller for a
selt-excited cage generator micro-hydro scheme”, in Proc
of IEE Conf. Publication, pp.266-270, 1991.

N. G. Hingaroni and J. Slapp, “Application of induction
generators and D.C. transmission links to small hydro
electric plants”, in Proc. of [EEE Symp. HVDC Power
Transm., Phoenix, AZ, pp.273-281, 1980.

K.A Nigim, “Voltage controlled stand-alone micro hydro
induction generator system”, International Jowrnal of
Global Energy Issues 24, pp.100-111, 1/2 2005.

P.K.S. Khan and JK. Chatterjee, “Modeling and control
design for self-excited induction generator with solid-state
lead-lag VAr compensator in micro-hydro energy
conversion”, in Proc. of IEEE TENCON, 2 pp.398-401,
(2) 1998. :

E.G. Marra and J. A. Pomilio, “Induction generator based
system regulated  voltage with
frequency”, IEEE Trans. on Industrial Electronics, Vol.47
No.4, pp.908-914, 2000.

B. Singh, S.S. Murthy and Sushma Gupta, “Transient
analysis of self excited induction generator with electronic
load controller supplying static and dynamic loads”, IEEE
Vol4l, No.5,

providing constant

Trans. on Industry Applications,
pp.1194-1204, Sept. 2005.

Bhim Singh and Gauwrav Kumar Kasal, “Decoupled
Voltage and Frequency Controller for an Isolated Pico
Hydro Systemm Feeding Dynamic Loads,” in Proc of
International Conf on Power Electronics (ICPE’07), Daegu
South Korea, 2007.

Gaurav Kumar Kasal and Bhim Singh, “Decoupled
voltage and frequency controller for isolated asynchronous
generator supplying 3-phase 4-wire loads”, IFEE Trans.
on Power Delivery, Vol.23, No.2, pp.966-973, April 2008.
O. Chtchetinine, “Voltage stabilization system for
induction generator in stand alone mode™, JEEE Trans. on
Energy Conversion, VolEC-12, No.3, pp.298-303,
September 1999.

E. G. Marra and J. A. Pomilio, “Self excited induction
controlled by a VS-PWM bi-directional
converter for rural application”, IEEE Trans. on Industry
Applications, Vol.35, No .4, pp.877-883, July/August 1999.
B.Singh, S.S. Murthy and Sushma Gupta, “A voltage and
frequency controller for self-excited induction generators”,

generator

Electrical Power Components and Systems, Vol.34, pp.

141-157, 2006.

B.Singh, S.S. Murthy and Sushma Gupta “A Solid State
Controller for Self-Excited Induction Generator for
Voltage Regulation, Harmonic Compensation and Load
Balancing”, Journal of Power Electronics, Vol. 5, No. 2,
pp.109-119, 2005,

IA. Barrado and R. Grino, “Voltage and frequency control
for a self excited induction generator using a 3-phase
4-wire electronic converters”, in Proc of 12th International
IFEE Power Electronics and Motion Control Conference,
pp. 1419-1424, Aug. 2006.

[EEE Guide for Harmonic Control and Reactive Compensation
of Static Power Converters, IEEE Standard 519, 1992.

[20]

21

22

Gaurav Kumar Kasal was born in Bhopal,
India, in Nov. 1978. He received his B.E
(Electrical) and M.Tech degree from the
National Institate of Technology (NIT)
Allahabad and National Institute of
Technology (NIT) Bhopal, India respectively
in 2002 and 2004. Since Dec. 2004, he has
been pursuing his PhD. with the Department of Electrical
Engineering Indian Institute of Technology (IIT) Delhi, New
Delhi, India, and currently working as a senior engineer (R&D)
in Delta energy systems (India). His field of interest includes
power electronics and he has published papers in 21 international
journals and 23 international conferences in addition to securing
one Indian patent.

Bhim Singh was born in Rahamapur, India,
in 1956. He received his BE (Electrical)
degree from the University of Roorkee,
Roorkee, India, in 1977 and his M.Tech and
Ph.D. degree from the Indian Institute of
Technology (ITT) Delhi, New Delhi, India, in
1979 and 1983, respectively. In 1983, he joined the Department
of Electrical Engineering, University of Roorkee, as a Lecturer,
and in 1988 became a Reader. In December 1990, he joined the
Department of Electrical Engineering, IT Delhi, as an Assistant
Professor. He became an Associate Professor in 1994 and
Professor in 1997. His area of interest includes power electronics,
electrical machines and drives, active filters, and analysis and
digital control of electrical machines. Dr. Singh is a fellow of
Indian National Academy of Engineering (INAE), the Institution
of Engineers (India) (IE(1)), and the Institution of Electronics
and Telecommunication Engineers (IETE), a life member of the
Indian Society for Technical Education(ISTE), the System
Society of India (SSI), and the National Institution of Quality
and Reliability (NIQR) and Senior Member of Institute of
Electrical and Electronics Engineers (IEEE).




