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Abstract: The paper deals with the steady state analysis of
self-excited induction generator using Genetic Algorithm, Pattern
Search and Quasi-Newton optimization techniques. The
performance of an induction generator, maintaining a constant
terminal voltage is analyzed under resistive loads. Further the
paper deals with effects of various system parameters on the
steady state performance of an induction generator. Simulated
results obtained from various optimization techniques are
compared graphically. The comparison of results, had lead to
their comparative importance.
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I. INTRODUCTION

Presently, most of the electricity generated comes from
fossil fuels (coal, oil and natural gas). These fossil fuels have
finite reserves and will run out in the future. The negative
effect of these fossil fuels is that they produce pollutant gases
when they are burned in the process to generate electricity.
Fossil fuels are a non-renewable energy source. However,
renewable energy resources (wind, hydro, solar, biomass,
geothermal and ocean) are believed not to run out, and are
environmental friendly. In renewable energy resources wind
energy is the dominating source. It is a clean and abundant
resource that can produce electricity with no pollutant gas
emission. Induction generators are widely used for wind
powered electric generation, especially in remote areas,
because they do not need an external power supply to produce
the excitation magnetic field. An induction generator offers
various advantages over the conventional synchronous
generators such as reduced unit cost, easy maintenance,
rugged and simple construction, brushless rotor (squirrel
cage) and so on [1].

It is well known that a three-phase induction machine can
be made to work as a self-excited induction generator (SEIG)
[2]. In an isolated application an induction generator operates
in the self-excited mode by connecting the capacitors to the
stator terminals. In a grid connected induction generator the
magnetic field is produced by excitation current drawn from
the grid. In this paper the steady state performance of an
isolated induction generator excited by the capacitors is
analyzed with different optimization techniques. The effects
of various system parameters on the steady state performance
have been studied.
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1. ANALYSIS

A. Nomenclatures

Rs, Rr Per phase stator and rotor resistance respectively
Xs, Xg  Per phase stator and rotor leakage
reactance respectively

Xm Magnetizing reactance

Xc Per phase capacitive reactance of
the terminal capacitance C

R, Per phase load resistance

F,v Per unit frequency and speed
respectively

Is, Iz, I Per phase stator, rotor and load
current respectively

V1, Ve Terminal and air gap voltage
respectively

VAR Per phase volts ampere reactive

Pin & Pout Per phase input
and output power respectively

(All these quantities are referred to the stator and at base
frequency)

In the present paper, the standard steady state equivalent
circuit of a SEIG with the usual assumptions [3], considering
the variation of magnetizing reactance with saturation as the
basis for calculation. The equivalent circuit is normalized to
the base frequency by dividing all the parameters by the p.u.
frequency as shown in Fig. 1.

T Rs /F iv T iXr
Ir

iXm

Fig. 1 Per-phase equivalent circuit of SEIG

For the purpose of obtaining required lagging reactive power
to maintain desired voltage at machine terminals, Xc and F are
only unknown parameters for a given speed and load.

From the Fig. 1 the loop equation for stator current is
given by:

Zsls=0 1)
Where
Zs=211t72,+73
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Since under steady state operation of SEIG, Is can not be
equal to zero, therefore:

Zs=0 (6)
This equation after separation into real and
imaginary parts, can be rearranged into two nonlinear

equations which are solved using different optimization
techniques to obtain value of X and F after substituting

XS: XR: X|_ [4]
An objective function is given by equation
Z= (f 2y gz)2 @)
(Where f & g are given in Appendix-1)
The relation between X, and Vg/F is
given by equation
Vv
Xwm= (Kl_ FQJ (®)
M K>
Where K; and K, are depends on the design of the machine.
+
Vy=Vr [MJ (9)
Z1

Thus for a given value of R,_and Vr, the value of V can be
determined from equation (9). With the known values of Vg,
F, Xe, U, RL and the generator’s equivalent circuit
parameters, the following relations can be used for the
computation of the machine performance [5].

Vo/F)

- 10
ls (Zl+(22) ) (10)
-V¢/F
Ir= . 11
““Re/lF —0)+ X )
— _jXCIS 12
S (12)
Vi=ILRL (13)
VAR =Vi(F /Xc) (14)
. R o
Poutz‘l L‘Z RL (16)

I11. OPTIMIZATION TECHNIQUES

This paper deals with the implementation of different
optimization techniques such as Genetic Algorithm (GA),
Pattern Search (PS) and Quasi-Newton (QN) which are based
on the software of MATLAB. The above optimization
techniques used the same equations to solve irrespective of
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the unknown parameter which is not possible in other
conventional methods of analysis. The equations can be
solved for capacitive reactance and frequency, magnetizing
reactance and frequency of the generator.

A. Genetic Algorithm

The GA is a method for solving optimization problems that
are based on natural selection, as process is derived from
biological evolution. The genetic algorithm repeatedly
modifies a population of individual solutions. At each step,
the GA selects individuals at random from the current
population to be parents and uses them to produce the
children for the next generation. Over successive generations,
the population evolves toward an optimal solution. The GA
has several advantages over other optimization methods. It is
robust, able to find global minimum and does not require
accurate initial estimates [7] [8]. The flowchart describing the
GA optimization technique implemented in this paper is
shown in Fig. 2. The two unknowns X¢ and F are determined
by optimizing the fitness function.

Setting the mitial parameters. such as population size.
Crossover probability and nmtation probability

¥
|

Generate initial population

v

Ewvaliate the fitness function

¥

Reproduction

v

Crossover

Fig. 2 Flow chart of genetic algorithm

B. Pattern Search

PS is a subclass of direct search algorithms, which involve

the direct comparison of objective function values and do not
require the use of explicit or approximate derivatives. Direct
search is a method for solving optimization problems that
does not require any information about the gradient of the
objective function. As opposed to more traditional
optimization methods that use information about the gradient
or higher derivative to search for an optimal point, a direct
search algorithm searches a set of points around the current
point, looking for one where the value of the objective
function is lower than the value at the current point. Direct
search can be used to solve problems for which the objective
function is not differential, or even continuous [9].
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The flowchart describing the PS optimization technique
implemented in this paper is shown in Fig. 3
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Pattern vector

Mesh

No

Optimization
convergence fest

Fig. 3 Flow chart of pattern search

C. Quasi-Newton

QN methods, are currently the most robust and effective
algorithms for unconstrained optimization [10]. General QN
optimization algorithm flow chart as shown in Fig. 4

Setting the initial parameters
X% and Hy =1
E=1 F—

| d* = H, Vf{x¥) |

v

Find oy s0 as to (exactly or approximately)
minimize f§x° + oy d)

I

| = gy O |

Optimization
convergence test

Fig. 4 Flow chart of Quasi-Newton

IV. RESULTS AND OBSERVATIONS

The performance characteristics of capacitor excited, 3.7
KW, cage generator (specification of machine in
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Appendix-11) has been obtained by using different
optimization techniques. To avoid repetition Fig. 5 to Fig. 11
represent the performance characteristics of SEIG obtained
only by GA. The performance characteristics shown from Fig.
5 to Fig. 9 are obtained at constant terminal voltage and rated
speed and Fig. 12 to Fig. 15 shows combined results obtained
from the GA, PS and QN optimization techniques for constant
terminal voltage and constant speed.
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Fig. 5 Variations of stator current, efficiency and
frequency with output power.
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Fig. 6 Variations of minimum capacitance and
frequency with load resistance.

From Fig. 5 it can be observed that at constant terminal
voltage the frequency variation is negligible. Whereas the
efficiency is good throughout the power range and the stator
current increases with increase in output power.

Fig. 6 results show that the exciting capacitance decreases as
load resistance increases, whereas the frequency increases
with increase in load resistance.
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Fig. 7 Variations of Reactive power with output
power for different values of stator resistance.

07
_0.65
5
g
& 06
2
o}
Q
()
2 0.5
Q
g
@ XL*0.8
05 — X1
XL 12
0.45 L L L
0 0.2 0.4 06 0.8

Output power (p.u.)
Fig. 8 Variation of Reactive power with output power
for different values of leakage reactance.
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Fig. 9 Variations of Reactive power with output
power for different values of K1.

It is seen from Fig. 7 that there is marginal reduction in
reactive power requirement when stator resistances is
decreased. The same stands true for rotor resistance as well.

From Fig. 8 it is seen that effect of leakage reactance on
reactive power requirements at lower and higher loads is
reverse, however the crossover takes place around the full
load.

Fig. 9 shows that a small reduction in magnetizing reactance
causes a significant increase in reactive power requirement
for various constant terminal voltages and at rated speed.
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Fig. 11 Variations of stator and rotor currents with
output power for various constant terminal voltages and
rated speed.

From Fig. 10 it can be seen that at constant terminal
voltage, the susceptance and reactive power increases with
output power. With increase or decrease in the terminal
voltage, the reactive power requirements increases or
decreases accordingly.

It can be observed from Fig. 11 that the magnitude of the
rotor current is always less than the stator current. This is
because the rotor current is approximately in quadrature with
the magnetizing current in both the motoring and generating
modes
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Fig. 12 Variation of reactive power with output
power.
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Fig. 14 Variations of stator current with  output
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Fig. 15 Variations of rotor current with output power.

V. CONCLUSIONS

This paper presents the steady state performance of SEIG
with different optimization techniques. At given load, speed
and terminal voltage two unknowns i.e., p.u. capacitive
reactance and frequency are determined. The steady state
equivalent circuit is used to compute the performance of
SEIG after determining the unknowns. The effects of various
system parameters are presented. It has been observed that the
value of capacitance varies over a vide range in order to
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maintain the terminal voltage constant. The small change in
stator resistance and leakage reactance do not affect the
performance. Where as the magnetizing reactance is found to
be very sensitive parameters.
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APPENDIX-I
f (Xe F )= AF*+ A F2+(As X+ AJF +AsXc=0

g (Xe.F )=(B:Xc+B2)F2+(BsXc+Ba)F +BsXc=0

Where the constants are defined as,

A=—2 X XuRL+X2R)

Ac=—Ax v
As=(Xm+XL(RL+Rs+Rg)
As=RsRLRr

AEZ_(XM+XL)(RL+RS)X v
Bi=2 X Xm+X¢{
Bo=RL(Rs +Rr)X L+ Xm)
Bs=—Bix v
Bs=—RsRL(Xu+X01)x v
Bs=—Rr(RL+Rs)
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APPENDIX-II

Rating of Machine

3.7KW/5HP 3-phase, 415 Volts, 7.6 Amp, 4 poles, 50 Hz, delta
connected cage induction motor
Base Quantitative

Voltage/phase — 415 Volts, Currents/phase - 4.39 Amp,
Impedance/phase — 94.53 ohms, Power — 1820 Watts, Frequency — 50 Hz,
Speed — 1500 r.p.m.
Equivalent Circuit Parameters

Rs = 0.053 p.u.,, Rr = 0.061 p.u.,, Xs = Xg = X. = 0.087 p.u., Xm
(unsaturated) = 2.35 p.u., K3 = 1.6275, K, = 0.3418, Air gap voltage Vg/F =
K1 — Kz Xm
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