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Abstract
The paper presents an application of Teaching Learning-Based Optimization (TLBO) algorithm to
improve the performance of self-excited induction generators (SEIG). Two control methods of
SEIG have been studied. The first method, the TLBO algorithm is applied to generate the optimal
capacitance to maintain rated voltage with constant prime mover speed. The drawback of this
method is the generator frequency decreases with load and to overcome this disadvantage, the
other control method is proposed. In the proposed method, the TLBO is used to obtain optimal
capacitance and prime mover speed to have rated load voltage and frequency. The Static VAR
Compensator (SVC) of fixed capacitor and controlled reactor is used to control the reactive power.
The parameters of SVC are obtained by using TLBO algorithm. The performance of the SEIG at
different loads and prime mover speeds using TLBO algorithm is realized. A whole system of
three phase induction generator and SVC is established under MatLab/Simulink environment. The
performance of the SEIG is demonstrated on two different ratings (i.e. 10 hp and 2hp). An
experimental setup is built-up using a 2 hp induction motor to confirm the theoretical analysis.
Good agreement between results confirms and signifies the viability of the proposed TLBO-based
methodology.
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1. Introduction

The self-excited induction generators (SEIG) have
been received great attention during last decades.
SEIGs are the most suitable power solution for
remote areas because of their lower unit cost,
inherent ruggedness and maintenance simplicity
compared to DC and synchronous machines. These
machines are available in the ranges of fractional hp
to MW capacities [1]. In a common practice, the
required reactive power for the generator and its load

can be provided by the terminal static capacitor
banks. The value of the capacitance required for
excitation depends on the load current, power factor
and the rotor speed, causing unsatisfactory voltage
and frequency regulation problem [2-3].Various
researches have discussed the issue of voltage
regulation of SEIG and they suggested somehow
effective solutions [4-10]. A very simple method uses
controlled capacitors connected to the generator
terminals [4-7]. Another method uses switched
capacitor in order to change the capacitance with
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load variation to provide a good voltage regulation
by simple and fast control method using GTO and/or
IGBT switches. A static VAR compensator (SVC) is
used to have a combination of switching capacitors
and controllable reactors in order to provide
continuous control of the reactive current [8-10].
Poor frequency regulation due to the SEIG’s loading
appears as another serious problem standing in the
operation of SEIG. Many researchers have been
attempted to solve this problem using the
development of power electronics [11-15]. They
suggested to convert the terminal voltage of the
induction generator from AC to DC voltage using
rectifiers and then from DC to AC by using PWM
inverters with certain frequency. The other solution
of frequency and voltage problems of SEIG is to use
an Electronic Load Controller (ELC) for regulating
its voltage and frequency under varying load
conditions [16]. However, this solution generates
harmonics on AC side of the SEIG system.

During last three decades, meta- heuristic algorithms
are used to solve complicated engineering problems
and to improve the performance of electrical
machines [17-20]. One of the recent algorithms
namely, Teaching Learning Based Optimization
(TLBO) algorithm is developed [21-22]. The
advantageous of TLBO algorithm is less controlling
parameters viz. only population size and number of
generations which save lot of efforts. As a result,
TLBO can be said as an algorithm’s specific
parameter-less algorithm. [23-24]

This paper presents an application of TLBO
algorithm to study the steady state and dynamic
performance of SEIG. Two different modes of
operations have been presented. The first one is the
operation at constant voltage by controlling capacitor
and constant prime mover speed. The second one is
the operation at constant voltage and frequency by
controlling both capacitor and prime mover speed.
The TLBO algorithm is used to obtain optimal
capacitance in the first mode of operation. The TLBO
algorithm determines the optimal capacitors and
prime mover speed to have constant voltage and
frequency in the second mode of operation. The SVC
is used to have continuous variation of excitation
capacitors to have rated load voltage. The modeling
of the SEIG, SVC and PI controller is developed
using MatLab/Simulink. The accuracy of the
proposed model and simulation is validated by
building an experimental model of 2 hp induction
motor.

2. Steady state model of SEIG

The steady state operation of the SEIG is analyzed
using the equivalent circuit shown in Fig. 1[4].Nodal
admittance technique is used to solve the equivalent
circuit. The generator frequency varies with the load
current and the rotor speed. Moreover, the generator

reactance values changes with the frequency.
Therefore, the ratio between the generator frequency
and the base frequency must be taken into
consideration.

JaX; JaX

i is Rs E1

Fig. 1 Equivalent circuit of self-excited induction
generator

where;a is the frequency ratio (asz),f is the
b

actual frequency,f;, is the base frequency, R, is the
stator winding resistance, X, is the stator leakage
reactance (X, = 2nf,L,), X,, is the magnetizing
reactance (X,, = 2nf,L,,), R, is the referred rotor
winding resistance, X, is the referred rotor leakage
reactance (X, = 2rnf,L,), R, is the load resistance,
X, is the load reactance (X, = 2mf,L;), X, is the
capacitor reactance (X, =1/2nf,C) and S is
generator slip.
The equivalent circuit has four unknown variables (a,
S, X, and X_).For an assumed values of a and C, the
other two unknown variables ( S and X,,).can be
calculated as Egs.(1) and (2).

Kt K,* — 4K, K, )

2K,
-1 (2)
aXqp a?52x,

RZ + X2 R2+(a?$2Xy)

X =

Where;
K, = a? Ry Xzzi K, = Rr(R%L + X12L); K3
=Ry R?: R1L2: Rs + Ric; Xqp

X,
. P
R} + (aX, = )2
2

X, X —AXZX, - R}E
XLC — a 5 a

2 Xc

R2+ (ax,— %)
The rotor speed can be given as:
120 af, 3)

n= (1-y5s)

Where; p is the number of poles.

The Excitation voltage (E) is obtained using (a),
(X,n) and magnetizing curve of the generator.

The stator current (i5), load voltage (V) and load
current (i) are given as:

. B )

: R1L +jX1L
V=E—-ij(Rg+jaXy) 5)
4 (6)

IL = . <

R, +jalkX;
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The presumed values of a and C, are acceptable if the
generator voltage and speed equal reference values.
A Computer program is developed based on
MATLAB package to obtain the optimum values of
excitation capacitance to generate rated voltage at
prime mover speed using TLBO algorithm.

3. Dynamic model of SEIG

The dynamic model is developed to study the
dynamic performance of SEIG under step change in
load and speed. The mathematical model of SEIG in
stationary reference frame is described using the
following equations after many simplifications [25-
27].

The d-q stator and referred rotor
(isqr Lsqr irq and irq) are given as:

disg 1 . ; 7
== [Lerd = Ly Rsisq + LinRyirq ( )
o

currents

dt L,
+ WLy Lyiyg + @l igy]
di 1 ] ) (8)
dst" =T [LVeg = LyRisq + LyRyirg

. 2.
— wlyLylyg — wly lsd]

dirg 1 . , 9
= [_LmVsd - Lerlrd + LmRslsd ( )
o

dt L,
— WLgLyipg — WLsLpyigy]
di 1 10
" = —[~LpVeqg — LsRyirg + LinRsisg (10)
dt L,

+ wLgLyiyg

+ WLgLyisy]
where;L¢ is the stator self inductance, L, is the
referred rotor self inductance, L,, is the magnetizing
inductance, w is the rotor speed in electrical rad/s.
and L, is defined as shown in Eq. (11).

Ly = LgL, — L,,* (11)

After solving the a for mentioned differential
equations, the magnetizing current (i,,)is defined as
shown in Eq. (12).

Iy = \/(isd + ird)z + (isq + irq)z
The electromagnetic torque (7,) of the induction
generator is defined in Eq. (13) and the mechanical

dynamic equation of the generator is described in Eq.
(14).

Te

(12)

3p, o
= Esz(lsqlrd - lsdqu)

(13)

Te—TL=]dstm+me a4
Where;/ is the moment of inertia in Kg.m?, B is the
rotor friction coefficient and w,, is the rotor speed in
mechanical rad/s.

The d-q load current (i, and i,4)can be described in
Egs. (15) and (16); respectively.

. dipg | . -1 15
RLlLd+LLF+LSd ZTJVSd dt ( )

-1 (16)
g
The previous Eqgs. (7-16) are used to develop a
dynamic model of three phase SEIG using
MatLab/Simulink.

. diLq .
RLqu + LLW + lSq =

4. Teaching Learning Based Optimization
(TLBO) algorithm

The TLBO is a nature-inspired algorithms
optimization method developed by Rao [21-
22].TLBO algorithm uses a population of solutions to
have the global solution. The population is
considered as a group of learners and consists of
different variables which are similar to subjects of
learners. The algorithm of TLBO consists of
‘Teacher Phase’ and ‘Learner Phase’. The learners
are learning from the teacher in the ‘Teacher Phase’,
and learning from each other in the ‘Learner Phase’.
Similar to other evolutionary methods, the random
initialization of the student population is the first step
of the TLBO process. Then, the mean of each subject
(variable) is calculated.

The Teacher-phase starts by selecting the best student
of the class which is considered as a teacher
(Xteacher)@nd the other students learn from him to
improve their qualities by using the following
expression shown in Eq. (17) [21].

Xnew,i = Xold,i + i (Xteacher — TeM;) 17)

Where; Xpew,; is the updated new solution, X,4; is
the old solution, r; is a random number in the range
[0,1], M;is the mean of each subject (variable) and T
is a teaching factor that determines the learning
intensity and decides the value of mean to be
changed. Its value can be either 1 or 2, which is
decided randomly with equal probability as:

Tg = round[1 + rand(0,1){2 — 1}] (18)

As shown from above equation, in this phase, all
students learn from both class (by using the mean
values) and teacher (best solution) qualities The new
solution is accepted if it is better than the previous
one. After updating solutions, the second learning
phase (Learner-phase) starts by selecting randomly
any two solutions X; and X;. The objective function
of X; and X;(f(X;) andf(X;)) are calculated and used
to updated the solutions according to the following
equation.

XD < £(X))

Xnew,i = Xowd,i + Ii(Xi —X;)
19
{ f(X;) < FX) (19

Xnew,i = Xoiai + 1i(Xj — Xi)

The new value of the solution (X,.,) IS accepted if it
gives a better function value and the process is
terminated if the termination criteria are satisfied.
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5. Simulation and results using TLBO algorithm

The three phase induction motor used in this study
has the following nameplate data and parameters: 7.5
kW, 4 poles, 415 V, 50 Hz, 14.6 / 26.2 A, Rg =1 Q,
Rg = 0.77 Q, L; =0.004774 H,L, =0.004774H and
J=0.1384 kg.m?.

The magnetization curve of the machine is described

as:
Lin

0.13771 im < 3.16
_ (9% 1079)i,,% - (0.0087i,,) +0.1643 3.16 < ip < 1271 (20)
= 0.068 )

: i > 1271

lm
5.1 Constant voltage operation at constant speed

In this mode of operation, the excitation capacitor is
controlled to operate SEIG at rated voltage when it
driven from constant speed prime mover. The TLBO
algorithm searches for the values of capacitor (C) and
frequency ratio (a) to minimize the Objective
Function (OF). The OF is the error between the load
voltage (V), rated value (V,q:eq) @nd error between
generator speed (n), prime mover speed
(Mprime mover) @S shown in Eq. (21). The TLBO

adapted parameters are, class size=50 and
iterations=100.
OF = Minimize{|V — Vyqzeal 21)

+ |Tl - nprime mover |}

At a given load current, power factor and prime
mover speed, the TLBO is run for 20 times and best

solution is picked up. The trend of variation the
objective function versus iteration is shown in Fig. 2
at no load and prime mover speed is adjusted at 1500
rpm. It can be notice that the TLBO converges
steadily and in smoothly. Table 1 summarizes the
performance measures out of 20 runs at no load and
speed of 1500 rpm. One can notice obviously the
deviations between results of each run are very small
and the value of standard deviation is insignificant
(see Table 1).

The variations of generator characteristics versus
load current of unity power (UPF) at different
constant speed are shown in Fig. 3. It’s shown that
the output voltage is maintained constant at rated
value by controlling the capacitor as shown in Fig.
3(b). The generator frequency depends on load
current and generator speed. It decreases with load
increasing but for the same load current it can be
increased by increasing speed as depicted in Fig.
3(c). The generator develops the same load current
with lower stator current when the generator speed is
increased as shown in Fig. 3(d). The stator current
has full load value 14.6 A when the load current of
10.9 A and UPF.

The waveform of the output voltage when load
varied from no load (R, = o) to resistive load
(R, =240) (10 A, UPF) at t=6 s and constant
speed of 1500 rpm is shown in Fig. 4. It’s shown that
the output voltage is maintained at rated value
because the excitation capacitor is increased from
88.0196 uF at no load to 128.071 uF at load of 10
A as calculated using TLBO algorithm from Fig.
3(b).

0.1

0.06

0.04

Objective Function

002 -Hl-------- dremmeas fomee-

___________________

0.08 \. J

L
S0

Iterations
Fig. 2 Convergence of TLBO objective function
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Table 1 Statistical analysis of TLBO results at no load and 1500 rpm

Statistical _
function a=f/fb C (uF) OF
Minimum 0.999360991067669 88.0196113861336 9.80345286431353 x 10712
Maximum 0.999360991445124 88.0196114687359 4.65723905070566 x 10710
Mean 0.999360991221912 88.0196114300202 1.63121186602666 x 10710
Standard —10 _g —10
Deviation 1.1096244330 x 10 2.67086882 x 10 1.36892107248994 x 10
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Fig. 3 Variation of load voltage, frequency, capacitance and stator current against load current of UPF and
different constant speed
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Fig. 4 Waveform of the load volatge against time at different loads and n = 1500 rpm

5.2 Constant

operation

voltage constant frequency

In this mode of operation, both excitation capacitor
and prime mover speed are controlled to operate
SEIG at rated voltage and frequency at all loading
conditions. The TLBO algorithm searches for the
value of capacitor (C) with keeping frequency ratio
(a) at unity. The OF is the error between the load
voltage (V), rated value (V,4:eq) @S Shown in Eq.
(22).
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OF = Minimize {|V — Vygteal} (22)
The TLBO results are used to calculate the steady
state performance of SEIG when its load has been
varied from no load to 14 A at UPF as shown in Fig.
5. It’s shown that, the load voltage and frequency are
maintained at rated values (240 V and 50 Hz) over
all range of loads by controlling both excitation
capacitor and prime mover speed as described in
Figs. 5(b) and (c) respectively. The stator current has
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full load value 14.6 A when the load current of 11.2
A and UPF as given in Fig. 5(d). It’s shown from
Fig. 6, the waveform of the load voltage has constant

amplitude and frequency at different Ioads by
300

E 250 V~240V
25 ‘ !
£ 200
=
Ep P
EZ 150
s E
=g 100
g= :
S 50 : : : ; : ;
0 i i i i i i
0 2 4 6 8 10 12 14
Load Current (A)
a
1580 T T : @ :
z : : :
E 1500
=
3
& 1540
-
S
=
5 1520
g
&
1500

0 2 4 6 8 10 12 14
Load Current (A)

(c)

changing capacitor and speed from 87.86436 uF,
1500.957 rpm at no load to 117.23017 uF,
1552.844 rpm at load current of 10 A(R, = 24 Q).

160

Capacitance (uF)
I~ S
o o

-
=]
o

Stator Current(A)

Load Current (A)
(@)

Fig. 5 Variation of load voltage, frequency, capacitance, speed and stator current against load current of UPF
with controlled capacitor and prime mover speed

1000 —

| t<es - ;400

a00 L -RL=.open. circuit | ;

| C=B7.86436 uF , 1=1500.957 rpm
6 ;

£ 600
e
g 400
g L
S 200
E:
S 0
'J N

-200

-400

2 3 4 5 6 7 8
Time (s)

Fig. 6 Waveform of the load volatge against time at different loads with controlled capacitor and prime mover

6. Dynamic performance with SVC controller

In this section, the excitation capacitor is controlled
using SVC to regulate the generator voltage at its
rated value. The generator frequency is fixed at rated
vale by controlling the prime mover governor. The
SVC consists of fixed three phase capacitors parallel
with thyristor controlled reactor (TCR) as shown in
Fig.7. The effective capacitance (C.¢)of the SVC is
controlled by changing the firing angle (a) from 90°
(fully conducting) to 180° (non-conducting) as
described in Eqg. (23) [28].

1 200 sin2a
Ceff Cflxed ZL (2 -—+ )

(23)
TC

speed

Where; L is the TCR inductance and Cgiyeq IS the
capacitance of fixed capacitor.
The inductance of TCR is calculated by using Eq.
(24) to have the desired range of controlled capacitor
from minimum value at no load (C,;,) to maximum
value at full load (Cpay)-
1

b w? (Cmax - Cmin) (24)
The following results are simulated with C,,,,, =
180 u F, Cpin = 75 u F (L-N) and L = 96.496 mH
(L-N). The constants of proportional-integral (PI)
SVC are K, =0 andK; =800. The simulation
sampling time is 5 x 107°
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The effective capacitance of SVC varies between
minimum and maximum values by firing angle
variation as shown in Fig. 8.

The complete control system of 7.5 kW, 415 V three
phase induction machine is tested with two different
scenarios. The first scenario is the dynamic response
under constant speed and SVC control with different
loading conditions. The other one is the response
with controlled speeds and SVC.

The Simulink connection diagram of the SEIG
dynamic model, SVC and controller is revealed in
Fig. 9.

6.1 Response with Constant Speed and SVC

In this scenario, the prime mover speed is constant at
1500 rpm and the load is varied as described in Fig.
10(a). The load current is changed from no load
(R, = ) to 4 A with UPF ((R, = 60 Q) at t =6s
and to 8A with 0.8 lagging power factor at 12s
(R, = 37.5 Qparallel with L; = 0.16 H). The
SVC varies the firing angle to increase the excitation
current  (increase effective capacitance) with

TCR

.7
€ —
s

:

Vmeas (pu)

_,—DVS(I isd isd

4|—>V5(| s 1
ird Te

increasing in load current as shown in Fig. 10(b).
This variation in SVC current regulates the
generated voltage at rated value (240 V) as shown in
Fig. 10(c). The generator frequency decreases with
load current increase as described in Fig. 10(d)
because the prime mover speed is constant at 1500
rpm. It’s shown that, the waveform of the load
voltage has constant amplitude and variable
frequency with increasing in load current as shown
in Fig. 11.

6.2 Response with controlled Speed and SVC

In this scenario, excitation capacitor and prime
mover governor are controlled to have rated voltage
and frequency with load current variation as shown
in Fig. 12(a). The prime mover speed and SVC
current are controlled as shown in Fig. 12(b) to have
rated voltage and frequency as shown in Figs. 12(c-
d). The waveform of the output voltage is sinusoidal
with constant amplitude and frequency at different
loads as shown in Fig. 13.

[N
o
=1
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] = = @
[=3 = [=] (=]

SVC Effective capacitance (ul")
=
(=]

1]
=]

IS U U DU PR PR B
5090 100 110 120 130 140 150 160 170 180
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Fig. 8 Variation of SVC capacitance against firing
angle

L3
Vab_bc_ca {pu)

A
B
C

Measuring Bus

Fixed Capacitors

b
©

RL| §355
© TR [

;

L

L’ ‘ab_bc_ca (pu)

TCR_Pulses| CRpulses]

W ird irq

Lm

Lm g

1 s Eq. (13) Eq. (14)

Eqgs (7-10)

Diesel Engine

Lm 8
Speed Regqulator

wref
wref (puy

irq
W (pu}
Magnetization curve

Tmec

A

Goto

Alpha

Firing Unit

Fig. 9 Simulink diagram of SEIG and control system

Engineering Research Journal, Menoufiya University, Vol. 39, No. 2, April 2016 113



Mahmoud M. Elkholy ” OPTIMAL PERFORMANCE OF SELF EXCITED INDUCT...."

12 T T T : T 20
= =
. =
3 b
2 z
3 &
= 4 O
=

0 0
Time (s)
®)
320 51 ‘
= 5505
S 240 )
(= z 50
s £
= 160 2 495
z £ a9
£ 80 E
3 S 485
O 6 8 10 12 14 16 48, 6 8 10 12 14 16
Time (s) Time (s)
© (d)
Fig. 10 Variation of load current, SVC current, load voltage and frequency versus time and n = 1500 rpm
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Fig. 11 Variation of phase voltage waveform versus time with load change and n = 1500 rpm

10 : T T T : T T 20
D Bty T 2 .5
= n+=1521.76 rpm =
E or o pl 1
5 i £ 10
U4 : : : &)
E A S 5
2 SRR CE R R P 5
= 4A, UPF -
0 L | | | | | 0 | | | | | | |
2 4 5] 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Time (s) Time (s)
a b
320 ( ) T T T 55 T T T (a) T T T
= i | | | ) | i i i i
£ = t < 6d, n=1500.96 rpm :
Ezim ] 6s <t<12s, n=1521.T6 rpm !
g = t=12s, n=1534.15 rpm !
S ! : ' :
E 160 i : ‘ £ 50 ‘ y
= 6s < t<12s; n=1521.76 rpm; -] :
> t=12s, | n=1534.15 rpm! =
= : : ' :
B | =
S g
= - :
0 i i i i i i i 45 i i i i i i i ]
2 4 5] 8 10 12 14 16 18 2 4 G 8 10 12 14 16 18
Time (s) Time (s)
(©) (d)

Fig. 12 Variation of load current, SVC current, load voltage and frequency versus time at constant load current
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Fig. 13 waveform of load voltage against time with constant load and different speeds

7. Experimental work

An experimental model is built up to validate the
steady state and dynamic models of SEIG. The
experimental work is carried out using 2 hp, 4 poles,
220/380V three phase induction machine having the
following parameters; Rg = 5.03 Q, Rg = 5.94 Q,
L,=0.0176 H and L,=0.0176 H.

The magnetizing curve of the experimental motor is
described as:

Lm

0.3582 i, <1
B J(o.oosz)im3 = (0.029)ip* = (0.028)ipy + 041 1<im< 4 (24
=1 o0.1668

- im >4
Im

A synchronous motor is used as a constant speed
prime mover and all results are recorded using data
acquisition system of Feedback 68-600 multi-
channel power sensor which is a combination of
hardware and software to capture and display signals
on the integrated DSP instrumentation in Espial as
shown in Fig. 14.

3 phase SEIG
loads a
0]
Feedback OO O
68-600 Synchronous|
power senso O . Motor
000

Espial Software
Capacitors Package

Fig. 14 Experimental Connection Diagram

The experimental and theoretical waveforms of the
generator line voltage at no load at excitation
capacitor of 40 uF and 50 uF with speed of 1500
rpm are shown in Fig. 15(a-b). It’s shown that the
both results are very close together and this
agreement validates the simulink model of SEIG.
The variation of load voltage and stator current
against load current at constant speed of 1500 rpm
and different capacitors of 40 uF and 50 uF is
shown in Fig. 16(a)-(b) respectively. The agreement
between theoretical and experimental validates the
steady state model of SEIG and TLBO results.
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Fig. 15 Experimental and theoretical waveform of the line voltage at no load and 1500 rpm
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Fig. 16 Experimental and theoretical load voltage and stator current against load current

8. Conclusions

In this paper, the methodology based on TLBO
algorithm has been proposed to study the
performance of self-excited induction generator
(SEIG). The TLBO algorithm is used to produce
optimal excitation capacitors required to have rated

116

voltage at different load currents, power factors and
speeds. The operation with constant voltage and
constant prime mover speed has been studied. The
operation with constant voltage and frequency has
been achieved by controlling both capacitor and
prime mover speed. The SVC method is used to
have continuous change in capacitor to maintain
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rated voltage. The proposed TLBO algorithm is used
to generate the value of SVC fixed capacitor. The
dynamic performance of the 7.5 kW induction
generator with SVC and PI controller under different
step load changes and speeds are demonstrated using
Matlab/Simulink. The good agreement between
experimental and theoretical results of 2 hp SEIG
validate the feasibility of the proposed TLBO
algorithm, accuracy of steady state and dynamic
model of SEIG.
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