ISSN : 0976-8491(Online) | ISSN : 2229-4333(Print)

IJCST Vou. 2, Issue 4, Ocr. - Dec. 201

ANN Model for Estimation of Capacitance Requirements to
Maintain Constant Air-Gap Voltage of Self-Excited

Induction Generator with Variable Load
‘Raja Singh Khela, °K. S. Sandhu

‘Dept. of Electrical Engg, Sri Sai Group of Institutes, Badhani,

Pathankot, Punjab, India

2Dept. of Electrical Engg, National Institute of Technology, Kurukshetra, Haryana, India

Abstract

It is essential to supply electric power at rated voltage and
frequency to the consumers for efficient and safe operation of
electric equipment or other appliances under varying conditions
of load connected in power system. The dependence of output
voltage and frequency of Self-Excited Induction Generator (SEIG)
on its speed, load and terminal capacitance poses limitations
onits use in public sector utilities for power generation. In power
systems, the utility of SEIG as stand alone machine has started
gainingimportance when power engineers encountered difficult
situations for installation of transmission and distribution lines
in the remote areas due to difficult geographical conditions.
The probability of reduced terminal voltage at rated or near
full load become more pronounced when power is supplied
from an isolated generator. Thus, to keep the load voltages at
rated level under vide range of load variations, it is necessary
to regulate the terminal capacitance to generate constant air-
gap voltage (E1 = 1.00 pu). In this paper an attempt is made
to model the behavior of SEIG to maintain constant air-gap
voltage using Artificial Neural Networks (ANN). The results are
in good agreement with the analytical solution and are verified
experimentally.
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Self-excited induction generator, artificial neural networks,
terminal capacitance.

I. Introduction

The dependence of output voltage and frequency of self-excited
induction generator on its speed, load and terminal capacitance
poses limitations on its use in public sector utilities for power
generation. To bring economic and social growth in hilly and
under developed areas electric power is the basic requirement
that forced the researchers to find an alternative sources of
power generation from non-conventional energy sources. Self-
excited induction generator (SEIG) as stand alone machine has
emerged as substitute arrangement for power generation in
hilly areas utilizing wind energy. Though SEIG has a number of
advantages, but it suffers from inherent poor voltage regulation
due to the difference between the reactive power supplied
by the shunt capacitors and VARs required by the load and
machine, when operated with fixed value of capacitance. The
additional capacitance requirements cannot be determined
without the knowledge of operating conditions and performance
characteristics of the machine and its behavior under different
terminal conditions. The design of thyrister phase controlled
voltage regulators for optimum output voltage and voltage
regulators using thyristor-controlled inductor for cost-effective
voltage regulation atvaryingloads demonstrates the role of SEIG
in power system to meet frequency sensitive loads requirements
[1-3]. The alternative use of synchronous condenser to meet
reactive power requirements that is costlier in maintenance and
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operation is also proposed [4]. Singh et al. [5] have developed
an algorithm for calculating the number of capacitor steps
required to generate voltage within the specified upper and
lower limit for loading the machine up to its rated capacity. Ojo
[6] concluded that SEIG with the long shunt connections has
the tendency to operate at higher saturation level.
Insufficient capacitance does not allow the generatorto build up
and selection of larger value of capacitance at particular speed,
invites transients due to sudden rise in voltage on removal of
load. Bim et al. [7] have used the approximate analysis for long
shunt SEIG to estimate the value of shuntand series capacitors.
Researchers have examined the capacitance requirements and
performance of self-excited induction machines by using the
basic model having a single parallel capacitor for each phase of
the machine [8 -9]. The single capacitor is ideal to provide the
reactive power required for self-excitation when the generator
supplies a constant ac load and is driven at a fixed mechanical
shaft speed [10]. However, any changes in load or rotor speed
will result in fluctuating output voltage and frequency unless
a more elaborate excitation and control strategy is used [11].
For frequency regulation, it reveals from the investigations
that the series capacitor helps to maintain output frequency
with varying rotor speed to a limited extent [12]. The versatile
features like universal function approximation ability to model
non-linear and complex systems, learning and fault tolerance
have resulted in widespread applications of ANNs in diverse
fields [13-16]. In the proceeding sections, the estimation of
terminal capacitance requirements to maintain constant air-
gap voltage of SEIG using ANNs is demonstrated.

Il. Analytical technique to solve equivalent circuit of
SEIG

Low initial and maintenance cost, robust construction of
induction generator has made the machine attractive for off-
grid application. Under this mode of operation the reactive
power is supplied from the capacitor bank connected across
the load and the machine. As air gap voltage (E,) of machine
are function of saturated magnetizing reactance (X ) and
generated frequency (a), the equivalent circuit diagram is drawn
with reference to rated frequency of machine thus making the
resistance parameter of rotor / stator and load resistance as
frequency sensitive elements Per
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Fig. 1: Per phase equivalent circuit of self-excited induction
generator
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phase conventional equivalent circuit of SEIG is shown in Fig.
1. The impedances of different branches seen from respective
nodes are given below:
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The equivalent circuit results into a single loop equation:

IsZ= 0
For successful voltage build up, Is 20
hence Z =0 (2)

By separating the real and imaginary components of equation
(2) and putting separately equal to zero, two non-linear
simultaneous equations are obtained in terms of machine
parameters, speed, capacitive reactance, load resistance /
reactance, magnetizing reactance (X ) and generated frequency
(a). Thus the equations obtained are as under:

5 4 3 2
Fy(Xpp,@) = 4 Xy @A) Xpa™ + (A3 Xy + A9)a> +(As Xy + A )a

H(Ag Xy + AQa+ Ag Xy + 4y g = 0 -—-(3) 3)

Go(X @) =| B Xy+By |a* +( By Xy B, |+ B X+ Bg |

) X+ Bg |a+ By = 0 S @

The coefficients (A4,- A4,) and (B,- B,) of two
characteristics equations are obtained using ‘Symbolic
Mathematics’ tool box in MATLAB and are given in Appendix
-I. Polynomial equations (3) & (4) are solved with Newton-
Raphson (NR) technique to determine the per unit value of
saturated magnetizing reactance (X ) and generated frequency
(a). Per unit air-gap voltage (E,) of SEIG is determined from its
magnetic characteristics given in Appendix - Il.

Now by solving the equivalent circuit of SEIG, the analysis of
machine is simple and straight. Branch currents, terminal
voltage and out-put power is computed as under:
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1iIl. ANN model of self-excited induction generator
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It is established that excitation phenomena of SEIG is greatly
influenced by the excitation capacitance and speed. Similarly
when induction generator operates in isolated mode its terminal
voltage decreases due to the decrease in air-gap voltage due
to armature reaction and demands more reactive power. Thus
to maintain the terminal voltage of SEIG within the permissible
operating limits, the air-gap voltage must be compensated by
addition of reactive power supplied by the capacitor bank. Thus
for varying load demand, the terminal capacitance has to be
changed to new value (C,= C+AC) to generate air-gap voltage
(E, = 1.00). The proposed ANN model of SEIG is given in Fig.
2 that determines the excitation capacitance (C,) required to
maintain constant air-gap voltage E,= 1.00 corresponding to
magnetizing reactance (Xm,). The determination of excitation
capacitance to maintain constant air-gap voltage of SEIG by
using ANN technique is described in the next section.
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Fig. 2: ANN model of SEIG for maintaining constant air-gap
voltage (E1 = 1.00)

A. Structure of ANN Model of SEIG
In this work, three models of ANN structure are used to
achieve full mapping capability to determine the capacitance
requirements to generate constant air-gap voltage under
varying conditions of load. The structure of proposed ANN
model of SEIG is described as under:

1. ANN Model

Is designed to have 8-11-2 architecture structure. Input layer
has eight neurons accounting for input variables i.e. machine
parameters (R, R, X, X ), load admittance (Y,), load power
factor (Pf), speed (b) and capacitance (C). Single hidden layer
has eleven neurons and the output layer has two neurons
accounting fortwo output variablesi.e. pu generated frequency
(a) and magnetizing reactance (X ).

2. Model

Is designed to have 5-7-2 architecture structure. Its input
layer has five neurons accounting for five variables namely;
un-saturated magnetizing reactance (X_ ), minimum value of
magnetizing reactance (X ), minimum and maximum value of
airgapvoltage (E_ &E__ )andsaturated magnetizingreactance
(X,) correspondingto given out-put of Model-l. Hidden layer has
seven neurons and output layer has two neurons accounting
fortwo variablesi.e. air-gap voltage (E,=1.00 pu) and saturated
magnetizing reactance (X .)correspondingto constant air-gap
voltage ( E, = 1.00 pu).

ml)

3. ANN Model
Is designed to have 4-6-1 architecture structure. Input layer
has four neurons accounting for four variables which are;
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terminal capacitance (C), saturated magnetizing reactance
(Xm) corresponding to given conditions of load, air-gap voltage
(E,=1.00 pu) and magnetizing reactance (X_,) corresponding
to constant air- gap voltage. Hidden layer has six neurons and
output layer contains only one neuron accounting for output
variable i.e. actual terminal capacitance (C,= C+AC) required
to generate constant air-gap voltage (E,=1.00) for given loading

conditions.

B. ANN training parameters

Widely used supervised neural network, the Multi-layer
Perceptron (MLP) is used to train the network. The proposed
ANN model of SEIG is trained with five thousand input-output
training samples obtained from analytical technique using
MATLAB programming corresponding to randomly chosen
input variables as discussed in section Il. The range of all input
variables is carefully chosen which are compatible to real life
applications of induction machine as self excited induction
generator. The ANN structure of each model and training
parameters are described in the Table 1. When sum-square
error goal is achieved, the results of ANN network are tested
with the validation input output samples which are other than
the training samples. On achieving sufficient accuracy, the
training process is terminated other wise network is trained
further by setting new value of SEE goal.

Table 1: ANN architecture and training parameters.

ARB Input Sum- [nitial Mo af
MODEL stnucture | Training | square Leaming | epachs
Sarmples | error goal | Rate
Modd -1 | &11-2 5000 0.0075 0.01 8738
MWodd - 1T [ 572 5000 0.0004 0.01 6491
Modd - IIT | 4-6-1 5000 0.0005 0.01 2579

IV. Implementation of ANN model for estimation of
capacitance

The proposed ANN model of SEIG is implemented to determine
the capacitance requirements to maintain constant air-gap
voltage under varying conditions of load at unity power factor.
In this case the induction machine operation is carried with
constant speed and load admittance at unity power factor
is varied from 0.15 to 0.90 pu in eight steps. To investigate
the performance of the proposed ANN model, input data is
presented to Model-l with machine parameters and other
conditions (speed = 1485 rpm and capacitance = 25.40 micro
farad) and varying load admittance as mentioned above. Using
trained ANN, the excitation capacitance requirements are
computed with input data of machine parameters for speed
of 1485 Rpm. The results obtained from the proposed ANN
model for computation of excitation capacitance requirements
to maintain constant air-gap voltage (E,=1.00 pu) with varying
load admittance are recorded in Table 2. Using the results
of ANN model, the performance of SEIG with reference to
terminal voltage and output power under constant air-gap
voltage conditions is evaluated. Table 3 gives the comparison
of results obtained from ANN model, analytical technique and
experimental data of machine with varying load admittance.

Thevariation of magnetizing reactance and generated frequency
corresponding to given conditions of varying load admittance
from 0.15 to 0.90 pu, speed (1485 rpm) and capacitance
(25.40 micro farad) is shown in Fig. 3. Excitation capacitance
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requirements (C,=C+AC) to maintain constant air gap voltage
(E, = 1.00) of SEIG corresponding to given speed (1485 rpm)
with varying load is shown in Fig. 4. Generated frequency,
output power, terminal voltage and branch currents of SEIG
are evaluated using the results obtained from ANN model and
the variations of these variables with

Table 2: Capacitance requirements to maintain constant air-gap
voltage (E,= 1.00 pu) with varying load admittance

opeed = 1485 Rpm
Load Adrmittance | Tetrninal capacitance required (Cr= C+AC) to maintain
at urity power constant air-gap voltage (E; = 1.00%
(pfvczie) Analytical Model | ANN Model Experimental
0.2250 0.5506 0.5764 05902
04131 0.6327 0.6263 na519
0.538 0.6771 0.6706 06550
0.5808 0.6939 06876 nr1a7
0.6389 07154 07125 07435
0.8191 0.8064 08071 08326
0.8712 0.8353 0.83M 08552
0.9489 0.8515 0.5921 05955

Table 3: Terminal voltage and output power of SEIG with
constant air-gap voltage (E,=1.00)

Speed = 1455 Epm wath terminal capacitance (Cy= C+AC) azper Table 1.
Load Termiral Voltage (pu ) Output Power ()
Admittance : . . :
() Aralytical | AN | Expenmental | Analytical | ANN | Ezperimental
Model | Model Dlodel Model | Model MModel
0.2450 1.0170 | 1.0163 10289 06980 | 06978 07095
04131 09958 | 0.9959 1.0145 1.2362 | 1.2365 1.2493
05354 0.9374 | 0.9879 0.9974 15748 | 15763 1.6004
05808 09837 | 0.9843 0.9952 16862 | 16882 17106
06389 09787 | 0.9795 0.9928 1.8361 | 1.8390 1.8614
0191 0.9640 | 0.9455 0.9507 22835 | 22908 23082
0&712 09599 | 0.9417 09663 24083 | 24172 214312
0Ma9 0.9540 | 0.9560 0.9580 25906 | 26017 26100
. Analytica
. +  ANN
o O Euxpermental
25 Magnetising readtanee with
terminal conditions
2 -~
E 2 A
- ¥
E T
= e
ﬂ; | =] P —
n ¥ Cenerated frequency with
given terminal conditions
' SR s
05 .
Speed = 1485 Epm
Capacitance = 2540 micro faad
I:l-\. ~ e P
0 02 0.4 06 08

Per Unit Load Admittane e

Fig. 3: Effect of load admittance on magnetizing reactance and
generated frequency for given terminal conditions.
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Fig. 4: Capacitance requirements to maintain constant air- gap
voltage (E,=1.00 pu) with varying load admittance

varying load admittance are verified experimentally. The
closeness of results with experimental data as shown in fig.
3-6 validates the ANN model for analysis of SEIG for varying
conditions of load.

V. Conclusions

The dependence of output voltage and frequency of SEIG on its
speed, load and terminal capacitance poses limitations of its
use as generator. The probability of reduced terminal voltage
at rated or near full load are
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Fig. 5: Effect of load admittance on terminal voltage and output
power with air-gap voltage (E,= 1.00 pu)
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Fig.6: Effect of load admittance on stator / rotor & load current
with constant air-gap voltage (E, =1.00 pu)
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more pronounced when power is supplied from an isolated
SEIG. Thus, to keep the load voltages at rated level under vide
range of load variations, it is significant to regulate the exciting
capacitance to generate constant air-gap voltage (E, = 1.00 pu).
Using proposed ANN model, the capacitance requirements are
evaluated under varying conditions of load at constant speed.
The results obtained from ANN model are in good agreement
with the analytical solution and are verified experimentally. It
is observed that with the change in exciting capacitance to
maintain air-gap voltage at E, = 1.0 pu, the voltage regulation
of SEIG remains within the tolerable limits, thus enhancing the
capability of machine to supply power at rated load voltage.
Appendix - |

Coefficients (A1 - A10) of equation Fy, (X;;,,a)

A4 = - (XX, X))

Ay = (X X, X )b
4 = Xls(RrRL+ Re Ry +X) X)
+ X, (ReR, + XX + RgR;)

+X [ (ReRy + RgRe +RgR;.)

Ay = X, Ro(X) Ry +R.X)) + ReRyX) X,

Ag = - X, (X, X +RoR))b - X, (RgR; +RoRy +Xc X[ )b
- (RyReX )b

A = - X, Ry(RyX; + X, R )b

Ay = - XcR(Rg+ Ry) - XcRo(R, +Rs +Ry)

Ag = ~RoX) Xo(R +Ry) - ReRyXo (X[ + X, ) - RoRR.R;

Ay = RX.(Rg+R,)b

Ay = XX Ro(R +Ry) b

Coefficients (B1 - B9) of equation G, (X, , @)

Bl —X X (R +Rr)+X XIRL
+XerL(Re+RS)

B2 Xl Xl XLR

By = - X, (ReX; +X, R))b - X, X, (Ry + Rp)b

- (Xjg X X1 Redb

4
Bg = -X Ro(X) +X, +X|) - R, Re(Ry +Ry)

- L(X Xe+RgRy) - Xo(RgX +X, R+ X Ry.)
Bg = -RoX, (X, X¢+XoX, +RgR,) - R-Ro(X) R, +RsX,)
B, = Re(XerC+XZSXC+XCXL+RSRL) b+ XX, (Rg+R,)b
By = RoX) (X; Xc+ XcX,) b + (X RoRsR,)b
By = ReXcRy(R,+Ry)

Appendix - 1l
Machine specifications and its parameters:

=415 Volts /1

Zbase - Vbase

Vbase base
base 4.33 Amp Zbase = 95.84 ohm

Pbase - Vbase Ibase Ybase = 1/Zbase

P, = 1797 VA Y, = 0.0104 mho
base base
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N = 1500 RPM C
base base
F =50 Hz
base

Machine parameters in ohms:

= 3321 mF

Ry = 5.76 ohm X, = 9.37 ohm

R = 4.19 ohm X, = 9.37 ohm

R, = 31180hm X, = 2850hm
Magnetizing characteristics of machine

(pu values):

X, < 2.6930 = 1.3818 - 0.2117X,,

El

X, < 2.8386 & X, >= 2.6930 E, = 2.1697 - 0.5057X,,

X, < 29716 & X, >= 2.8386 E, = 3.8732 - 1.1057 X,

X, > 29716 E =0
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