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Abstract: This paper is an extension of the Authors'
previous work [1] on the self regulated short shunt Self
Excited Induction Generator (SEIG). A detailed investigation
is carried out on the transient behaviour of the short shunt
SEIG system subjected to different dynamic conditions.
Analytical model incorporating cross-saturation effect, has
been used to predict performance of the SEIG. Experimental
results are presented along with the simulated ones.

Response of the system to disturbances reveals its
excellent transient performance. The system has a good
overload capability and is free from operational problems
related with short circuit and loss of excitation.

By presenting typical results of a 3.7kW, three-phase
squirrel cage machine, suitability of the short shunt SEIG
for a simple, rugged and self regulated stand alone
generating system, is established.

Keywords: Rural Electrification, Isolated Power Generation,
Induction Generator, Capacitor Self Excitation

1 INTRODUCTION

Increasing emphasis on decentralized power generation
has led to growing activity in the development of stand
alone/ isolated power systems, captive power plants and
portable gensets using both conventional and non conventional
sources of energy, viz. diesel, biogas, wind, micro-hydro
etc. A review of the literature [1-16] reveals that induction
generators are being preferred over conventional alternators
in such applications, due to their overall maintenance and
operational simplicity. In isolated applications, an
induction generator operates in self excited mode, usually
deriving excitation from a capacitor bank connected across
its terminals. Absence of a separate dc excitation system,
good transient performance and ruggedness of its cage rotor
construction are the major advantages of induction generator
over the alternator [2-7].

Despite its all advantages, capacitor self excited
induction generator (SEIG) suffers from an inherent problem
of poor voltage regulation [4-6,8,9], which greatly reduces
utilization of the machine. It, therefore, becomes necessary
to employ a suitable voltage regulator for the useful
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operation of the SEIG. Presently, most of the work on the
SEIG is centred around the design and development of a
suitable voltage regulator [5,7,10-12]. Different types of
regulators have been proposed, which are either VAR
controllers based on switched capacitor/ variable inductor/
saturable core reactor schemes, or load controllers or a
combination of the two; utilizing closed loop control through
relay/ contactors or semiconductor switching devices. But the
circuit complexity, cost and operational problems associated
with these regulators vitiate the very advantages of
recommending induction generators in isolated applications,
since they are often required to operate unattended under
adverse conditions.

By identifying poor voltage regulation of the SEIG as a
major bottleneck in its applicability, a constant speed SEIG
system using additional capacitors in series with the load
(i.e. short shunt configuration), was proposed by the Authors
in an earlier paper [1]. It was shown that for a particular
pair of series and shunt capacitors, the SEIG delivers power
up to its rated value, keeping voltage within permissible
limits without resorting to any voltage regulator. Thus,
based on the steady state analysis, with its self regulating
features, the short shunt SEIG was found to be a good option
in isolated power generation.

Having established suitability of the short shunt SEIG
under steady state, it becomes necessary to investigate its
transient behaviour. Such study is of interest not only to
know response of the SEIG under transient conditions, but
also to verify its suitability to disturbances typical in
field conditions. This will give valuable information on the
suitability of the machine winding and insulation level,
rating of capacitors and the design of protection system. It
is also required to develop a suitable analytical model, to
predict transient behaviour of the system.

Hallenius et al. [13] and Grantham et al. [14] have
reported analytical models to predict transient behaviour of
the SEIG. But scope of these papers is limited to
applicability of respective model equations to the SEIG. It
is the objective of the present paper to investigate in
detail, the transient behaviour of the SEIG in general and
that of the self regulated short shunt SEIG in particular.

An analytical model incorporating cross saturation
effect has been used to predict transient behaviour of the
SEIG. Results obtained from extensive experimentation and
those from simulation are presented and compared.

Initially, transient behaviour of the simple shunt SEIG
configuration is presented. Following this, response of the
short shunt SEIG subjected to different transient conditions
is studied. Typical response of a 3.7kW, three-phase squirrel
cage induction motor operated as an SEIG is discussed, high-
-lighting special features of the short shunt configuration.
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2 MODELING

The computation is based on model equations (with the
usual assumptions [13,15]), referred to a quasi stationary
d-q reference frame of a polyphase induction machine circuit
model shown in Fig. 1.

q - axis

d - axis

Fig 1 The short shunt SEIG in dq stationary reference frame

2.1 Model Equations

There are two sets of differential equations to be
solved to get transient response of the short shunt SEIG.

2.1.1 Machine Side Equations

2.2 System Equations

When the induction machine operates as a motor or a grid
connected generator, it assumes voltage and frequency from
the grid. The machine side equations given in section 2.1.1
are sufficient to evaluate transient performance of the
machine in these two modes. Thus, there are five unknown
variables i.e. currents represented by [i] and the speed w ;
to be solved from five first order differential equations.
But in the case of an SEIG, there will be four additional
variables involved ( d and q components of charges, u. and
ue> given in section 2.2.2, to account for the external
excitation, thus making a total of nine variables to be
solved from nine first order differential equations. The
model equations for the prediction of transient performance
of the short shunt SEIG can now be written in a form,
solvable by computer simulation as follows:

and
Cv] = [R][i] + [L] pti] + wr[G][i]

Tshaft = Te

j (1)

where, [v], [i], [R], [L] and [G] are voltage, current,
resistance, transformer inductance and rotational inductance
matrices, while other symbols have their usual meanings
[13,17], with p denoting derivative w.r.t. time. The effect
of cross saturation is incorporated by making suitable
modifications in the elements of the matrix, [L] using
magnetic inductance Lm = \Ym\ I I1' I and its derivative
dLn/dl'iJ' as d e t a U e d in ref- [13]. The magnetization
characteristic of the experimental machine along with its
other details are given in Appendix-I.

2.1.2 Load Side Equations '

Cv J = R p[u ] + (1/C )[u ]
and (2)

where
[is] = p[uh]

[V = [Vsd Vsq] ' [uh] " Cuhd

lV " lued ueqJ ' '

and also [vg] = (1/Ch) [U(i]

isd

[ufi] and [uh] are charge matrices for capacitors, C and
Ch, respectively, [y = [ij = ptue], is the matrix for
current through Cg and RL, while [ig] represent the stator
current matrix.

=[L]
-1

p[ w r ] = ( 2 / J K T s h a f t - V

p[ue]=(1/RL)Uv,.]-<1/Ce>[ue]>

(3)

2.3 Algorithm

Now, a suitable numerical technique (in the present
case, the well known Runge-Kutta method) is employed to
solve the differential equations (3) to obtain variation of
voltages, currents and charges w.r.t. time; after choosing
suitable initial values. The algorithm starts with an
assumption of a small charge on the shunt capacitor to help
voltage build-up process, and is given below:

1. Assume, at t = 0; Ci's3, Iue] = [0], [uh] =£[1 1] ,
(where, 6 = 0.001).
Calculate [v ] = [u.]/C, .

s h n
Call Runge Kutta Routine to solve for i , w , u and
u. using equations (3).
Increment time t and go to 2, until the system
assumes steady state condition.

3 RESULTS AND DISCUSSION

In this section, initially transient behaviour of the
simple shunt SEIG is studied, followed by that of the short
shunt configuration. The conditions studied include, load
perturbation, short circuit, loss of excitation and voltage
build up.

3.1 Simple Shunt SEIG

In this configuration, only shunt capacitor is connected
across the machine. The poor voltage regulation of the SEIG
is evident from its steady state load characteristics shown
in Fig. 2 for different values of capacitance. Further, for

m'each capacitance, there is a maximum output power P
extractable from the generator. For a capacitance of 18/(F/ph,
which corresponds to the maximum permissible voltage at no
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1.4
terminal voltage (p.u.)

1.2 -

0.8

0.6 simple shunt configuration
short shunt configuration

0.2 0.4 0.6 0.8 1 1.2

output power (p.u.)
Fig 2 Load Characteristics of the SEIG

load (1.06 p.u., for a permissible voltage regulation of
* 6 % ) , P is 0.53 p.u. at 0.83 p.u. voltage. If the generator
is loaded beyond this point, it becomes unstable and de-
excites as shown by dotted lines. Therefore, if the machine
is to deliver its rated power, the capacitance should be
varied from 18 /<F/ph to 25 /*F/ph using a suitable voltage
regulator [8,9].

3.1.1 Load Perturbation

An SEIG can sustain small loads applied suddenly. Fig.
3a shows the voltage build-up process of the SEIG after an 18
MF/ph capacitor bank is switched on to the terminals of the
machine after it is brought to rated speed. Then a 0.36 p.u.
load is switched on to the already excited machine. It is
seen from Fig. 3b that the SEIG smoothly settles down to a
new steady state condition.

However, as soon as an additional load corresponding to
0.2 p.u. is applied, the machine voltage quickly collapses
due to de-excitation, as shown in Fig. 3c.

appreciable surges are noticed in the voltage, which
collapses almost immediately as the machine de-excites.

Although, in some cases loss of excitation of the SEIG
due to overload or short circuit may be of advantage, it
could be disastrous in application like aircraft's power
supplies. The problem is further aggravated by the
uncertainty of the machine to re-excite after a short
circuit, unless some charge is provided [163. This is a
crucial aspect to be tackled in the operation of the SEIG
under field conditions. Users in far flung areas have often
reported difficulty in re-exciting the generator after short
circuit or sustained overloading, as a major hurdle affecting
continuity and reliability of the supply. Also, the de-
excitation of the machine is so fast that it is not capable
of adequately sustaining the fault current, to trip the
overcurrent protective devices. Thus, for many critical
applications, some type of excitation support system is
required for self excited generators. These systems, often
referred as field forcing schemes [18], produce more than
rated generator current for sufficient time to ensure that
the fault are cleared quickly and selectively enough to
preserve the integrity of the power system.

3.1.3 On Load Voltage Build-up

A simple shunt SEIG does not build voltage/self excite
if load is already connected to it [16]. Instead, the little
residual magnetism of the machine reduces to a very low
level, resulting in a difficult re-excitation of the machine,
a condition similar to that occurring after short circuit.

Thus, it is seen that apart from its poor voltage
regulation, a simple shunt SEIG has low overload capability
and suffers from problems related with loss of excitation on
short circuit or sustained overload conditions. In order to
operate the overcurrent protective devices during fault
conditions, it becomes necessary to employ a suitable field
forcing scheme.

3.1.2 Sudden Short Circuit 3.2 Short Shunt SEIG

From the above observations, it can be easily predicted
that the SEIG can not sustain self excitation on a short
circuit across the load. As shown in Fig. 3d, on the
application of a three-phase short circuit across the load,
there is a sudden rush of current of very short duration,
magnitude of which depends upon the voltage existing at the
capacitor terminals at the instant of short circuit. No

The steady state load characteristic of the SEIG under
short shunt configuration is also shown in Fig. 2. This
characteristic corresponds to the optimum value of capacitors
(Ch=16.7 ><F/ph and C =45 /«F/ph), for the minimum voltage
regulation, as given in ref. [1]. It is seen that the
machine has almost a flat load characteristic. Further, the
SEIG has a large steady state overload capability.

a b c ~d
Fig 3 Transient response of simple shunt SEIG; a voltage build-up, b switching of load, c overloading and d, short circuit



jd BTOBHBBIWPWHWW

_ j

Lgym
11™!

liil
Ifflli

i|

PiBH
Bmfi

aw™

IfUm

SIR!

m

Fdffll

if ||
Irffm

m iiliii

pmfilmtttoff

i

iH
HI

(H

H

•u

iili

i l l

Hi

Ulitittl

1
Iiliii

pi
I!
j

•MUttit

HI

iimi
HlfnTfpWMff

|jttU

Iffm!

!""T""

IB—
j
jiiij

^—

H

m

I I
111

| |
^^

HI

r ™

jiiUJli

wi

mm

—

l

m

M

ivy

W

w

i hi
V>

m
IP

w
1

—
IB

i

\

I
fiUii UMllliiiili
IBiiroiPili

! i

Fmil'

il

—
pwWDMI

iw i

• • • • " •

t Ime , 2 0 0 m s / d l v ; t ime , 200ms/d tv t ime , 200me/dlv ! t ime , 50ms/dtv t i m e , 200ms/dlv

a t> • c d P.
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3.2.1 Switching of Load

Fig. 4a shows switching of 1.0 p.u. load on to the
already excited SEIG. Experimental results are shown by
photographs, while the computational results are shown just
below the respective experimental ones. It is seen that
without any voltage or current surge, the generator quickly
settles to a new steady state condition. The percentage error
between the experimental and computational values of v., i. ,

vo and i are found to be 5%, 5%, 5.6% and 6%, respectively.
s s

Thus, a fairly good agreement between the experimental and
predicted results is noticed.

3.2.2 Load Perturbation

Fig. 4b shows the transient response of the system on
the sudden application and removal of 1.60 p.u. load after
the SEIG is brought up to rated voltage at no load. As can
be seen, the voltages and currents settle to respective new
steady state values, revealing the high over load capability
and good transient stability of the short shunt SEIG. For
this load, the winding current and the load voltage are 1.3
and 0.8 p.u., respectively. Again, during application and
removal of the load, there is no severe voltage/current
dip/overshoot.

3.2.3 Fault and Short Circuit Conditions

The following cases of three-phase fault and short
circuit conditions are studied for the short shunt SEIG
system.

1. Short circuit across load,
2. Short circuit across machine terminals,
3. Short circuit across series capacitors.

3.2.3.1 Short Circuit Across the Load

This is the most probable to occur among the three
cases. Response of the system to sudden application and also
the isolation of a short circuit across the load is shown in
Fig. 4c. It is seen that the generator does not de-excite
and continues to feed the fault. There is a large current
flowing through capacitors, as they are now charged to a
higher voltage.

Under this condition, the series capacitor comes in
parallel with the shunt capacitor and over-excites the
machine, which is now operating under no-load condition.
Now, the net capacitance (16.7 +45 = 61.7 /<F/ph) is much
more than that required for rated voltage at no load i.e.
16.7 /<F/ph. This results in excessive machine voltage and
current, which are 1.47 p.u. and 2.51 p.u., respectively.

While the rating of the shunt capacitor is voltage
based, that of the series capacitor is current based.
Therefore, as the nominal voltage rating of the shunt
capacitor corresponds to the rated supply voltage, the
nominal current rating of the series capacitor corresponds to
rated load current. Also, the short time rating of these
capacitors correspond to voltage and currents prevailing
during short circuit of the load.

In contrast to the simple shunt SEIG, now there is
adequate sustained current feeding to the fault to operate
the over current protective devices. Thus, the need of a
separate excitation support system, otherwise needed with the
simple shunt configuration is obviated resulting in highly
simplified setup.

3.2.3.2 Short Circuit Across Machine Terminals

This case is similar to the short circuit described for
simple shunt SEIG, wherein the machine immediately deexcites
and the voltage collapses, but as seen from Fig. 4d, the rush
in the machine current is absent in case of the short shunt
SEIG.

3.2.3.3. Short Circuit Across Series Capacitors

For this case the machine is subjected to overloading
condition as described in section 3.2.2 and after it reaches
steady state condition a short circuit is applied across the
series capacitors. The application of short circuit across
the series capacitors means their isolation, resulting in a
simple shunt configuration with only shunt capacitors
connected across the machine at the applied load. Since
the shunt capacitor alone is not sufficient to meet var
requirement of the system at such a high load, the generator
de-excites. Fig. 4e illustrates the sequence of the described
switching operation. If the series capacitors are isolated
during light load conditions, then the SEIG settles to a
stable state, to which the simple shunt configuration will
assume under the same loading condition.

3.2.4 Re-excitation and Onload Voltage Build-up

After de-excitation of the generator due to shorting at
machine terminals (case 2 in subsection 3.2.3), the short
shunt SEIG re-excites on the removal of the fault. In fact
the short shunt SEIG not only builds up the voltage after
loss of excitation, but it does so even if the load is
already connected to it. Fig. 5a shows the on load voltage
build up of the machine.

Fig 5a On load voltage build - up of the short shunt SEIG

Alternatively, a very fast voltage build-up can be
achieved by momentarily shorting the load, as shown in Fig.
5b. As compared to build-up process in simple shunt SEIG,
this time, the build up is much faster due to the
reinforcement of excitation process by series capacitors.
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When de-excitation occurs in simple shunt SEIG due to short
circuit, remanent flux in the machine falls too low a level
to help re-excitation of the system with only shunt
capacitance. However, in the case of short shunt
configuration, the parallel combination of series and shunt
capacitors is high enough to dig out the little remanent flux
in the magnetic circuit of the machine and builds up the
voltage.

Fig 5b A quick voltage build - up of the short shunt SEIG

From the foregoing discussion, it is seen that in
addition to its self regulating feature and good steady state
performance, the short shunt SEIG can sustain severe
switching transients, has good overload capability and can
re-excite even on load after loss of excitation. It is also
found that except for the most unusual circumstances (the
short circuit across the machine terminals or across the
series capacitors), the short shunt SEIG supplies adequate
fault current to enable overcurrent protective devices
operate.

4 CONCLUSIONS

Detailed investigation on the transient behaviour of the
self regulated short shunt SEIG has been carried out.
Extensive simulation and experimentation results have been
presented for a variety of dynamic conditions and a good
correlation between the two has been noticed. Salient
observations highlighting special features of the short shunt
SEIG have been discussed.

Following are the main observations of the
investigation.

the simple shunt SEIG not only has poor voltage
regulation and low overload capability but it also
suffers from problems related with loss of excitation,
re-excitation and short circuit.

the short shunt SEIG (hereafter referred as the
SEIG) has a good voltage regulation and high overload
capabi lity.

- the SEIG can sustain switching of load up to 1.60 p.u.
without loosing self excitation.

if the short circuit occurs at the load, the
machine sustains excitation and settles to a steady
state condition, at higher voltage and current. The
sustained fault current obviates the need to employ a
separate excitation support system in the case of short
shunt SEIG.

- the machine can self excite even when load is already

connected across its terminals.

even after loss of excitation due to short circuit
across the machine terminals, the machine rebuilds its
voltage on the removal of fault and the builds up
process is faster if the load is momemtarily shorted.

Thus, excellent steady state [1] performance along
with good transient response of the system, establish the
suitability of the short shunt SEIG for a simple, rugged and
self regulated stand alone generating system.
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APPENDIX - I

Name Plate Details

Frame - IEC 112M TEFC, Duty - SI, Ph - 3, Connection - A
Freq*- 50 Hz, Pole- 4, Power*- 3.7 kU, Volt/ph+ - 415,
Amp/ph* - 4.39- J " 0.0824 kg m2 (including the primemover)

(+ base quantities)

Equivalent Circuit Parameters

R = 0.053 p*u., Rp = 0.061 p.u., Xg = Xp = 0.087 p. u.

Torque Equation

T = (550-1.75 w ) N m (where, wp is in rad/sec)
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Fig A1 Variation of magnetising inductance (Lm) with

magnetising current d m )


