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Abstract: Improvements in the performance of a three-phase self-excited induction generator (SEIG)
through series compensation are investigated. Both methods, namely short-shunt and long-shunt
configurations, of capacitive series compensation for the SEIG are analysed and compared for the
selection of capacitive elements. Computed results are compared with experimental results for resistive
and inductive loads to verify the developed algorithm and design of such a system.
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Introduction

Poor voltage regulation of the self-excited induction genera-
tor (SEIG), even at constant rotor speed, has been a major
bottleneck in its application for static loads. Steady increase
in capacitive VAR with load has to be achieved to main-
tain good voltage regulation. Several voltage regulating
schemes have been tried to achieve this aim [1-10]. These
schemes utilise switched capacitor or variable inductor or
saturable core reactor based closed-loop schemes. How-
ever, extra cost, complex system configuration and opera-
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tional problems, like harmonics and switching transients,
associated with these voltage regulators vitiate the advan-
tages of recommending an induction machine in isolated
power generation.

Inclusion of an additional series capacitor to provide
additional VAR with load is one of the attractive options
to improve voltage regulation of the SEIG [11, 12].
Although the compensating nature of series capacitance
was realised long ago, very little information is available on
its practical application in the SEIG. Bassett and Potter
[11] have described the effect of series capacitance on the
performance of the SEIG. Through experimental results,
significant improvement in the performance of the SEIG
has been shown. However, the introductory nature of this
paper restricts the scope of the study to qualitative descrip-
tion. Further, this paper does not throw any light on ana-
lytical methods and design tools.

Bim et al. [12] have presented the performance of a com-
pounded SEIG under the long-shunt configuration.
Through an approximate analysis it has been shown that
for a particular pair of capacitances, it is possible to achieve
an improved voltage regulation. However, no correlation
has been shown between experimental and theoretical
results. Due to approximated methodology, the study is
restricted to only a few aspects of the system. Further, their
study is limited to one particular configuration of com-
pounding.

prime
mover

induction
machine

capacitance

Fig. 1 Block diagram of the short-shunt SEIG system

The present paper, therefore, deals with the analysis of
series compensated SEIG. The study specifically deals with
the short-shunt configuration of capacitances as shown in
Fig. 1. The developed technique has been applied to the
short-shunt SEIG. Typical characteristics of the SEIG have
been presented and constraints on the selection of the val-
ues of the capacitances have been identified. A methodol-
ogy based on the sensitivity of the performance of the
SEIG to capacitances has been illustrated to select suitable
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values of the capacitances for a desired voltage regulation.
Results are also provided for the long-shunt configuration
of the SEIG and are compared with those of the short-
shunt SEIG. Extensive results are provided for both resis-
tive and inductive loads, and experimental results are given
along with predictions to verify effectiveness of the tech-
nique.

2 Modelling

The analytical techniques [8, 9] have been extended for the
short-shunt SEIG. The steady-state model of the system is
given here. The steady-state equivalent circuit of a short-
shunt SEIG with an inductive load connected at its termi-
nals is shown in Fig. 2.

Fig .2 Steady-state equivalent circuit of the short-shunt SEIG

Before computing the performance of the SEIG for the
given values of machine parameters, prime-mover speed,
load and capacitances, operating values of the magnetising
reactance Xm and the generated frequency F are estimated.
For this, the loop equation for the current Is is written as

ZIS = 0 . (1)

where

Z — Zrm + Zs + ZLC\ ZTm = ZrZm/(Zr + Zm)
Zr = {RrF/{F-u)+jFXlr}

Zm = jFXmRm/(Rm +jFXm)

ZS = RS+ jFXls- ZLc = ZLeZc/(ZLe + Zc)

ZLe = ZL + Ze; ZL = RL+ jFXL

Ze = -jXe/F; Zc = -jXh/F
(2)

Under steady-state self-excitation, Is cannot be equal to
zero. Therefore, from eqn. 1

Z = 0 (3)
Since Z is a complex quantity, it implies that both its real
and imaginary parts would be equal to zero.

Hence,

(Z)real = 0 and (Z)imag = 0 (4)

Eqn. 4 simplifies to the following set of nonlinear simulta-
neous equations:

and
i=0

i = 0

a2i+1)F
l = 0

b2i+l)Fi = 0

(5)

The coefficients a and b in eqn. 5 are functions of machine
parameters, load impedance, capacitance and speed, and
are obtained by simplifying eqn. 4 with the help of eqn. 2.
Values of these coefficients are given in the Appendix (Sec-
tion 6.1).

The set of polynomial equations (eqn. 5) can now be
solved by using a suitable numerical technique to find the
values of saturated magnetising reactance Xm and gener-
ated frequency F for the given values of machine parame-
ters, capacitances (Ch and Q), speed v and load RL, XL.

Once Xm and F are determined, the corresponding value
of the airgap voltage Vg is obtained from the magnetisation
characteristic of the machine.

With Vg, Xm, F, Xh Xe, v, RL, XL and known machine
parameters, calculation of the generator current Is, the gen-
erator terminal voltage Vs and other quantities is made
using the equivalent circuit of Fig. 1 as follows:

Is = Vg/(Zrm + Zs)

IT = Vg/Zr

Vs = Vg-IsZs

II = IsZc/(ZLe + Zc

vL = iLzL

Pout = 3|^i| RL (6)

3 Results and discussion

Performance of the 3.7kW SEIG (detailed data are given in
the Appendix (Section 6.2)) has been investigated using the
model developed in the previous Section. The Newton-
Raphson method is used to solve the polynomial in this
model. A case of constant speed SEIG feeding power to
static loads has been considered highlighting voltage regula-
tion aspects.

3.1 Short-shunt configuration
Characteristics of the short-shunt SEIG feeding power to a
resistive load are shown in Fig. 3. It is seen that the varia-
tion of the load voltage with the output power is marginal.
Further, the inclusion of series capacitance results in the
higher overload capability of the system.
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. 3 Typical characteristics ofthe short-shunt SEIG
17.0uF, ce = 45.0uF

1.4 1.6

The effect of series capacitance on the performance of
the SEIG is shown in Figs. 4-6. While at no-load, the char-
acteristics of the short-shunt SEIG are not affected by the
series capacitance Ce value of VL and hence voltage regula-
tion at a given load is dependent on Q. A larger value of
Ce results in a lower generator terminal voltage Vs and
winding current Is, as shown in Figs. 5 and 6. This means
that the values of VL, Vs and Is will have a bearing on the
selection of Ce.

Variation in the voltage regulation of the short-shunt
SEIG at rated output power with Q, for different values of
Ch, is shown in Fig. 7. Here, the difference between the
load voltage at rated output power and the rated voltage is
considered as a measure of voltage regulation. It is seen
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Fig. 4 Effect of series capacitance on the characteristics of the short-shunt
SEIG
ch = 17.0uF
+++ ce = 30.0uF
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Fig. 5 Effect of series capacitance on the characteristics of the short-shunt
SEIG
ch = 17.0uF
+++ ce = 30.0uF
OOO ce = 45.0uF
* * * ce = 70.0uF
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Fig. 6 Effect of series capacitance on the characteristics of the short-shunt
SEIG
ch - 17.0uF
+++ ce = 30.0uF
OOO ce = 45.0uF
* * * ce = 70.0uF

that for each value of Ch, there is a distinct minimum in the
voltage regulation curve. For every value of voltage regula-
tion above the minimum, there are two corresponding val-
ues of Q. The lower value of Ce results in higher Vs and Is,
as shown by characteristics drawn in Figs. 8 and 9. Con-
sidering a permissible voltage regulation of ±6%, the region
enclosed by the lines AB and CD in Fig. 7 gives different
possible combinations of Ce and Ch, from which a suitable
combination can be selected. Further, by allowing a maxi-
mum generator terminal voltage of 1.06p.u., a correspond-

ing locus is drawn in Fig. 7 to obtain a line EF. This locus
is obtained by projecting points corresponding to Vs = 1.06
of Fig. 8.

0 20 14040 60 80 100 120
series capocitance C e ,uF

Fig. 7 Characteristics of the short-shunt SEIG at rated output power for dif-
ferent values of shunt capacitance
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Fig. 8 Characteristics of the short-shunt SEIG at rated output power for dif-
ferent values of shunt capacitance
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Fig .9 Characteristics of the short-shunt SEIG at rated output power for dif-
ferent values of shunt capacitance

Similarly, if values of Ce and Ch have to be chosen so
that Is remains within 1.0 p.u., then the line GH shows the
locus for Is = 1.0 projected from Fig. 9 on Fig. 7. However,
the locus of Vs - 1.06, i.e. line EF is sufficient to incorpo-
rate the constraint on Is. Thus, we have the region BEF
which encloses the combinations of Ce and Q, such that
any combination chosen from the region will conform to
the conditions 0.94 <, VL <, 1.06, Vs <, 1.06 and Js <. 1.0.
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Before choosing a suitable combination of Ce and Q, it is
desirable to know the effect of Ch on the general character-
istics of the short-shunt SEIG.

The effect of Ch on the characteristics of the SEIG is
shown in Figs. 10-12. A larger value of Ch results in higher
Vs, VL and /,. From Fig. 10 it is seen that at part load,
there is a dip in the characteristics of the SEIG showing
variation of load voltage with output power. The dip is
more prominent at lower values of Ch. To obtain a load
voltage which remains above the minimum permissible
value Vmjn (here Vmin = 0.94p.u.) throughout the operating
range of the SEIG, the value of Ch should be chosen so
that the dip at part load is accounted for. Thus, to account
for the dip at part load, the permissible variation in load
voltage at no load is reduced from ±6% to, 0 - +6%, i.e. by
considering Vmjn at 1 .Op.u. For this, we have a range of Q
from 18.0 to 16.7uF/ph. Now permitting only this range of
variation in Q, a locus IJ is drawn for Q = 16.7uF/ph in
Fig. 7. Finally, we obtain a region BKIF, which gives com-
binations of Ch and Ce by incorporating constraints at
rated load, part load and no load conditions.
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Fig. 11 Effect of shunt capacitance on the characteristics of the short-shunt

ce = 45.0uF
+++ ch = 18.0uF
OOO ch = 17.0uF
* * * ch = 15.3uF

Thus, it is seen that for the chosen combination of capac-
itances, the desired performance of the SEIG with good

voltage regulation is obtained. Selection of suitable values
of Q and Ch can similarly be made for any other limiting
values of Vs, VL and Is. Also, more than one combination
of Ce and Ch are available for a given set of conditions.
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Fig . 12 Effect of shunt capacitance on the characteristics of the short-shunt
SEIG
ce = 45.0uF
+++ ch = 18.0uF
OOO ch = 17.0uF
* * * ck = 15.3uF

3.2 Long-shunt configuration
At this juncture it is worth comparing the performance of
the short-shunt SEIG with that of the long-shunt SEIG. In
the long-shunt SEIG, the series capacitance is placed
between the generator terminals and the shunt capacitance,
as shown in Fig. 13. The performance of the long-shunt
SEIG is analysed by extending the technique described for
the short-shunt SEIG.

shunt
capacitance

Fig. 13 Block diagram of the long-shunt SEIG system

The selection of suitable values of capacitances Cn and
Ch can be made by drawing loci of Vs and Is on the voltage
regulation curves, as described for the short-shunt SEIG.
Figs. 14-16 show the variation of voltage regulation, gener-
ator terminal voltage and winding current at rated output
power, for different values of the shunt capacitance. Region
BIF drawn in Fig. 14 encloses possible combinations of Cn

and Ch, to the condition Vs <, 1.06, 0.94 < VL <. 1.06 and Is

s 1.0. The minimum value of the series capacitance giving
an acceptable performance is 170uF/ph. This value of
capacitance is much higher than that required in short-
shunt SEIG under identical constraints. Fig. 17 shows the
characteristics of the SEIG for Cn = 200uF and Ch -
26.5uF/ph. It is seen that characteristics as good as those
obtained with short-shunt configuration are obtained. The
values of Vs, VL and Is at rated output power are 1.04, 0.95
and 0.85p.u., respectively, which are well within the con-
straints laid on the performance. Thus, it is again seen that
by suitably choosing the values of the series and shunt
capacitances, desired characteristics of the long-shunt SEIG
can be obtained. Further, the available combination of the
capacitances are more than one.

As compared to the short-shunt configuration, the value
of total capacitance, i.e. sum of series and shunt capaci-
tances required to achieve a desired performance, is much
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higher for the long-shunt configuration. This can be
explained by knowing what happens at the no load condi-
tion. At no load, the generator terminal voltage is solely
decided by the shunt capacitance for the short-shunt SEIG.
While for the long-shunt configuration, it is decided by the
series combination of the two capacitances, i.e. CnCfj{Cn +
Ch). Hence, for a given excitation, i.e. to produce an effect
equal to that of Q in the short-shunt SEIG, Cn and Ch in
the long-shunt configuration will have to be of sufficiently
large values. Fig. 18 shows the combinations of Cn and Ch

required to obtain a desired terminal voltage, which illus-
trates this point.

250

200

150

g- 100

50

15 20 25 30 35 40 45 50 55 60 65
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F i g . 18 Combinations of capacitances of long-shunt SEIG for obtaining dif-
ferent generator terminal voltages at no load
(i) no load Vs - 1.20 equivalent c^ - 24uF in short-shunt configuration: (ii) 1.10,
20.0: (iii) 1.06, 18.0: (iv) 1.00, 16.7: (v) 0.94, 15.3, respectively

Table 1: Comparison of capacitance requirement in long-
and short-shunt configurations

Short shunt Long shunt

Shunt, uf/ph

Series, uF/ph

Total

16.7

60.0

76.2

20.2

170.0

192.2

Constraints: Vs s 1.06,0.94 < VL s 1.06 and Is s 1.0

Table 1 gives the minimum capacitances required for
short- and long-shunt SEIG for identical constraints on the
performance. The preference of the short-shunt over the
long-shunt configuration is clearly demonstrated by the val-
ues of the capacitances.

3.3 Inductive load
Fig. 19 shows characteristics of the short-shunt SEIG with
an inductive load power factor of 0.90. Variation of voltage
regulation, VL and Is at rated output power with series
capacitance for different values of Ch are also shown in
Figs. 20-22. Selection of suitable combinations of Ch and
Ce can be obtained by the procedure described earlier for
the resistive load. The region BKID in Fig. 20 encloses the
permissible combinations of Ce and Ch to obtain voltage
regulation within ±6% subjected to the condition Vs s 1.06
and Is <s 1.0. The minimum values of the capacitances
required for obtaining performance within these conditions
are Ce = 75uF/ph and Ch - 16.7uF/ph. The characteristics
shown in Figs. 20-22 are for Ce = 102uF/ph and Ch =
17uF/ph, chosen from the enclosed region in Figs. 20-22. It
is seen that the voltage regulation feature of the series
capacitance with inductive load is as effective as with the
resistive load.

Thus, it has been shown that by using suitable values of
series and shunt capacitances, it is possible to obtain almost
a flat load voltage characteristics of the SEIG without
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F i g . 19 Characteristics of short-shunt SEIG for inductive load
Power factor = 0.9, ce = 16.7uF, ch = 102uF
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F i g . 20 Characteristics of the short-shunt SEIG with inductive load at rated
output power for different values of shunt capacitance
Power factor = 0.9, ch = 16.7uF
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F i g . 22 Characteristics of the short-shunt SEIG with inductive load at rated
output power for different values of shunt capacitance
Power factor = 0.9

unduly stressing the voltage and current of the generator.
Similar characteristics can be obtained in both short-shunt
and long-shunt configuration, however, the former out-
scores the latter due to a large difference in the values of
the capacitances.

4 Conclusions

The possibility of improving voltage regulation of the
SEIG by using an additional capacitance in series with the
load has been investigated. It is observed that by using an
additional capacitance in series with the load, it is possible
to obtain an almost flat load voltage characteristics of the
SEIG, giving improved voltage regulation and a high over-
load capability. It is found that there is more than one
combination of the capacitances for the given set of con-
straints. Almost similar characteristics can be obtained for
the short-shunt as for the long-shunt configuration. How-
ever, lower values of the capacitances required for the
short-shunt configuration favour its selection for economic
reasons. Thus, the excellent performance of the short-shunt
SEIG system demonstrates the usefulness of the series
capacitance in improving the performance of the SEIG.
With its almost flat load voltage characteristics and high
overload capablity, the inherent drawbacks of the simple
shunt SEIG are taken care of, which suggests its suitability
as a simple, rugged and self-regulated stand alone genera-
tor.
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6 Appendix

6.1 Coefficients of polynomials in eqn. 5
a0 = Xb Xlr XL, a, = 0.0; a2 = - Xb Xlr XL v; a3 = 0.0

a4 = -{(Xls + Xlr) RL - (R, + Rr) XL)Rm - (RL(RS Xlr + Rr

Xlr) - (Xe - Xh) X, Xlr + (Xb Xh + Rs Rr) XL)
a5 — (T-RL Xls Xlr ~ (Rs Xlr

 + ^-r -̂ fa) X£)Rm

a6 = v(((Z& + Xlr) RL - (Rs + Rr) XL) + Rs XL)Rm - v((Xe -
Xlr - Xir R-L RS - Xlr Xh XL)
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a7 = v((RL Xk X,r - (Rs X,r + Rr Xb) XL) + Xlr Rs XL)Rm

as = (Xh RL - (Xe - Xh) (Rs + Rr))Rm ~ (~Xh Rr RL + Xtr Xh
Xe + (Xe-Xh)RrRs)
ag = (XL Xh RL - (Xe - Xh) (Rs Xlr + Rr Xk) + RL Rr Rs +
Rr Xh XL)Rm

aw = (-Xh RL + (Xe - Xh) Rs)Rm + vXeXh XL

an = ((v (~Xh RL + (Xe - Xh) Rs)) XL)Rm; ai2 = 0.0; an =
%e Xh Rr Rm

^o = ~~{Xlr + Xk) XL Rm - RL Xk Xir - (Rs Xir + Rr -̂ is) XL;
b\ = -Xb Xlr XL Rm

b2 = v(Xk + X,r)Rm XL + v((RL X,2 - (Rs Xh + Rr Xb) XL )

b4 = (Xe - Xh) (Xls + Xk) + (Rs + Rr) RL + Xh XL)Rm + XL

Xh RL — (Xe — X/,) (Rs Xjr + Rr Xk) + RL Rr Rs + Rr Xh XL

b5 = (RL (Rs Xlr + Rr Xir) - (Xe - Xh) Xb Xir + (Xk Xh + Rs

Rr) XL) Rm

b6 = v{{Xe - Xh) [Xb + Xlr) -RLRS- Xh XL)Rm + (v(-Xh RL

+ {Xe-Xh)Rs))XL

b-j - v((Xe - Xh) Xk X^ ~ Xir RL RS - Xir Xh XL)Rm; bs = Xc

XeRm
 + Xe Xh Rr

b9 = (-Xh Rr RL + Xk Xh Xe + (Xe - Xh) Rr Rs)Rm; bw = -v
Xe Xh Rm; bn = -v Xe Xh XL Rm

6.2 Induction machine
3.7kW/5 HP, three-phase, four-pole, 50Hz, 415V, 7.6A,
1420rpm, delta connection

base voltage/current = rated voltage/current = 415V/4.39A

Rs = 0.0533p.u., Rr = 0.061p.u., Xk = Xlr = 0.087p.u., Xm

= 2.25p.u., Rm - 28.5p.u.

VJF = 2.7199 - 0.8132Zm; 2.3 s Xm; VJF = 1.4495 -
02552Z; Xm s 2.3
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