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This paper presents a simple technique to determine both minimum and maximum values
of excitation capacitor required for isolated self-excited induction generator at various rotor
speeds and under different loading conditions. This technique determines, also, the critical
speed below which induction generator fails to excite irrespective of excitation capacitance
value. The proposed technique is based on eigen value analysis. To confirm the validity and
accuracy of this technique, the theoretical results have been compared with those obtained
experimentally.
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Excitation requirements for self-excited induction generators
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1. Introduction

Induction generators have been used since
early in the twentieth century, but by the
1960s they had largely disappeared from use.
However, induction generators have made a
comeback since oil price shocks of 1973, due
to the growing interest in renewable energy
generation systems. Induction generator, due
to its high reliability, robustness, low cost,
wide speed range and less maintenance
requirement, is ideal for wind and small
hydroelectric energy conversion [1-2].

Self-Excited Induction Generator (SEIG) is
basically a three-phase induction machine
driven by a prime mover with an external
capacitor bank connected to its terminal to
supply the reactive power required by the
generator and by any attached load, as shown
in fig. 1 To insure self-excitation a proper
value of the excitation capacitor must be
selected.

The capacitance required to initiate the
self-excitation process has been investigated
by many authors [3-7]. Chan [3], used a nodal
admittance method in which the minimum
exciting capacitance can be calculated by
solving a 6t order polynomial equation.
Harrington et al. [4],
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Fig. 1. Schematic diagram for SEIG.

proposed a method based on the analysis of
the complex impedance matrix of SEIG.
Chakraborty et al. [5] suggested methods
derived from loop and nodal analyses to find
different criteria for maintaining generator self
excitation. Alghuwainem [6], applied Newton-
Raphson technique to solve the system non-
linear equations at steady state to determine
the minimum excitation capacitance required
when the generator is driven by regulated and
unregulated turbine. Simulation of SEIG using
Matlab/Simulink was used by Gastli et al. [7],
to calculate both minimum and maximum
values of the excitation capacitance.

In this paper SEIG feeding a balanced
inductive load has been represented in state-
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space format as a linear force-free system (pX
= A.X). Based on the analysis of matrix A
eigen values, minimum and = maximum
excitation capacitance values have been
determined at various rotor speeds and under
different loading conditions. The critical speed
below which induction generator fails to
excite, irrespective of the value of capacitance
used, has been determined.

2. Mathematical model

The voltage equations of the three-phase
induction machine in actual winding axes may
be represented as,

(Vaw Zoa Zay Zye Zy 2y Zy Pa
Vol {Zba Zob Zbc Zoe Zbs Zw ||ip
Ve Zoga Zoy 2o Zo Zos Zgl|ic
Zrb Zrc: Zn' er Zn » ir
Vs 1Zg Zg Zg Zg Zg Zg||is
LVt I,Zta Zy 2Ly Zy Zy Zg|liy

Connecting three identical impedance,
each equals Z, in series with phase windings,

leads to the following combined voltage
equavion;

[v“' [zw Zs 2o Zu" 2 -Zoe 000 0N0ES
Vo | V2 2z 2 2 20 2 0101GI,
v |zw Z, 2. 2, 2, 7,00 0[;
v | 12« 24 2072, %2, z; ototolit:
v |=|20 Z4 2. 2, 2, 2, 0 0 0],
v |1z, 24 2. 2, 2, z; 0ol
Yw| |0 0 0 0 0 0 Z0 0lfin
lvp V0 0 0 0 0 0 0 Z 0ff'ws
lvwj (0 0 0 0 0 0 00 Zi]
1.e V=21

Since each impedance Z is connected in
series with the corresponding phase winding,
then they have the same current and the
following current transformation is deduced,

c - 00 C oo C - 0OQ
-CcC © 0 0 O =0 O
e 00 0 =0 o000
I - T - — - S I
cC o000 0C0COCOo
L )

ie. I = C1 I', consequently the transformed
impedance matrix Z° can be calculated from
the relation Z* = C1T Z Cy; [8].
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If the actual winding axes are transformed
to stationary axes by the transformation
matrix Cz, [8], where

[ 1 | 1 0 0 ]
ERIRE ¢
I B
2 -l —i 0 0 ’
Cy= = 2 2
3| 0 0 cos O sin O
0 0 cos(6- &) sin(6 - —2—’-‘-)
3 3
0 ' 0 cosle-3%) sin- 2%
L 3 3

then, Z’ =C3.Z .C =C3Zy.C3 +C3Z,Cy

"
Now Zm =Cg.Zm.Cz is the usual

machine impedance matrix in stationary
reference frame (d, q, D, Q axes),[8],namely,

Rg+Lp 0 Mp 0

o | 0 Ralp 0 Mp :

» % wp DEREEEEE A, | "
-Man Mp -L,o R,;+L;p

2,  =CJ.2y.C; is found to be:
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Z 0 0 o
" 0O Z 0 0
2y, =
0O 0 0 o0
0O 0 0 o0
Hence the matrix representing SEIG in

stationary reference frame is:

Rs+Lsp+Z 0 Mp 0
A 0 Rs+Lsp+Z O Mp
1 Mp M»  R+Lp Lw
-Mo Mp Lo R+Lp

The voltage equations in stationary reference
frame will be:

Vi| [Rg+Lgp+Z 0 Mp 0 Jig
| O Re+lp+tz 0 Mp ig
w|| Mp My R+Lp Lo |ip
Vo [ -Mo Mp  -Lo R+LpjiQ

The voltages of the a, b, c circuits, which are
closed, are zero. Consequently the voltages v4
and vq are both zero. Also, vp and vg are both
zero, since the rotor is short-circuited.
Therefore, the voltage equation may be
rewritten as:

0] [Re+lgp+Z O Mp 0 Jig
0 0 R+Lp+Z O Mp |ig
off Mp M R+lLp Lo |ip
0| -M» Mp -Lo R+Lpjiq
Le.
74l [Rg 0 0 01fiq
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o | | 0 Mo R, Luollip
{ 0 -Mo O -Lo R;||lQ

Lg O M 0 [ig

0 L s (o} M| ol

M 0 e 0 ip
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Thus the voltage equation can be written as,
v=Rdi + L.pi.

From which the current derivatives pi is
given by,

pi=L lv-LIRi. (1)

It should be noted that all machine
parameters are constant except the
magnetizing inductance, which is affected by
magnetic saturation.

3. State-space representation

Define the following state-variables;
x1=id,xa=iq,x3=ip,andm=io.

To write the derivative equations in the form
pX = A.X, let us consider first the terms Z.iy
and Z.i,.

The impedance Z is the per-phase load
impedance in parallel with the per-phase
excitation capacitance, i.e,

1
(R+ LP)(C—p) 4 R+Lp

Z= =— !
R+Lp+— LCp®+RCp+1
Cp

. (R +Lp).x1
Z.ld - 3
LCp“ +RCp +1
=RX5+LpX5=R.X5+LX6 -
where;

= (R +Lp)xs ,

o X]
LCp? +RCp +1

X5 and X¢ = pXs,

from which

Xe = i SR (2)
p 6=1c™ e 6
Similarly;
R + Lp).
LCp“ +RCp +1
where,
X7 X2 and Xs = pxz7

s LCp2 +RCp+1
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from which,

g 5 S ) B B (3)
PXg LC 2 LC 7 L 8

Now, L-lv is calculated :

-L,(Rxs5 + Lxg )
_1|-L;(Rx7 + Lxg)
" 4| M(Rxs +Lxg)

M(Rx7 + Lxg)

Llv (4)
where A = L,Lg - M2,

From eqs. (1-4) the state-space derivative
equations can be writtcrn as:

pX=AX,
where ,
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-M% -L,Rs -Mhw MR O O -L,R-LL
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4
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The system pX = A.X s a linear force-free
system, so it has a unique solution which is:
X =¢ (t). X;, where ¢ (t) is the state-transition
matrix, ¢ (t) = exp(A.t).

If Ai and yi are the ith eigen value and its
corresponding eigen vector of matrix A,
respectively, then [9]

$(t)=Y.F(t).Y],

where

Y=[y1 y2...y8 ], and

F(t) = diag.[ exp(Ait) exp(Aat) ... exp(Ast)]

Therefore, for the currents and

consequently the voltages to build up, the
induction generator must have residual
magnetism (initial ccnditions X,) and the
matrix A should have at least one eigen value
with a positive real part (dominant eigen
value). In this case the currents will increase
until the magnetizing current reaches the
saturation region, hence M begins to decrease
and the positive real part of the dominant
eigen value starts to decrease until it reaches
zero. At this particular point the currents and
consequently the voltage remains constant
and the induction generator reaches the
steady-state operating point. It should be
noted that the angular frequency of the stator
currents and voltages is the imaginary part of
the dominant eigen value. On the other hand
if all eigen values of the matrix A have a
negative real part, there will be no voltage
build up and excitation fails.

4. Numerical results

The machine used in this study was 1.5
kW, 415 V, 4.2 A, 4 pole, 50 Hz, three-phase
star- connected induction motor having the
following parameters:

Rs=1.37 Q, R, =3.39 Q,
M = 158 mH (unsaturated value),
Ls=L=M + 13.3 mH.

4.1. Locus of dominant eigen value

Fig. 2 shows the locus of one of the two
conjugate dominant eigen values, when the
excitation capacitance changes from 20 to
9000 pF. The generator is at no load and
driven at constant speed of 1500 rpm. Itis
obvious that if the excitation capacitance is
less than 59.4 uF, or greater than 3600 puF,
the dominant eigen value has a negative real
part and consequently there will be no voltage
build up. Therefore at this particular speed
the minimum capacitance for self-excitation is
59.4 pF and the maximum one is 3600 pF. It
should be noted that the stator current
angular frequency varies from 313.57 rad/s
(49.9 Hz) with the minimum capacitance to
101.77 rad/s (16.2 Hz) with the maximum
capacitance.
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4.2. Capacitance and speed limits

Fig. 3. shows the variation of both
minimum and maximum capacitance as a
function of rotor speed with different load
impedances at u.p.f. From this figure, the
critical speed below which the induction
generator fails to excite, irrespective of the
value of capacitance used, is found to be 159
rpIm.
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Fig. 2. Locus of the dominent eigen value.
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Fig. 3. Variation of capacitance limits as a function of
rotor speed.

Fig. 4 shows set of curves of magnetizing
inductance versus excitation capacitance for
various rotor speeds under no load condition.
To sustain self-excitation, the magnetizing
inductance should be less than or equal to the

unsaturated magnetizing inductance. It shows
clearly in fig. 4 that each curve, for rotor speed
higher than 159 rpm, intersecting with the
line M=158 mH at two points. These points are
the minimum and the maximum excitation
capacitance at this particular speed. The
curve for rotor speed of 159 rpm is tangent to
the line M=158 mH at C= 16000 pF. For rotor
speed less than 159 rpm their will be no
intersections and self-excitation will not be
developed.

The variation of the minimum excitation
capacitance with respect to the load power
factor is shown in fig. 5 for load impedance of
4, 2, 1 and 0.5 p.u., and with constant rotor
speed of 1500 rpm. It can be seen that -for
impedance of 0.5 p.u.- the excitation
capacitance should be greater than 206 puF to
insure self-excitation irrespective of the load
power factor.

5. Experimental results

In order to verify the validity of the proposed
technique, experiments were performed on the
above-mentioned induction machine and the
minimum excitation capacitance at different
speeds were measured. Fig. 6 shows the
calculated and the measured values of the
minimum excitation capacitance required to
initiate self-excitation at no load under various
rotor speeds. It is obvious that there is a good
agreement between measured and calculated
results.
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Fig. 4. M versus C curves.
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Fig. 6 Experimental results.

6. Conclusions

A direct and simple technique to determine
both minimum and maximum values of the
excitation capacitor required for stand alone
self-excited induction generator has been
presented. This technique is based on
examining the dominant eigen value of an 8%
order linear matrix representing the SEIG. The
effect of rotor speed as well as loading

conditions on the excitation capacitance limits
has been studied. The critical speed below
which induction generator fails to excite,
irrespective of the value of capacitance used,
has been determined. The analytical results
have been verified experimentally.

List of symbols
is the instantaneous stator currents

in phases a, b and c,
respectively, A.

ia, 1b, ic

va,Vb,Ve 18 the instantaneous stator voltages
in phases a, b and c, respectively, V.

ir, is, it is the instantaneous rotor currents
in phases r, s and t, respectively, A.

Vs,Vs,Vt 18 the instantaneous rotor voltages in

phases r, s and t, respectively, V.
id, iq is the instantaneous stator currents
in d and q axes coils, respectively.
is the instantaneous rotor currents
in d and q axes coils, respectively.
e is the per-phase excitation
capacitance, F.

ip, ig

Ls, L5 is the stator and rotor self-
inductances per-phase respectively,
5t

M is the magnetizing inductance, H.

P is the differential operator , d/dt.

R, L is the load resistance, and self-
inductance per-phase, respectively.

Rs, Rr is the stator and rotor resistances
per- phase, respectively, Q.

X is the state-space vector.

0 is the rotor angular displacement,
radi

) is the rotor angular velocity, rad/s.
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