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Voltage Control of Isolated Self-Excited Induction Generator

through Series Compensation

Abstract. Self-excited induction generators (SEIG) are used in isolated areas to generate electrical energy. In spite of their advantages (low cost,
ease of maintenance, etc.) they have poor voltage regulation, even at constant rotor speed. Several voltage regulating schemes using an additional
series capacitor to provide additional capacitive VAR with load has been proposed in the literature. In this paper the performance of SEIG through
series compensation is investigated comparing computed and experimental results for resistive loads.

Streszczenie. Samowzbudne generator indukcyjne sg stosowane do wytwarzania energii w izolowanych lokalizacjach. Wadg ich jest staba
mozliwo$¢ kontroli napigcia, nawet przy statej predkosci wirnika. W artykule zaproponowano nowg metode kontroli wykorzystujgca szeregowg
kompensacje mocy. (Sterowanie napieciem samowzbudnego generatora indukcyjnego przy wykorzystaniu szeregowej kompensacji mocy)

Keywords: Self-excited induction generator

Stowa kluczowe: genersator samowzbudny indukcyjny, kontrola napiecia..

Introduction

Recent developments on distributed power generation
have increased the research on suitable generating
systems for remote areas using locally available renewable
energy sources such as small hydro and wind. Self-excited
induction generators (SEIGs) are considered as a viable
option due to its specific advantages compared to a
conventional synchronous generator [1], among others, one
of the key advantages is the inherent over load protection,
at the occurrence of a fault. Current will be limited by the
excitation, and the machine voltage will collapse
immediately. SEIG builds its voltage from residual
magnetism, with the help an a.c. capacitor bank that
provides the required reactive power from the induction
machine. These capacitors are connected in parallel with
the SEIG. References [2, 3] present an exhaustive survey
about this theme. Anyway, the fundamental problem with
SEIGs is its inability to control the terminal voltage and
frequency under non-constant load and speed conditions.
To regulate the voltage of a SEIG with changing load and
speed, self-excitation capacitors may be supplemented with
an active external source of reactive power. The function of
the voltage regulator is to maintain the output voltage of the
generator within a given operating range.

Different methods have been proposed in the literature
for regulating the voltage of the SEIGs [4]. The scheme
based on switched capacitors [5] finds limited application
because it regulates the terminal voltage in discrete steps
and it may create switching transients. Also a shunt-
connected saturable core reactor may be used as a variable
VAR generator. The static VAR compensators (SVC) use a
capacitor and inductor with fast switches (GTO's, thyristors
or IGBT’s). Most recent methods are mainly based on
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either voltage-or-current static capacitors STATCOMSs [6, 7]
that are based on a DC/AC converter (or inverter), which is
able to generate leading o lagging reactive power. These
last two methods are often found to be complex with
reduced reliability as electronic circuits used therein are
prone to failure in field application, and the switching injects
harmonics in the line current of the system. Use of
additional passive elements to provide self-regulating
features therefore was considered worthy of exploration [8-
10]. Inclusion of series capacitors to provide additional
reactive power with loading is one of the attractive options
to improve the regulation of SEIGs. Bim, Szajner and
Burian [9] have demonstrated this capability of providing
almost flat voltage profile experimentally. Chan [10] has
also demonstrated that the long-shunt compensation can be
employed to maintain load voltage under various load
currents.

While the analysis of SEIG with only shunt capacitors
(excitation capacitors) has been well documented [2-3], it is
necessary to develop suitable analytical methods to predict
the performance of SEIG with series capacitors to facilitate
the design of this stand-alone generating unit. In this paper,
the voltage control of isolated self-excited induction
generator through series compensation is studied. Based
on a normalized equivalent circuit model, an analytical
method to predict the performance of SEIG in two different
cases is developed: 1) output voltage with self-excitation
capacitors but without series capacitors and 2) voltage
regulation with self-excitation capacitors and including
series capacitors. The analytical results are compared with
experimental results for resistive loads, verifying the
performance of the control method with series capacitors.
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Fig.1. Schematic of the self-excited induction generator with series compensation
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Modelling a self-excited induction generator with series
compensation

Fig. 1 shows the basic scheme of an SEIG, consists of
an induction machine driven by a prime mover which can be
a mini hydro turbine or a wind turbine, having three-phase
shunt and series capacitors (to provide self-excitation and
self-regulation respectively) and a variable three-phase
resistance load. The basis of system design is, firstly, to
determine the value of shunt capacitors to produce the self-
excitation of the generator and, secondly, to calculate the
value of series capacitors to ensure that the voltage and
frequency of the induction generator are within the desired
range. In mini hydro-turbines, the speed can be maintained
fairly constant and the voltage regulator (series capacitors)
has to maintain the terminal voltage constant at varying
loads since frequency drop with load is found to be
insignificant. Any voltage regulating scheme has to increase
in capacitive VAR with load. The series capacitors achieve
this goal under certain conditions, since additional VARs
are added as load current increases.

The steady-state equivalent circuit from the scheme of
Fig. 1, for any given self-excited frequency f, is shown in
Fig. 2 in which base-frequency values of reactances are
retained while the stator and rotor resistances and
capacitive reactances are suitable modified. The
parameters R, R, Xi, X", X,, Xc and X all referred to the
rated o base-frequency f; by using a factor a=f./f; (a is the
per-unit electric frequency). If the shaft speed is expressed
as the factor b of rated o base-synchronous speed (b is the
per-unit rotor speed), then slip is defined by s= (a-b)/a. In
this circuit, only the magnetizing reactance is assumed to
be affected by magnetic saturation, and all other
parameters are assumed to be constant. In addition, core
losses and the effect of the harmonics are ignored.
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Fig.2. Steady-state equivalent circuit of the SEIG with series
compensation and resistive load

The steady-state analysis of the SEIG involves solution
of the following problem: given the machine parameters,
speed, excitation capacitance, series capacitance and load
resistance, it is necessary to determine the value of per-unit
electric frequency « and the magnetizing reactance X,
which enable the balance of active and reactive power
across the air gap to be satisfied. Two different solution
methods have been proposed, namely, the loop impedance
method as used by Murthy et. al. [12] and the nodal
admittance method as proposed by Ouazene et. al. [13].
Applying this latest nodal admittance method to the circuit
from Fig. 2, the total current at node A may be given by:

(1) %(YAC +Y, +Y,p)=0

Therefore, under steady-state self-excitation, the total
admittance must be zero, since E;=0.

(2) YAC+Y/J+YAD:0
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where:
Ry .
pTE 1 1
G) Yuc=7"35 Yy = r
[ R ] n JA u
X5
a-b

and the admittance Y,pis:

R
C (B -x)
4) Yyp=

Zyup+Zpp (R : )
R+ (X - X))
a

where R,and X, are:
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and condition (2), related to the total admittance, is rewritten

as:

R .
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v \2 X 2
\ u (R 2
6o ()t
a-b a

Equating to zero the real and imaginary parts in (6), the
following two equations are obtained:

Ri'Z (RI+RJ
(7) a=b - =0
{ Ry ] X7 (RlJfsz +(X1_Xt)2
a-b a
(8)
X, 1 (X -x,)

2 +X_+ 2
\ u (R 2
} X [;JFRJ +(x - X,)

Ry
a-b

Equation (7) when multiplied by E\?, is related to the
conservation principle of the real power, and equation (8)
when multiplied by E,%, corresponds to conservation of the
reactive power. For a given rotor speed, load impedance
and excitation and series capacitances, equation (7) is a
nonlinear equation in the variable «. After some algebraic
manipulations this equation can be expressed as a 7"
degree polynomial in a:

Aod! 6 4 Aedd + Asd® + A + Ana
©) ba' + Aga” + Asa” + Aga” + Aza” + Aya” +

Ala + AO =0
where the expressions of the coefficients A, to A,
(previously normalized by dividing each by R,> X¢°) can be
found in [14].

Solving this equation, real and complex roots are
obtained, but only the real ones have a physical
significance. Having calculated the value of the variable q,
the reactance X, can be evaluated using equation (8). For
this purpose, this equation is rewritten as follow:

VN2
(Rl+aR,][ R ] X2
a a-b

u= ;
R [ R
(Xl *Xt)rfl)*Xz[lerRt)

(10)
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Fig.3. Scheme of the experimental setup

If X, is less than the unsaturated value, an operating
point exists and the corresponding air-gap e.m.f. E; can be
read from the magnetization curve (see Fig. 4). The
performance characteristics of the generator could be
estimated using the following relationships:

A.  Stator current

E Ei/a
(1) ==t.v,,= 1/
a
[‘ +jX1J+Rt +jX,
a

B. Rotor and load current

Ei/a
12 1y=Fly, - F
a 5 X
+
b JA2
_iXe
2 — X
I, =1 = =1, —=C
[T S T
a a’

C. Terminal stator voltage. Input and load power
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(13) VL:RLIL X V1=IL Rl_] u ;
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Experimental scheme and machine details

The scheme of the experimental setup is shown in Fig. 3
where a power analyser is included to measure all the
electric variables (voltages, currents, etc.). The induction
generator is a three-phase, 4 poles, 50 Hz, 380 V, 6.5 A, 3
kW, star-connected squirrel cage induction machine. This
machine was coupled to a separately excited d.c. drive
motor to provide different speeds. Two three-phase variable
capacitor banks were connected to the machine terminals
to obtain: 1) self-excited generator action (shunt
connection) and 2) voltage regulation (series connection). A
variable three-phase resistance bank was used to load the
induction generator.

Machine parameters required in the analysis were
determined experimentally using standard techniques. The
parameter values obtained were: R=2.03 Q, R,=2.3 Q,
X=4.15Q, X',=42 Q, X,=79 Q.

In order to determine the magnetizing reactance at
different airgap e.m.f.s. E;, the induction generator was
driven at synchronous speed (parameter 5=1) by the d.c.
motor. Then a variable voltage at base frequency
(parameter a=1) was applied and the input impedance per
phase was measured.
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Fig.4. Variation of E\/a with X,

Since the variation of X, with the air-gap flux is needed,
which is proportional to E\/a, it is necessary to calculate the
airgap e.m.f. by subtracting the voltage drop in the stator
impedance from the measured input impedance. X, at each
voltage is obtained by subtracting the stator impedance
from the measured input impedance. Fig. 4 shows the
experimental results relating E/a, with X, for the induction
generator of 3kW. Since it is necessary to know the value of
E\/a for a particular X, then X, for has been taken as the
independent variable. The variation of Ey/a with X, will be
nonlinear due the magnetic saturation. To simplify the
analysis, the variation under saturated region was linearized
using the approximate curve drawn in Fig. 4. The function
can be expressed by the following equation:

(14) £ /a =394-236X,; X, =100Q (unsaturated)

Simulation and experimental results

A. Load characteristics without series capacitors

In this first test, the induction generator is driven at a
constant speed of 1500 rpm (synchronous speed,
parameter b=1) by a separately excited dc motor. In this
test, series capacitors (X;=0) are not included and there are
only self-excitation capacitors with the following values: C=
40, 46, 50 and 56 pF per phase. The generator is gradually
loaded by decreasing the load resistance. Fig. 5 shows the
variation of load voltage versus load current (left) and load
power (right).

In this particular case, equation (9) becomes a 5"-
degree polynomial because the coefficients 4, and 4, are
zero. Solving this equation, four complex roots and one real
root are obtained. This latter value is selected as variable a
and it is substituted in equation (11), obtaining magnetizing
reactance X, value. Knowing X,, E\/a is evaluated (from Fig.
4) and then, with the help of equations (12), (13) and (14)
the generator response (evolution of the generator terminal
voltage as a function of load current and load power) is
obtained.

134 PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 1a/2012



300 T T T T T T T
T | | | | | | [ a0 F
280 — — O it et ETT ST T
foma ¥
2601 — Ny - RN~ - - -
°
g 240
s + | |
S P ok
R il C S B L LU
= TN | .
.
S | ~F | .
E 200 - - g - o TN oo
S I I ANl
> A
T80 — - 4 - -l - — b e
S | | | ol
160 I I I Y
e T i S
| | | «é
1o - - g - - - --r - - 4o
| | | | T
120 I I I | I | I
0 0.5 1 15 2 2.5 3 3.5 4

Load Current IL (A)

300
+

! ! 40 uF

B0F — — — — s OO -6 F

P —— I -0
*

201 ——— = it o Db
I T ~_.
® ~
& 240 — — — — i:u..,_t,\,,,
I * | LIy
S "~ * .
S 20 e %* ,,,,, :,,u
> M.~
o [t
g 200 - - - - RE S et (e Mt
) I LAY 1

.

2 180 — — — — R S e e
S | ]
3 ! i

160 — ——— 7 — —— — -

S
UOF — — — — + — — Sl
“r -..:_‘"
120 ! ! ! !
0 500 1000 1500 2000 2500

Load Power F‘L (w)

Fig.5. SEIG output voltage with load current and output voltage with load power without series capacitors

“-* Computer Simulation. “

Figure 5 shows that, if the induction generator operates
with self-excitation capacitors exclusively, voltage drops are
very high and the obtained load power is very small
compared with the rating power of the machine. With
C=40uF self-excitation capacitors, rated voltage of 230 V at
no-load condition (when load current is zero) is obtained,
but with higher values of capacitance, no-load voltages are
too high, which would be dangerous for the insulation of the
generator. A very good agreement can be noticed between
the computed and the measured values, which confirms the
validity of the equivalent circuit model and the accuracy of
proposed solution technique.

B. Load characteristics with series capacitors

SEIG with only self-excitation capacitors has a very poor
voltage regulation as observed from Fig. 5. For a given self-
excitation capacitance, load voltage decreases rapidly with
the increase of load current and the generated power is
much lower than rated power. By including series
capacitors voltage drops are reduced and generated power
is increased. This is due to when the load current increases,
the current passing through the series capacitors also
increases, and more magnetizing reactive power is supplied
to the induction generator, and hence voltage drop with load
will be less severe compared with that obtained in the
simple SEIG.

Again, the induction generator is driven at a constant
speed of 1500 rpm (parameter b=1) by a separately excited
dc motor. In this test only a self-excitation capacitance
(C=40 puF) is used because with this value, a rated voltage
of 230 V at no-load condition is obtained, as it is shown in
Fig. 5. Then, three values of series capacitances: Cs=50uF,
Cs=100 uF and Cs=150 pF are evaluated. For each value of
series capacitance, the generator is gradually loaded by
decreasing the load resistance. The main characteristics of
this SEIG with series capacitors are shown in Figures 6 and
7. It is shown in Fig. 6 (top) the variation of load voltage
versus load current and the generator voltage (terminal
voltage) versus load current (bottom). Fig. 7 shows the
variation of load voltage with load power.

In this case, equation (9) becomes a 7th-degree
polynomial and solving this equation, six complex and one
real roots are obtained. Substituting this latter value for the
variable « in the equation (11), the value of the magnetizing
reactance X, is obtained and finally, the generator response
is calculated.

The experimental values are very close to the
corresponding simulation results (as shown in Fig. 6 and 7).
In Fig. 6, voltage curves for capacitors Cg=100 pnF and
Cs=150 pF, are very similar, corresponding to capacitances
of the order of 2.5-4 times the self-excitation capacitance.
Both responses provide smaller voltage variations than for

* “Test point. ~=1500 rpm, C= 40, 46, 50 and 56 uF per phase, X=0.

capacitance value of Cs=50pF. However, it is shown that the
generator terminal voltage 7; (shown at the bottom of the
Fig. 6), for high load currents, is higher when the
capacitance values are Cg=50 or 100 pF, and it can produce
the magnetic saturation of induction generator. Therefore
the best solution for this laboratory machine implementation
is to choose the series capacitor value of Cs=150 uF. Fig. 7
shows load voltage versus load power: for Cs=50 uF the
load power is limited to 2000W, however with the
capacitances values of Cs=100 pF and Cs=150 uF, the
machine can deliver its rated power almost without voltage
drop. Therefore the inclusion of series capacitance results
in the higher overload capability of the machine.

240

> 220 -~ [
Y JE—

2 200 S0 uF

2 - 100 4F
2 180 | === 150 4F |
S

160
0

Generator Voltage [V (V)

Load current(A)

Fig.6. SEIG output voltage and load voltage versus load current
with series capacitors.

“-* Computer Simulation. “ * “ Test point. ~=1500 rpm, C= 40uF
per phase, C=50-100-150uF.
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Fig.7. SEIG output voltage versus load power with series
capacitors

“- “ Computer Simulation. “ * “ Test point. ~=1500 rpm, C= 40uF
per phase, C=50-100-150uF.
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Conclusions

This paper presents a simple analytical method based
on nodal admittance to obtain the steady state
characteristics of an isolated self-excited induction
generator, namely, the simple SEIG, which has only self-
excitation capacitors, and SEIG with series compensation.
The method leads to two simultaneous equations which can
be solved to obtain saturated magnetizing reactances at
p.u. generated frequency (variable a) for the given machine
parameters, load resistances, speed, and capacitors (both
self-excitation o shunt and series). It is demonstrated that
the voltage regulation and power capability of the SEIG are
both remarkably improved with a proper choice of self-
excitation  capacitance and  series  capacitance.
Experimental results obtained on a 3kW laboratory machine
confirm the validity and accuracy of the proposed method.
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