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Abstract

This paper presents the effect of magnetizing inductance in self-excitation and also the minimum and
maximum value of speeds necessary to initiate the self-excitation process in an isolated three-phase
induction generator for a given capacitance value and load. Wind powered self-excited induction
generators (SEIG) have an input which is not controllable, wind, but they can be set to operate
within a given variation of speed. During self-excitation the variation in the value of magnetizing
inductance, due to saturation, is the main factor that stabilizes the growing transient of generated
voltage and then to continue to oscillate at a particular frequency and voltage in the steady state.
Normaly attention is given to the value of magnetizing inductance around the rated voltage for
motoring application, but for SEIG the value of the magnetizing inductance varies, due to saturation,
as the generated voltage grows. The variation of magnetizing inductance, increasing at lower voltage
and then decreasing at higher voltage until it reaches the rated voltage, and its effect on self-

excitation is discussed in this paper. The simulation and experimental results are compared.

1. INTRODUCTION

It is well known that when capacitors are connected
across the stator terminals of an induction machine,
driven by an external prime mover, voltage will be
induced at its terminas [1]. The induced emf and
current in the stator windings will continue to rise until
steady stete is attained, influenced by the magnetic
saturation of the machine. At this operating point the
voltage and current will continue to oscillate at a given
peak value and frequency. In order for self-excitation
to occur, for a particular capacitance value there is a
corresponding minimum speed [2-4].

Self-excited induction generators are good candidates
for wind powered electric generation application
specially in remote areas, because they do not need
external power supply to produce the magnetic field.
Permanent magnet generators can also be used for
wind energy applications but they suffer from
uncontrollable magnetic field, which decays over a
period due to weakening of the magnets, and the
generated voltage tends to fall steeply with load. The
SEIG has a self-protection mechanism because the
voltage collapses when there is a short circuit at its
terminals. Further, the SEIGs have more advantages
such as cost, reduced maintenance, rugged and ssimple
construction, brush-less rotor (squirrel cage), etc.

In several papers, it has been reported that the value of
magnetizing reactance verses air-gap voltage is given
as a constant for the unsaturated, low value of air-gap
voltage, and then decreases when it saturates [5-8].
However, this representation does not reflect the
actual variation of magnetizing inductance and as a

result it does not show the actual phenomena during
the initiation of self-excitation. The magnetizing
inductance should be represented in such a way that it
depicts the actual value for each voltage. The
characteristics of the magnetizing inductance as the air
gap voltage increases from zero is that it starts at a
given value, increases until it reaches its maximum
value and then starts to decrease up to its rated value,
which is a saturated value. The reason for this
variation in magnetizing reactance and the effect on
self-excitation is discussed in this paper. As the
magnetizing reactance, X, is dependent on frequency,
magnetizing inductance, L, isused in the analysis.

Wang et a [9] and others[10-11] proposed an analysis
to predict both minimum and maximum vaues of
capacitance required for self-excitation of a three-
phase induction generator. Economically and
technically it is not advisable to choose the maximum
value of capacitance. Thisis due to the fact that for the
same voltage rating the higher capacitance value will
cost more. In addition, if the higher capacitance value
is chosen then there is a possibility that the current
flowing in the capacitor might exceed the rated current
of the dtator, due to the fact that the capacitive
reactance reduces as the capacitance value increases.

Wind speed can change from the minimum set point to
the maximum set point randomly and the SEIG can be
started at any point within the range of speed. It is
essential to find the minimum and maximum speed
required for self-excitation, when the generator is
loaded. In this paper the authors have aso developed
the analysis and calculation of the minimum and



maximum speeds, for self-excitation to occur, for a
particular value of capacitance.

2. SELF-EXCITED INDUCTION GENERATOR
MODELLING

The model for the SEIG is smilar to that of the
induction motor. To model the SEIG effectively, the
parameters should be measured accurately. The
parameters used in the SEIG can be obtained by
conducting tests on the induction generator when it is
used as a motor. The traditional tests used to
determine the parameters are the open circuit (no load)
test and the short circuit (locked rotor) test. Grantham
et a. [12] described a method of determining the
actual values of parameters rapidly and this method of
parameter determination is used in this paper.

The induction machine used as the SEIG in this
investigation is a three-phase wound rotor induction
motor with specification: 415V, 7.8A, 3.6kW, 50Hz,
and 4 poles. The conventional or the steady state
model is used by other authors to model the SEIG [10,
11, 13]. In this paper the d-q model is used because it
is easier to get the complete solution, transient and
steady state, of the self-excitation. The parameters
given in the d-q equivalent circuit shown in Fig.1 are
obtained by conducting parameter determination tests
on the above mentioned induction machine. Asiit is a
wound rotor induction machine there is no variation of
rotor parameters with speed. The parameters obtained
from the test at rated values of voltage and frequency
ae L<L=114mH, L,=180mH, R=1.66Q,
R=2.74Q. For motoring application these parameters
can be used directly. However, for SEIG application
the variation of L, with voltage should be taken into
consideration.
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Fig. 1 D-Q model of SEIG at no load @) d-axis
b) g-axis.
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In the above matrix equation Lg&LigtL,, and
L=L,+L,. The initia conditions for self-excitation,
namely the remnant magnetic flux in the rotor and/or
the initial charge in the capacitors are not considered
because they will be cancelled when both sides are
differentiated. Later the initial conditions will be taken
into consideration for simulation.
As given by Grantham et a. [2], the expansion of
Equation (1) leads to an 8" order differential equation
given by:
[Ap® +Bp® + Cp” + Dp+E]* +[Gp*]* =0(2)
(Correct expression, there is an error in the paper
Reference[2] )
Where
A=L%L c-L% cL,
B=L?R.c+2R,L,L . c-L?CR,
C=L%+2R,L,cR +(R?+w’L%)L c-L% co’L,
D=2R,L,+(R?+0’L?)R .c
E=R2+02L>
G=L%coR, and p=d/dt

During the steps in the analysis of the above
differential equation, the final 8" order differential
equation can be divided, or reduced, by the term
L’p*+2R L p+o’l2+R? and this results in an
expression with a sixth order differentia equation.
Whether it is an 8" order or a 6™ order differential

equation the points of self-excitation remains the
same, because the two roots that can be obtained by

factorizing L2p*+2R, L p+w’L2+R?=0
ae p+(R,-jo,L,)/L,=0 and
p+ (R, +jo,L,)/L,=0.

The real part of these two roots will aways be
negative, whatever the speed and capacitance values
are, whereas a positive root is required for self-
excitation. However, the mathematics for finding the
roots in the 6™ order case is simpler than for the 8"
order case.

3. MINIMUM SPEED AND CAPACITANCE FOR
SELF-EXCITATION

When the induction machine with capacitance
connected at its stator terminals, shown in Fig.1, is
driven by a prime mover, such as a wind turbine,
voltage will start to develop a a corresponding



minimum speed. The minimum speed for the onset of
self-excitation can be obtained by solving the roots of
the 8" order polynomial equation give in Equation (2)
or its smplified version which is a 6™ order and then
seaching if there is a positive red part of the roat.
Using this technique, at no load, the points of self-
excitation are givenin Fig. 2.
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Fig. 2 Values of cgpadtance and speel for
self-excitation at no load.

Fig. 2 compares cdculated and measured results and
aso shows the dfed of magnetizing inductance on the
onset of self-excitation by using the rated voltage
value of L, (i.e. 0.18H) and the unsaturated value of
0.25H. The different values of L,, are obtained from
Fig.3.

4. EFFECT OF MAGNETISING INDUCTANCE
ON SELF-EXCITATION

To model an induction macine when used for
motoring applicdion, it is important to determine the
magnetizing inductance d rated voltage. In the SEIG
the variation of magnetizing inductance is the main
fador in the dynamics of voltage build up and
stabili zation.

If the rated L, 0.178H, is used for determining the
onset of self-excitation there will be an error as own
in Fig. 2 represented by the aurve in broken line.

The magnetizing inductance L., used in this
experimental setup is given in Fig. 3, where the dots
are experimental results and the aurve is fourth order
curve fit given by

L, =-1.56x10"V} +2.44x10°V} -1.19x10°V}, A3)
+1.42x10°V,, +0.245

Where Vyhis the phase voltage. As can be observed in
Fig. 3, L, starts from a small er value then increases to
read its pe&k value and finaly starts to drop. This

change in L, is due to the daraderistics of the
magnetizing curve and the fad that

L=nZ2 @
di

Ascan be seenin Fig. 3, at the start of self- excitation-
point A, where the voltage is close to zero, L, is close
to 0.25H. Once sdf-excitation starts the generated
voltage will grow and then L, also increases up to
point B. Beyond padnt B, up to pant C, L, starts to
deaease while the voltage aontinues to grow until it
readesits sealy state value.
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Fig. 3 Variation of magnetizing inductance

with phase voltage.

Between point A and B is the unstable region. If the
SEIG starts to generate in this region, a small deaease
in speed will cause adeaease in voltage and this will
bring a deaease in L,, which in turn deaeases the
voltage and finally the voltage will coll apse to zero. If
the speead increases dowly and sometimes with zero
acceeration so that the operating point remains in the
region between A and B, there will not be awy self-
excitation even at high spead. When the increase of
wind speed has this charaderistic then there is a
posshility that self-excitation will not occur. To avoid
this problem the cgadtors sould be mnneded when
the spedal readies its st point becaise voltage build
up requires a transient phenomena in the region
between A and B.

Between point B and C is a stable operating region.
When the speal deaeases voltage will deaease and
L, increasesto have anew stealy state operating point
at lower voltage.

5. VARIATION OF SPEED WHILE THE SEIG IS
CONNECTED TO A LOAD

The SEIG can be loaded with a resistive load by
conneding aresistive load, R, acossthe cgadtor, C,



shown in Fig. 1. With resistive load Equation 1 is
modified to the following equation.
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Solving Equation (5) gives a solution similar to that
for Equation (2). Analyzing in a similar way, as
discussed in Section 2, the curves in Fig. 4 are
obtained for different load resistors.
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Fig. 4 Required capacitance and speed for
self-excitation with load, R, .

At a given capacitance value the wind speed can vary
without any warning. Without load the SEIG requires
only a minimum speed for self-excitation, but loaded
SEIG requires a minimum and maximum speed for
self-excitation as shown in Fig. 4. When R is large
the characteristic is similar to the no load self-
excitation case. If R_ is small, larger load, there is a
minimum and maximum speed to produce self-
excitation at a particular capacitance value.

The curves in Fig. 4 help to find the minimum and
maximum speed set points for a given capacitance
value. Once the minimum and maximum speed points
are obtained, the speed range for a safe generating
range can be identified. It is clear that a loaded
generator has different onset of self-excitation
characteristics at different load resistance. This helps
also to determine the speed range for the steady-state
generating characteristic of the SEIG. At high load
resistance or at no load the maximum speed is so high
that it is not necessary to take that into consideration.

6. SSIMULATION OF SEIG USING SIMNON

SIMNON [14] smulation software is used to predict
the generated voltage from a given three phase
induction machine rotating a a given speed with
appropriate capacitors connected at the stator
terminals. The simulation result shows that self-
excitation can be identified and the effects of different
values of initial conditions on self-excitation
investigated.

Derived from Equation (1) and including initia
conditions, i.e. initial voltage in the capacitors and
remnant magnetic flux in the core, one can obtain the
following differential equation.
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and L=L.L, -L2.
Kgand K, are constants which represent the initial

induced voltages along the d-axis and g-axis
respectively due to remnant magnetic flux in the core.
The simulation of self-excitation in one of the phases of
the SEIG, using SIMNON, isgivenin Fig. 5.
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Fig. 5 Simulated self-excitation at 1500rpm
and 60pF.

7.EXPERIMENTAL RESULTS

The induction machine was operated at 1500rpm
driven by a DC motor. Then a star connected capacitor
bank of 60uF was switched across the terminals of the
stator of the induction machine.
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The developed rated voltage in phase-a and the
variation of speed are shown in Fig. 6. As can be
observed from Fig. 6, the magnitude of the voltage
obtained experimentally is in agreement with the
simulated one shown in Fig. 5. The speed has dropped
because of the electrical losses in the induction
machine associated with the developed voltage. Due to
this drop in speed there is a dight drop in the
magnitude of the generated voltage.
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Fig. 6 Measured self-excitation at 60pF
(a) generated voltage (b)speed.

Fig. 7 shows self-excitation at lower speeds and the
corresponding generated lower voltage. At start due to
the transient the voltage builds up to its maximum
value. Due to the kinetic energy stored in the rotating
parts the speed will take some time to drop. The speed
drops due to the electrical power losses in the
induction motor and the DC motor that was used as a
prime mover. Here the drop in speed is exaggerated
because of the power loss in the resistor inserted in
series with the DC armature to control the speed by
armature voltage control.

Finally the SEIG was operated between point B and C
of Fig. 3 but very close to point B. In this case at the
steady lowest speed it will continue to generate
minimum steady voltage. Once the speed drops below
point B there will not be steady voltage generation, i.e.
there will be loss of self excitation. If the SEIG is
started from zero and reaches the steady low speed
mentioned previoudly, it can not self-excite. From Fig.
3 we can observe that to the right and left of point B
the magnetizing inductance will have the same value
but corresponding to different voltages. L, to the right
of B produces steady voltage generation.
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Fig.7 Measured self-excitation at 60pF
() generated voltage (b)speed.
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Fig.8 Measured self-excitation at 60pF
(a) generated voltage (b)speed.

Fig. 8 explains the operation of the induction generator
between point A and point B of Fig. 3. When the
capacitors are connected, due to the transient, voltage

will build up but it is not able to go beyond point B.

Even if it is heading to go beyond point B the voltage
is dropping to the region to the left of point B as a
result of speed drop associated with losses in the
electrical system. A decrease in voltage will result in a
decrease of L, which in turn decreases the generated

voltage. Once the voltage collapses there is no



transient phenomenon and there will not be voltage
build up when the speal increases once a&ain to its
initial value. Increasing the speed dlowly while
keeping the operating point between point A and B has
the dfed of losing the remnant magnetic flux of the
macdine and the madiine will not self-excite even at
1500 pm. This has aso been proved experimentally.

8. CONCLUSION

The variation in magnetizing inductance is the main
variable that influences whether there will be steady
state voltage generation or not in a SEIG. Use of the
variation in magnetizing inductance leads to an
acaurate prediction of whether or not self-excitation
will occur for various capadtance values and speedsin
both the loaded and unloaded cases. Once sdlf-
excitation has been initiated and a steady state
condition has been readed, the spead at which self-
excitation ceaes is always lower than the speed to
initiate self-excitation. A negative dope in whereby
the L, deaeases with increased voltages represent a
stable operating region. When the voltage dropsthe L,
increases and sets a new operating point. A positive
dope of L., represents unstable operating region and
this is confirmed using the experimental result. As
self-excitation requires a transient phenomenon, the
best way to indicae this transient is to switch in the
cgpadtors whil e the speed reades the desired value.

There is a minimum and maximum speed for which
self-excitation can occur without disconneding the
load. A loaded SEIG operating with a spedfic
cgpadtance can lose its slf-excitation if the speed is
incressed above or deaeased below given values. It
can be @ncluded that for aloaded SEIG higher speed
is not a guarantee for self-excitation. At no load the
limit for high speal is the mechanicd rating of the
machine.

For self-excitation it is not only the vaues of
cgpadtance and speel that matters but how these two
variables are gplied. If the sped is increased slowly
such that the voltage does not rise beyond a value
corresponding to the maximum L, there will be no
self-excitation. With this condition there is a
possbility of lossof remnant magnetic flux from the
core. Once the remnant magretic flux is lost the
induction machine has to be run as a motor or the
cgpadtors ould be pre-charged to enable the onset of
self-excitation.
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