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Study the influence of excitation capacitance chooses and
examines the use of external rotor capacitance techniques on
the performance induction generator
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Abstract

The generated voltage of the self — excited induction generator (SEIG) depending on the
wind velocity fluctuations , load variations and is mainly depend on choosing the proper value of
excitation capacitor .This value is very crucial for the self-excitation and voltage build-up as well
as voltage regulation in an SCIG. This paper presents simple and accurate approach to compute
the minimum value of capacitance required for initiating the voltage build-up and maximum
value which the machine fails to self excitation in a three-phase slip ring induction generator and
also attention is focused on the influence of external rotor capacitance along with the excitation
capacitance which were used to achieve the reactive power requirements and observing their
effect in building up the voltage. In this paper is the new method proposed based on the dq
Model techniques is developed to find the capacitance requirement under R-L load and resistive
load.
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INTRODUCTION

The inherited poor characteristic of the generated voltage and frequency under varying loading
conditions has limited the use of the self excited induction generator as a grid quality power feeder.
The basic theory and working principles of self excitation in induction machines has been known
for a long time[1] A wind power generation system generates electricity from wind energy and
typically comprises an induction generator coupled to a wind turbine. In a wind power generation
system, the mechanical energy of the wind turbine is converted into electrical energy by the
induction generator. (SCIG) is highly suitable to be driven by wind turbine because of its small size
and weight, robust construction and reduced maintenance cost [2-5]. In order to initiate voltage
generation by the induction generator (self-excitation), a leading reactive power is provided to the
stator windings of the generator by connecting a capacitor bank to the stator windings. The induced
e.m.f. and current in the stator winding starts rising and attains its steady-state value with frequency
dependent on rotor speed and machine parameters. The generated voltage is sustained at this
operating point till reactive power balance is maintained [3]. The voltage so generated is unstable in
the sense that its value changes drastically under various loading conditions. This, in turn, changes
the generated torque and the rotor speed varies causing further changes in the generated voltage.
This leads either to a collapse of the terminal voltage or building up to an excessively high value
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depending upon the values of the magnetizing inductance and the terminal (excitation) capacitance
[2,4,5].. Hence, it is necessary to determine the range of capacitance value to keep the machine in
excitation mode and regulate the generator terminal voltage within the limits. Tuning of capacitance
is required with the variation of rotor speed and loading conditions. This is an impractical task due
to the interdependence of the system variables, changing rotor speed and the system's non-linearity.
It is essential that the capacitance value of the capacitor bank is such that at a given rotor speed, the
generated voltage in the stator windings does not undergo large transients [4,6]. If the voltage
generated in the stator windings is not sustained and smooth, there will be vibrations in the wind
turbine leading to wear and tear of the wind turbine thereby reducing its life. In order to convert the
wind energy into electrical energy efficiently, it is important that the induction generator operates
smoothly i.e. voltage generated in the stator windings is sustained and is without transients.
Therefore, calculation of the capacitance value of the capacitor bank is very critical for the desired
operation of the induction generator. It is known that the induction generator operates in the
saturated region during the self-excitation phase. It is also known that the maximum value of
magnetizing inductance (Lmax) in the saturated region leads to sustained voltage generation in the
stator windings. Therefore, in order to accurately calculate the capacitance value it is essential to
know the maximum value of the magnetizing inductance in the saturated region. But this value is
not known and unavailable. However, it is known that the magnetizing inductance value in the
saturated region lies between zero and the Lmax value in the unsaturated region. For accurate
calculation of the capacitance value it is necessary to take into consideration the magnetizing
inductance value for the saturated region both in the steady state and dynamic state operating
conditions of the induction generator[5-7].

Two models are reported in literature [2,3,6,8] for the analysis of self-excited induction machine.
One is based on the per-phase equivalent approach and the other, the d-q axis model, is based on the
generalized machine theory. Most of the work is based on per-phase equivalent circuit approach,
which includes loop-impedance method [9] and the nodal admittance method [3,7,10]. In the per-
phase equivalent circuit approach, highly non-linear simultaneous equations in per unit frequency or
magnetizing reactance are solved using iterative methods to obtain minimum and maximum values
of the excitation capacitance. Apart from being time consuming, this method uses the steady-state
model and unsaturated magnetizing inductance value in the calculations. Hence, the minimum value
of capacitance so obtained is an over estimation. This capacitance value is able to initiate self-
excitation, but yields satisfactory results only under steady-state conditions. Higher value of
capacitance is not technically viable as there may be a possibility that the current flowing in the
capacitor might exceed the rated current of the stator, due to the fact that capacitive reactance
reduces as the capacitance value increases [9,11]. This will cause higher transient currents during
voltage build-up and hence more fluctuation in the mechanical load on the prime mover which may
excite oscillatory mode of the prime mover. The d-q model based approach yields better results as it
also captures transient phenomenon of the machine. But this is also an iterative approach and makes
use of unsaturated value of magnetizing inductance. Therefore, this method also yields an over
estimation of capacitance value. In view of the ongoing discussion, it is clear that there is a need to
calculate the minimum value of capacitance taking the magnetizing inductance value in the range of
saturated region which ensures self-excitation for a given induction generator.

The previous papers [3,10,12] proposed an analysis to predict both minimum and maximum
values 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. This
is 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 stator, 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. The previous papers [13-15] relay on numerical techniques and iterative
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procedures, which are used to solve the governing non-linear equations. Converging to the proper
solution in numerical techniques depend on the values of the initial guesses. It uses an approximate
model of induction generator and achieves the results comparable with the results of other
techniques. A simple and direct method is recommended for estimation of the minimum capacitance
It will provide good quality power with less harmonic distortion on load side with easy control of
voltage and frequency. The unique feature can be added with this concept is that it has a variable
additional rotor capacitance, which can be changed by an optically controlled converter, mounted
on the rotor shaft[16-18]. The optical coupling provided at rotor terminals eliminates the need for
costly slip rings that need brushes and maintenance. The rotor resistance can be changed and thus
controls the slip. This way, the power output in the system is controlled [19,20].

In previous literature there is no discussion about the minimum and maximum capacitance at the
same time influence of the external rotor capacitance self —excited induction generator and an
improvement in the voltage build up. In this paper the new method proposed to compute the
capacitance requirements of a self-excited induction generator. The proposed method differs from
previously published methods in the following aspects

(a) The advantage of the d-q model techniques is that it is powerful for analyzing the transient and
steady state conditions, giving the complete solution of any dynamics.

(b).The load and excitation capacitance branches in the equivalent circuit are decoupled to facilitate the
solution of the self-excited frequency.

(c).No trial-and-error procedure is involved; hence it may be regarded as a direct method.

(d.) Reduced computational effort as only a 4thdegree polynomial need to be solved to yield the value
of capacitance. = The main objectives of this study to investigate the influence of different
capacitors and examines the use of external t rotor capacitance techniques to determine how it
influences on the performance induction generator

2- Model of self — excited induction generator
2-1-Modeling at no-load

The d-q representation given in Fig. 1 can be redrawn in detail, in a stationary stator reference
frame, with separate direct and quadrature circuits as shown in Fig. 1.
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Fig(1) Detailed d-q model of SEIG in stationary reference frame at no-load (a) g-axis circuit (b) d-
axis circuit

The no-load SEIG state space model could be expressed as state space equations. M is the

mutual inductance between stator and rotor changing with the varying currents through the
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windings and relative position between stator and rotor. The derivation of the state space equation

are given by:

where R;- stator winding resistance, Q)

R, - rotor winding resistance, Q

L,, - magnetising inductance, H

L, - stator leakage inductance (L) + magnetising inductance (L,,), H

L, - rotor leakage inductance (L;) + magnetising inductance (L,,), H

@, - electrical rotor angular speed in rad/sec and p=d/dt, the differential operator.

2-2- Modeling with load

The stationary reference frame representation of a loaded self-excited induction generator is
shown in Fig. 2 and the equations used to analyze the loaded SEIG are modified from the equations
representing the unloaded SEIG.
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Fig. 2 d-q model of a loaded SEIG in a stationary reference frame (a) g-axis circuit (b) d-axis circuit
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The load SEIG state space model could be expressed as state space equations (2)
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where Z can be one of the following cases:
(@) Z=R + pL (inductive load)

(b) Z =R (pure resistive load)

(d) Z=R +1 1+ pC (capacitive load)

3. Proposed method to find general solution for capacitance
( 3-1) Excitation stator capacitor

The derivation of the state space equation (1) where the subscripts .s. and .r. are used to represent
stator and rotor quantities and .d. and .qg. represent direct and quadrature axis quantities espectively.
For a stationary reference frame (@ =0) and before excitation all terminal voltages are considered
to be zero. Using matrix partition equation ( 1 ) can be rewritten as
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det A(F) = C2X,"F® +2C2X X,F° +(C*(X," + X,(2RR + @, X))+ 2CL, X )F* +2(R, (R X, + Lo, X,)C*
+(LX+R X )C)F+(CRAX #(2C(RR L, +R X, + 0L, X,) + L%2))F + 2(R.CX, +R L,)F + X,

The 6th order polynomial obtained is as follows: where,

X, O00Rs L, OORy Ly; X; OOR, OO, Ly

Equation (2), after a series of algebraic manipulation can be expressed as a 6 degree polynomial in
fas
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Ag ----- A, are constants whose numerical values are obtained by using MATLAB Software
ackage where

A, =C?X,*F°®

A, = 2C*X,X,F®

A, (C*(X,” + X,(2R.R, + ®,°X,))+ 2CL, X,)F*

A, =2(R.(R X, + Lo, *X,)C? + (L,X #R X,)C)F?

A, = (C°R*X #+(2C(R.R, L, + R X, + @*L,X,) + L?2))F?
A =(RCX; +R L,)F

Ay = X,
where,
Li=Ls+ Lm;
I—2= I—r+ Lm;
X1=Lils = Ly;
Xo=Rs Lo+ R, Ly;
X3=R,+o L,

During the steps in the analysis of the above differential equation, the final 6™ order  differential
equation can be divided, or reduced, by the term

2 pg IR L 1}-!-{.-.13 12 +R*=0 Equation ( 12 ), after a series of algebraic manipulation
r o £ ‘ can be expressed as a 4" degree polynomial in f as

aftragPraf+afrag=0 el (13)

The derivation of these constants (coefficients) a4 to ap is given as.

ad=cg-aj ; a3=dg+hc+-al-bj; a2=eg+hd+ic-ma-bl; al=he+id-pa-bm al=ie-bp;

the mathematics for finding the roots in the 4th order case is simpler than for the 6th order case.
and this results in an expression with a 4th order differential equation. Whether it is an 4th order or
a 6th order differential equation the points of self-excitation remains the same, because the two
roots that can be obtained by factorizing

Lp°+2R_ L pto 12 +RI=0

are

pt (R, -jo,l..)/1L.. =0 and
p+(R +jo L )/L,=0

Equation (12) is a 4th order characteristic equation and it has four distinct roots which are first
order complex roots in the form of

(p-oy+ jo, ) p-o,-jo,)(p-0,+ jo,)(p-0, - jo,)
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If any of the roots has a positive real part, then at that given specific operating point there will be
self-excitation. The current and voltage will grow until the magnetizing inductance saturates and
makes the real part of the roots zero, which shows that there is a continuous oscillation (Alternating
Current and Voltage) as long as the prime mover is driving the induction generator. The excitation
capacitance required of the SEIG can be calculated from the equations

_af+b | e (14)
CcofP4df +e

S

The constants are given as

a=2nk(Lyr+Lyr+Lor+ Lo+ Ly +rp Lyt Lo):
b=-2 nN%*rp(Lyt+L,)
¢=-8m°K(LLyyt;+LL,r+ L1517 L Lygr; LoLag)
d=-8 TN(r L, Lyg+ ri Lol 1 oLy LT
e=-2nkrirr;

g=- A K(L Ly Ly Lo+ Ly Ly LIy L)
h=47"N(L;Ly+L1 Lo+ LoLy+ LLy+LLs)
=TI+ L

j=-16m"k(LL; Lyt LL,Ly+LL,L,)

3-2 External rotor capacitance
Similarly the excitation rotor capacitance required and frequency of the SEIG can be solve the
polynomial equation given by

B PHEfPHE B | i (15)
" D,f*+D,f2+D,f+D,

When the SEIG is operating under no load condition, there will current through the rotor
capacitor (Cr) and only shunt capacitor (Cs) will be effective in the circuit. Therefore, effect of Cr
is reflected on the no load performance of the SEIG. But when loaded, both shunt and rotor
capacitors will be effective. Hence, proper value of these elements can be chosen by first studying
the variation of no load terminal voltage with Ce.Having chosen a suitable value for Cs, the
influence of Cr can be studied by observing the effect of Cr on voltage regulation of the SEIG.
Appropriate value of Cg can be selected from the range of values thus obtained depending upon the
desired regulation and other operating constraints.With the real root of the frequencies from the
above it is possible to calculate the values of the Crand Cs.

Using this equation for a given frequency the value of the External Rotor Capacitance required for
the required voltage can be calculated. The variables are as given in APPENDIX. For different
values of capacitances the experiment were conducted and it was found that the value of the
frequencies calculated from the polynomial and experimental verification are nearly equal. These
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values can be used to predict the theoretically the minimum values of the terminal capacitance
required for self-excitation. Of course, for stable operation of the machine Cg must be slightly
greater than the minimum capacitance. Exact expressions for capacitor values under no-load,
resistive loads and corresponding output frequencies are derived.

4- Conditions for self-excitation in induction generator occur

From equation (1), the self-excitation process will start when the polynomial presented in
equation (13) has one root having a positive real part. Assuming a root is obtained in the form a; +
jB1 , as the capacitance C is increased, a; will change its sign from negative to positive passing
through a zero value. The corresponding value of capacitance C, at a; =0, is the minimum value
(C min) required to start the process of self excitation. As the capacitance C is increased further,
the sign of a;changes from positive to negative passing through another zero value. At this new
zero value of a4 , the corresponding capacitance is the maximum capacitance(C max).

5- Case study

5-1 Computer Algorithm

The induction machine used as the SEIG in this investigation is a three-phase induction motor
with specification: 4 pole, 415V star connected, 7.8A, 3.6kW, 50Hz. A 3-® variable capacitor bank
or a single capacitor was connected to the machine terminals to obtain self-excited induction
generator action. The measured machine parameters were:
areLIs=LIr=11.4mH, Lm=0.23H, Rs=1.6 Q, Rr=2.75 Q.

Another way of finding the minimum rotor speed and corresponding minimum capacitance required
for self-excitation is first to set the capacitance at a given value and then increase the rotor speed
until one of the real parts of the complex roots becomes positive. This is a good way to find the
minimum capacitance and its corresponding minimum rotor speed in the experimental setup. The
detail of this procedure, theoretical determination of the minimum speed and minimum capacitance
for a fixed speed by incrementing the capacitance, is given in the flow chart of Fig. (3 )
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Fig. ( 3 ) Flow chart to determine the minimum speed and minimum capacitance In SEIG

5-2 Simulation of induction machine

The model of self excited induction generator is implemented with simulink. It is divided in
blocks that consider the transformations: abc-qdO of the stator voltages and qd0- abc of the stator
currents equations. The SEIG model is as shown in Fig.4. The output voltage of SEIG depends
upon the wind velocity, excitation capacitance value and wind fluctuations. Excitation capacitors
are used to reduce the reactive power burden of self excited slip ring induction generators. The
Figure shows the simulation model of the SEIG with grid. The d-q model of the self-excited
induction generator is used to understand the all characteristics behavior of the generator system.

246



Journal of Kerbala University , VVol. 10 No.4 Scientific . 2012

t

1
¢« §

...'
“

g

B [?

ol 111

.......

Fig.(4). Self excited Induction generator model implemented in Simulink

6-RESULTS AND DISCUSSIONS

Tthe d-q model of the self-excited induction generator is used to understand the all
characteristics behavior of the generator system. Table 1land 2 gives the values of minimum value
of capacitance required for initiating the voltage build-up and maximum values which the machine

fails to self excitation for variable speed operation under

R-L load and resistive load. The largest real root yields the maximum frequency that corresponds to
the minimum capacitor. The smaller real root on the other hand yields the minimum frequency
gives the value of excitation capacitance above which the machine fails to excite.the largest real
root yields the maximum frequency that corresponds to the minimum frequency.

Table 1
R-L Load
R=1 pu XL=2pu
V(pu) Imaginary roots Real roots | Cmin(uF) | Cmax(uF)
0.9 | r1=0.5905+0.1508j No
r2=0.5905-0.1508j No real roots | excitation
r3=0.410+0.4769j <
r4=0.410-0.4769j
0.95 | r1=0.0346+0.4615j r3=0.7511 230.88 469.8332
r2=0.0346-0.4615j r4=0.5892
1| r1=0.0277+0.5290j r3=0.9796 45.69 657.7133
r2=0.0277-0.5290j r4=0.5290
1.4 r1=-0.0142+0.4019j r3=2.6352 31 1043.03
r2=-0.0142-0.4019j r4=0.4829
1.6 | r1=-0.0269+0.3909j r3=3.6148 | 16.01858 1095.673
r2=-0.0269-0.3909j r4=0.4844
1.8 | r1=-0.0365+0.3829j r3=4.715 9.31107 1121.7
r2=-0.0365-0.3829j r4=0.4876
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Table 2
Resistive load
R=2 pu
rl=- r3=0.1831 611.7914 10770.38
0.0213+1.6229j r4=0.0995
r2=-0.0213-1.6229j
r1=0.0032+1.639j r3=0.3543 183.0825 3141.87
r2=0.0032+1.639j r4=0.1993
r1=0.0692+1.6382j r3=0.5132 105.8333 1306.051
r2=0.0692-1.6382j r4=0.3085
r1=-0.163+1.599j r3=0.64 95.32 745.593
r2=-0.163+1.599j r4=0.4239
r1=-0.2576+1.504j r3=0.952 27.85076 570.4829
r2=-0.0269-0.3909j r4=0.5328

For different values of capacitances the experiment were conducted and it was found that the value
of the frequencies calculated from the polynomial and experimental verification are nearly equal.
Very good correlation between the computed and experimental results is observed as shown in
Table 3. This verifies the accuracy of the proposed method for computing minimum value of the
capacitance for SEIG.Hence, it is proved that the experimental frequency value must be greater than
the computed frequency value. And it is also proved that the frequency is higher for SEIG with
external rotor capacitance than with the SEIG without rotor capacitance. So, with the increase in the
frequency the speed of the machine is increased, in turn increases the generated voltage, torque,
active and reactive power

I Table 3 (Comparison between Experimental and calculated frequency) I

Without rotor capacitance With rotor capacitance
Experimental Calculated Experimental Calculated
frequency frequency frequency frequency
30.55 30.08 31.76 31.3
37.1 36.68 39.67 39.2
41.4 41.1 44.9 43.97
47.11 47. 49.55 48.64
50.088 49.9 51.4 50.66

Figure 5- shows Characteristics of a loaded generator(Resistive load) (green-blue) The capacitor
characteristic appears as a surface (brown). The intersection between the capacitor and generator-
load represents all possible steady-state operating points .When the generator is accelerated, with
the capacitors(95.32 uf) connected, self excitation is not possible in the beginning. Then at about
38.4 Hz the self excitation process starts and the voltage build-up.
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Figure 5 -Characteristics of a loaded generator

Fig. 6 -Simulated self-excitation induction generator .Shows the voltage build up in phase ,,a“with
per phase excitation capacitance of 46pF at a rotor speed of 1600 rpm. It took about 2.15 seconds to

settle to its steady state voltage of 300 volts. The phase voltage slowly starts building up and
reaches a steady-state value.

200 ..|l”|

100 .II|I|

=]

Line Voltage (V)

1 15 2 25 3
Time (5)

Fig. 6. Voltage build up in a self-excited induction generator(Simulated).

Fig.7.Shows experiment Voltage could not build up and collapses for a prime mover speed of 1180

rpm (for low values of speed the voltage collapses and fails to build up).
Fig 8-In this case prime mover speed is set at 1350 rpm. Stator voltage is taken through a 10:1
probe. Oscilloscope settings are 13.6 V/div and 20 ms/div. At this speed, SEIG is loaded using a
lamp load of 200W/phase. The corresponding stator voltage waveform is shown in Fig.9, with same

oscilloscope settings as in Fig.8. The stator voltage waveform during a build up process at 1440
rpm
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Fig(7) Voltage could not build up and collapses

Fig(8)The voltage build up at a prime for a prime mover speed of 1180 rpm
mover speed of 1115 rpm

]

Fig(9) The stator voltage waveform during a build up process at 1440 rpm

Fig(10)and Fig(11) From the simulink results it can be observed that the voltage Generated,
increased with the use of the capacitance in the rotor. The voltage generated by the machine without
the external rotor capacitance is 442 Volts.With the use of the external rotor capacitance the voltage
generated is increased to525Volts.The rotor capacitance used is of 50uF with the excitation
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capacitance of 15uF.( When compared with the terminal voltage without rotor capacitance the
voltage is increased by an amount of 18%). With this comparison we can conclude that for the
improvement of the terminal voltage it is advised to use the external rotor capacitance in the circuit.
But the proper capacitance value should be choosen, other wise the machine may collapse with the
drastic increase in the voltage

Y U T A L VY Y Y v
T

T

Fig(11) Generated voltageof SEIG without rotor capacitance
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Fig(12) and Fig(13) Generated active and reactive power of SEIG with rotor capacitance and
without rotor capacitance. Observed that the active and reactive power generated by the machine is

increased with the rotor capacitance. The comparison is made between the SEIG with rotor
rotor capacitance. With this capacitance and without comparison we can conclude that for the
improvement of the power we can use the external rotor capacitance in the circuit. But the proper
capacitance value should be choosen, other wise the machine may collapse with the drastic increase
in the voltage.

Fig(12)Generated active and reactive power without rotor capacitance

Fig(13)Generated active and reactive power with rotor capacitance

Fig(14,15,16.17,18,and 19) From the simulink results it can be observed that the active, reactive
power generated by the machine to the grid is increased with the use of the capacitance in the rotor.
And it is also observed that due to the increase in the active and reactive power, the power factor is
decreased. And it is also observed with the external rotor capacitance the torque is increased about
5-10% then that of the SEIG without having the rotor capacitance. With the external rotor
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capacitance, there is increase in the speed of the generator when compared with the machine
without rotor capacitance

Fig(14) Response of p.u generated torque with rotor capacitance

Fig(15) Response of p.u generated torque without rotor capacitance

Fig(16) p.f at generator with rotor capacitance

253



Journal of Kerbala University , VVol. 10 No.4 Scientific . 2012

Fig(17) p.f at generator without rotor capacitance
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Fig(18) Response of p.u speed with rotor capacitance

Fig(19) Response of p.u speed without rotor capacitance
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Fig.20. Shows the variation of the excitation capacitance with the slip,s . Capacitance is maximum
at minimum value of slip and then increases as the slip moves in the negative direction. As the slip
decreases the values of the frequency also decreases.
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Fig20.Variation of slip with the capacitance

In order to reach the steady-state equilibrium point of the induction machine, the output voltage Vs
is expressed as a function of the values of Rotor exaction capacitance (Equation below)

Vout=1E —04C,° —0.0239C,.° +2.3651C,* —124.61C.’> +3679.7C,*> —57732C, +37601

7- CONCLUSIONS

The roll of the external capacitor here is to minimize the steady state reaching time and stabilize
the system within the minimum time. Due to the capacitance the output voltage of SEIG are
increased but while choosing the value of the capacitance if the minimum value is selected the
machine may not operate and if high value of the capacitance is selected the machine may collapse.
Here in this paper the value of the capacitance is selected as per the equation derived for choosing
the value of the external capacitance. It is observed that due to this capacitance the active and
reactive powers are increased and p.f is decreased which is the requirement of the grid. It is also
observed that the fluctuations in the shaft torque is also decreased.
A method for computing the minimum value of capacitance to initiate self-excitation in the SEIG
has been described with the rotor capacitance. The method is based on the steady state equivalent
circuit, but features the separate consideration of the load, rotor capacitance and excitation
capacitance branches, which enables the frequency to be determined by solving a single 6™ order
polynomial .Computation studies on the experimental machine reveals that there exist critical
values of load impedance and speed below which self-excitation is impossible irrespective of the
capacitance used. Using the same analysis technique, an iterative procedure has also been
developed for estimating the capacitance requirements for maintaining the terminal voltage constant
when the SEIG is on load. The validity of the proposed methods are confirmed by experimental
results obtained on a 3.6 kW laboratory induction machine.
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APPENDIX

BO=-mg; Bl=Ig+eh; B2=ki; B3=-mg-mk; B4=hi+gj+de; E3=hi+dj; E2=gf+im-bk; E1=mqg+dh;
EO=ab+ch-ml; D3=il-hj+mq; D2=hd+ie-bm; D1=ah+bm-Ilg; DO=pg+mh

a=2nk(LMrl1+L1r1+L2r1+LMr2+Lr2+rLLM+rLL2);
b=-2 aN*rL(LM+L2)
c=-8n3k(LLMr1+LL2r1+LLMr2-rLL1LM-rLL2LM)
d=-8 A3N(rLL1LM+ rLL2L1+ rLL2LM+LL2LM)
e=-2nkrLr1r2
g=-4m2k(L1LM+L1L2+L2LM+LLM+LL2)
h=4m2N(L1LM+L1L2+L2LM+LLM+LL2)
i=rlr2+rLr2
j=-16m4k(LL1LM+LL2LM+LL2L1);
I=16m4N(LL1LM+LL1L2+LL2LM)
m=4m2k(Lr1r2+rLLMr1+rLL1r2+rLL1r2+rLL2r1+rLLmr2)
p=-4m2NrLLMr1;
g=c(LILM+L1L2+L2LM+LLM+LL2)
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