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Technologies for voltage control of self-excited induction generators can also be applied for maximum power ex-

traction in specific applications without strict restrictions on the generated frequency and voltage. The main problem in 
designing such systems is the lack of appropriate theoretical analysis. The paper considers an approach for maximizing 
the power extracted from self-excited induction generators. It derives formulas for the steady-state generated power and 
self-excitation boundaries. Since an analytic search for a maximum of the power as a function of capacitance and load 
admittance is impossible, a numerical approach including 3-D computational and 2-D experimental results is used to 
show the existence of a global maximum of the power for a specific velocity in the capacitance - load admittance plane 
and within the self-excitation boundary. Therefore, the method allows one to take into account all possible operating 
points for this velocity. The implementation of maximum searching algorithms is discussed. 
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Способи керування напругою асинхронних генераторів із самозбудженням можуть бути використані для 

максимізації потужності окремих застосувань, що не мають жорстких вимог щодо генерованої частоти та на-
пруги. Основною проблемою розробки таких систем є відсутність відповідних теоретичних основ. У роботі 
розглядається підхід щодо максимізації генерованої потужності асинхронних генераторів із самозбудженням. 
Отримуються вирази для статичної потужності генератора й границь самозбудження. Оскільки аналітичне дос-
лідження залежності потужності від ємності конденсаторів та провідності навантаження на екстремум виявля-
ється неможливим, то застосовується числовий метод, який включає побудову тривимірних розрахункових і 
двовимірних експериментальних характеристик, що доводять існування точки глобального максимуму потуж-
ності в межах границі самозбудження для відповідної швидкості, побудованої в площині ємність–провідність 
навантаження. Таким чином, даний метод дозволяє врахувати всі можливі робочі точки генератора для даної 
швидкості. Дискутується питання реалізації алгоритмів пошуку точки максимуму потужності. 

Ключові слова: асинхронний генератор, самозбудження, максимальна вихідна потужність, статичні харак-
теристики потужності. 

 
PROBLEM STATEMENT. Self-excited induction 

generators (SEIG) have found applications in stand-
alone power generation for remote areas without grid 
supply lines. The main problem of SEIGs is voltage and 
frequency deviations with changes of the load. There-
fore, different voltage control technologies are devel-
oped to satisfy the needs of consumers [1, 2]. Mainly, 
they are based on dump load or capacitance regulation 
[3–9], or injection of capacitive currents through static 
synchronous compensators, or voltage or current source 
inverters [10–14]. The proposed systems mainly con-
cern the problem of voltage stabilization and focus on 

control technologies for implementations. They don’t 
address the question of possible maximum SEIG power 
extraction. For specific types of loads, like heating or 
lighting systems, systems with SEIGs output AC–DC 
conversion, for which there are no strict requirements 
concerning voltage and frequency, the maximum power 
extraction could be provided via control methods ap-
plied for the voltage regulation. The objective of the 
paper is to provide a theoretical framework for such 
control, including a demonstration of the existence of a 
maximum power operating point and recommendations 
for implementation of an optimal control algorithm. 
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The solution of this problem was hindered by the 
fact that till the recent time there were no equations 
(formulas) presented in the literature which would state 
an explicit dependence between SEIG generated power 
and load, including possible control actions such as ca-
pacitance and velocity, that would allow one to search 
for maximum point either analytically or via computa-
tions of all possible operating points. The origin of the 
problem was that the steady-state SEIG voltages were 
computed based on a system of two polynomial equa-
tions (or equivalent one polynomial) accounting for 
nonlinearity of magnetic saturation via iterative methods 
for each operating point [15–19]. These computations 
provided valid results only for specific regions where 
self-excitation sustains (self-excitation boundaries). The 
computation of the boundaries (or self-excitation condi-
tions, critical capacitance, velocity and load) was also 
performed similar to the computation of the steady 
states based on polynomials derived from equating to 
zero either the total loop impedance [18, 20, 21] or the 
total node admittance at the magnetizing branch  
[22–24]. The generalized two-phase model of the induc-
tion machine was also used to search for parameters 
such that the system of differential equations describing 
the SEIG becomes unstable around the zero state  
[19, 25–27]. In such a manner in both the cases only 
specific points belonging to the self-excitation bounda-
ries were computed not showing the whole shapes of the 
curves and consuming a lot of time for computations of 
some extended regions of capacitance and velocity. It 
allowed computing power in these regions and search 
numerically for some possible local maximum. 

The approach proposed in the paper is based on re-
cent results of the authors obtained due to derivation of 
an analytical steady-state solution of the system of the 
differential equations describing the SEIG. Considering 
the steady-state SEIG model with complex variables 
yielded explicit formulas for steady-state voltages and 
self-excitation boundaries allowing to compute the 
whole curves without iterations [28–30]. The paper de-
rives the formula for steady state power as a function of 
generated frequency, magnetizing inductance, capaci-
tance, and load admittance. Since the generated fre-
quency can’t be explicitly found from a polynomial of 
the fifth order with parameters depending on the capaci-
tance and load admittance, and the magnetizing induc-
tance depends on the frequency, capacitance and load 
admittance, then the analytical search for maximum 
point of the power function appears to be impossible. 

An alternative numerical approach is used. For given 
value of the velocity, the self-excitation boundary is 
determined in the capacitance – load admittance plane, 
while typically in the literature only self-excitation 
boundaries in the velocity – capacitance plane are con-
sidered. This boundary determines all possible pairs of 
capacitance and load for which self-excitation exists. 
Then computation of power for all operating points 
within the self-excitation boundary allows to plot 3–D 
dependence of power on capacitance and load admit-
tance and to show the existence of a global power 

maximum for given velocity. The results of computa-
tions are verified by experimental dependences of the 
generated power on load admittance for given veloci-
ties, and on velocity for given loads. For more generali-
zation, two different induction machines are researched 
produced in Ukraine and UK. Possible control algorithm 
for maximum power search is discussed. 

EXPERIMENTAL PART AND RESULTS 
OBTAINED. A two-phase model of SEIG with resistive 
loads and capacitors placed in parallel with the stator 
winding is considered in an arbitrary rotating F-G refer-
ence frame accounting for magnetic saturation [28], [31] 
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In (1), SFU , SGU , SFi , SGi  denote the F and G 
components of the stator voltages and currents, respec-
tively, RFi , RGi  denote the components of the rotor 
currents, e  is the angular velocity of the reference 
frame, 1/L LY R  is the admittance of the resistive load, 
C  is the value of the capacitor,   is the angular veloci-
ty of the rotor, SR  and RR  are the stator and rotor re-
sistances, SL  and RL  denote the stator and rotor 
leakage inductances, and pn  is the number of pole 

pairs. The magnetizing inductance ( )M ML f i  is a 
static function of the amplitude of the magnetizing cur-
rent (Fig. 1) while MFL , MGL  and MFGL  are induct-
ances caused by cross-saturation effects and are func-
tions of ML  and components of the magnetizing cur-
rents. 

2 2( ) /MF M M MF ML L L L i i   ; 
2 2( ) /MG M M MG ML L L L i i   ; 

 2( ) /MFG M MF MG ML L L i i i  , (2) 

where / /M M M M M ML d di L i dL di     denotes the 

dynamic magnetizing inductance, 2 2
M MF MGi i i  . 
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Figure 1 – Dependence of magnetizing inductance 

on magnetizing current 
 

Follow the approach from [28] to derive the formula 
for the steady state generated power. 

For steady state 0FX  . Then self-excitation corre-
sponds to the existence of a frequency *

e  and a non-

zero steady state vector *X  such that 

 * * 0F X  , (3) 

where *F  is the function F  evaluated at the *
ML  corre-

sponding *X . The equation can be presented in a com-
plex form 
  * * *

1 2 0F jF Z  , (4) 

where * * *
1 2Z X jX  ; * * *

1 2
T

X X X    . 

A non-zero solution of (4) exists only if 

 * *
1 2det( ) 0F jF  . (5) 

The real and imaginary parts of (5) yield two equa-
tions the simultaneous solution of which gives polyno-
mial equation for the generated frequency 
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(6) 

Although up to five solutions are possible, computa-
tions with realistic motor parameters typically gives at 
most one real positive root *

e . 
The value of magnetizing inductance is found either 

from real or imaginary parts of (5). In the first case 

 *
2 1/ML c c  , (7) 

where 
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The value of magnetizing current *
Mi  is found from 

the approximation of the experimental dependence in 
Fig. 1. If *

M MAXL L  then no solution for *
Mi  exists, the 

self-excitation is impossible. If *
0M M MAXL L L  , then 

there are two solutions for *
Mi : the bigger is the stable 

steady state value, while the smaller determines a criti-
cal value to be overcome to trigger the self-excitation 
via an external energy source (or high enough residual 
magnetization) and to reach the stable one. If 

*
0M ML L , then only one solution exists and it is stable. 

This operating mode develops naturally due to the in-
stability of the zero state [28]. 

With * * * * * * *, ,
T

SF SG SF SG RF RGZ U jU i ji i ji      , the 

first two rows of (4) accounting the condition 
* * *
M S Ri i i   give the formula for steady-state phase 

voltage amplitude 
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The third row of (4) is linearly dependent on the first 
two rows, due to * *

1 2det( ) 0F jF  , and does not give 
any additional condition. 

Finally, the formula for the extracted power is ob-
tained 
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, (9) 

where m  is the number of phases. 
Note, that   is not directly present in (9). However, 

the generated frequency *
e  in (6) depends on all possi-

ble control/disturbances inputs , LY , and C . The 

magnetizing current and inductance depend on *
e ,  , 

LY , and C . As result, the derivatives 
* /LP C  , * /L LP Y  , and * /LP    can not be found 

analytically. Therefore, the analytic search for a global 
maximum point of the function  * , ,L LP f Y C  is 
impossible and a numerical approach should be applied. 

Consider the most practical case when the velocity 
of the generator is fixed. Then three-dimensional plots 

 * ,L LP f Y C  for fixed values of   are to be com-
puted for all possible operating points, meaning all op-
erating conditions , LY , and C  which give the solu-

tion of (7) *
M MAXL L . Following the approach from 

[28] and [30] there is no need to find iteratively the self-
excitation boundaries, meaning the conditions 
where *

M MAXL L . They are derived eliminating 
*
e pn   from the real and imaginary parts of (5) for a 

given *
ML : 
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 *4 *2
1 2 3 0e ef f f    , (10) 

where 
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with * *
S S ML L L  , * *

R R ML L L   and substitution 
*
M MAXL L . 

If condition 2 1 32f f f   is satisfied, there are two 

real positive solutions to equation (10) *
,mine  and 

*
,maxe  which determine minimum and maximum pos-

sible generated frequencies for given C  and LY . 

The critical velocities min  and max  corresponding 
*
,mine  and *

,maxe  can be found from the real (or imag-
inary) part of equation (5) 
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with substitution *
M MAXL L , and * *

,mine e  or 
* *

,maxe e   respectively. 

The dependences min ( )f C   and max ( )f C   
plotted in the C   plane for a given LY  constitute the 
self-excitation boundary which contains all possible 
operating points for this load. For the purpose of the 
paper, the boundary should be rearranged in the LC Y  

plane for a given *
e . 

Alternatively, equation (10) can be presented as a 
quadratic equation [29] 

 2
1 2 3 0g C g C g   , (12) 

where * * * *2 *4 2 *2
1 ( ) 0S S R M e S R eg L L L L R L     ; 
* * *2 *2

2 (2 ) 0S R M eg L L L    ; 
2 * * * *2 *2 * 2 * *
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The quadratic equation with *
M MAXL L  has two re-

al positive solutions minC  and maxC  if and only 

if 2
2 1 34 0g g g  . Substitution them into equation (11) 

gives min  and max . The obtained values of capaci-
tances and velocities constitute corresponding critical 
ranges for given *

e  and LY . 
Another representation of (10) is 
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If 2
2 1 34 0a a a   is satisfied then one solution of 

equation (13) is negative, while another solution 

  2
max 2 2 1 3 14 / (2 )LY a a a a a    , (14) 

is positive or zero only if 3 0a  . 

For given *
e  andC , maxLY  and min 0LY   consti-

tute the critical range of loads for the self-excitation. 
The corresponding velocity range is found substituting 
the critical load admittances into (11). 

The self-excitation boundary in the LC Y  plane can 
be computed either based on (12) or (14) in the forms 

min ( )LC f Y  and max ( )LC f Y  or max ( )LY f C  for 

a given *
e . 

The maximum possible load admittance the SEIG 
can sustain [29], [30] is  
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where  2 / ( ) 0S R MAX S RL L L L L    ; 

S S MAXL L L  , R R MAXL L L  . 
The maximum possible capacitance that can provide 

self-excitation is for no load case [29] 
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For a given velocity  , the value of the extracted 
power should be computed based on (9) for all operat-
ing conditions from 0 to LCRY  and from 0 to CRC  and 
the operating conditions not satisfying the solutions of 
(12) or (13) must be neglected. 

Computations and experiments were done for two 
different SEIGs: AИPM63B4Y3 (produced in Ukraine), 
with rated values 370 W, 380 V (Y), 50 Hz, and  
1450 rpm, and Bk2208 (produced in UK), with rated 
values 250 W, 240 V (∆), 50 Hz, and 1425 rpm. 

In the first case, the SEIG was coupled to another 
induction motor (4AM80B3Y3, with rated values  
2.2 KW, 380 V, 50 Hz, and 2800 rpm) controlled 
through the frequency converter ABB ACS140 feeding 
the stator windings. The higher value of the motor’s 
power and the slip compensation function in the 
ACS140 provided velocity stabilization during experi-
ments. The loads were Y-connected. During experi-
ments, the capacitors were Δ-connected, so that the val-
ues shown in plots were tripled to correspond to an 
equivalent Y-connection. Collection of the experimental 
data was performed using the ACS140’s monitoring 
system and a system for testing of electric drives that 
provided voltage and current measurements with visual-
ization compatible with Matlab. 



ЕНЕРГЕТИКА ТА ЕЛЕКТРОПОСТАЧАННЯ ПРОМИСЛОВИХ ПІДПРИЄМСТВ. ЕНЕРГЕТИЧНИЙ МЕНЕДЖМЕНТ 

Електромеханічні і енергозберігаючі системи. Випуск 2/2014 (26) 
74 

In the second case, the experimental rig was similar. 
The ABB induction motor M3AA090LB-4 (with rated 
values 1.1 KW, 230 V (∆), 50 Hz, and 1435 rpm) con-
trolled through the frequency converter ABB ACS355 
was used as a prime mover. During experiments, the 
excitation capacitors and the loads were Y-connected. 
The proposed analysis combining with equivalent Y to 
∆-connection transforms was used for obtaining line-to-
line SEIG voltage amplitudes. All the figures were plot-
ted for actual values of the load admittances and capaci-
tances. The line-to-line voltage measurements were tak-
en between all three phases through Hall effect voltage 
transducers LV25-P and read through dSpace DS1104 
analogue-to-digital converters. The velocity of the mo-
tor was monitored through A2108 optical tachoprobe.  

The following parameters of the generators were de-
termined experimentally: SR =27 Ω, RR =17.9 Ω, 

S RL L  =0.08266 H, pn =2 for AИPM63B4Y3, and 

SR =31.65 Ω, RR =28.1 Ω, S RL L  =0.0921 H, pn =2 

for Bk2208. The analytic approximation of the magnet-
izing inductance is presented in [31], [32]. The follow-
ing parameters of the approximation were determined 
for the AИPM63B4Y3 SEIG based on experiments: 
p1=-0.005214 H/A3, p2=0.08245 H/A2, p3=-0.4811 H/A, 
p4=1.226 H, p5=-0.02035 HA, LMAX=1.031 H, 
LM0=0.635 H, iM1=0.105 A, iM2=0.213 A, 
b1=35.98 H/A2, iM3=3.042 A, ΨMMAX=1.130 Wb. In the 
second case for the Bk2208 SEIG, the parameters were 
p1=-0.235 H/A3, p2=1.357 H/A2, p3=-3.223 H/A, 
p4=3.841 H, p5=-0.3536 HA, LMAX=1.87 H, LM0=1 H, 
iM1=0.333 A, iM2=0.396 A, b1=7.8457 H/A2, 
iM3=1.738 A, ΨMMAX=1.5664 Wb. 

Figs. 2 and 3 depict the generated power as a func-
tion of load admittance and velocity for AИPM63B4Y3. 
The experimental and computed results are in good 
agreement. 
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Figure 2 – Steady-state power as a function of the load 
admittance for different velocities, AИPM63B4Y3 
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Figure 3 – Steady-state power as a function  
of the velocity for different loads, AИPM63B4Y3 
 
The 3–D plots computed for AИPM63B4Y3 within 

the self-excitation boundaries (curve 1 or curve 2 as a 2-
D plot) for the extracted power are presented in Figs. 4 
and 5. The maximum points belong to curves 3. The 
computations prove the existence of the operating point 
with maximum power within the self-excitation bounda-
ries (global maximum). 
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Figure 4 – Steady-state power as a function  

of capacitance computed through the range of load  
admittance, AИPM63B4Y3 

 

0
50

100
150

200
250

0

0.005

0.01
0

100

200

300

400

1 

Po
w

er
, W

 

 

Capacitance, μF Load admittance, Ω-1 

2 

3 

1 2 

ω=119.32 rad/s 

 
Figure 5 – Steady-state power as a function of the load 
admittance computed through the range of capacitance, 

AИPM63B4Y3 
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Figs. 6–9 show the computed and experimental re-
sults for the Bk2208 SEIG which confirm the conclu-
sions made for the AИPM63B4Y3 SEIG. 

 

1 1.2 1.4 1.6 1.8 2 2.2
x 10-3

50

100

150

200

250

300

Po
w

er
, W

 

 

C=19 μF 

Load admittance, Ω-1 

ω=172.7 rad/s 

ω=157 rad/s 

Experiment 

Computed 

C=25 μF 

 
 

Figure 6 – Steady-state power as a function of the load  
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Figure 7 – Steady-state power as a function  
of the velocity for different loads and capacitances, 
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Figure 8 – Steady-state power as a function  
of capacitance computed through the range of load  

admittance, Bk2208 
 

0
200

400
600

800

0

0.02

0.04
0

200

400

600

800

1 Po
w

er
, W

 

 

Capacitance, μF Load admittance, Ω-1 

2 

3 

1 2 

ω=119.32 rad/s 

 

Figure 9 – Steady-state power as a function of the load 
admittance computed through the range of capacitance, 

Bk2208 
 
For a specific value of load, a control algorithm can 

be implemented searching for a capacitance value 
providing a maximum of the function  *

LP f C  or 
approaching this value. The algorithm is based on 
switching the capacitance with a fixed step with a sam-
ple time sufficient for decay of the transients. Measure-
ments of steady-state power are taken at each sample 
time. If the difference of two consequent measurements 
is positive, then the change of the capacitance is kept in 
the same direction. If the difference becomes negative, 
then the change of the capacitance is made in the oppo-
site direction. As a result, there appears a sequence of 
steady states oscillating around the maximum point. The 
value of the sample time determines the frequency of 
the oscillations. The value of the capacitance step de-
termines the amplitude of the oscillations and the 
maximum search time. During the search, some restric-
tions on the value of the generated voltage can be im-
posed. 

CONCLUSIONS. The paper develops a theory justi-
fying the possible implementation of control systems 
providing maximum extraction of SEIG power. The 
results are based on formulas obtained for steady-state 
power and self-excitation boundaries, and are validated 
experimentally. They show the existence of the SEIG 
operating point with a maximum power in the capaci-
tance – load admittance plane for a given velocity. The 
paper gives insight into the implementation of an algo-
rithm searching for capacitances that provide an operat-
ing point with maximum power. 
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ГЕНЕРИРОВАНИЕ МАКСИМАЛЬНОЙ МОЩНОСТИ АСИНХРОННЫХ ГЕНЕРАТОРОВ  
С САМОВОЗБУЖДЕНИЕМ 

О. И. Киселичник, Дж. Вонг  
Университет Ворвика 
Ковентри, CV4 7AL, Великобритания. Е-mail: O.Kiselychnyk@warwick.ac.uk, jihong.wang@warwick.ac.uk 
М. Бодсон 
Университет Юты 
Солт Лейк Сити, UT 84112, США. Е-mail: bodson@eng.utah.edu 
Н. В. Пушкарь 
Национальный технический университет Украины “Киевский политехнический институт” 
просп. Победы, 37, м. Киев, 03056, Украина. Е-mail: pushkar.mykola@gmail.com 
Способы управления напряжением асинхронных генераторов с самовозбуждением могут быть использова-

ны для максимизации мощности отдельных применений, которые не имеют жестких требований к генерируе-
мой частоте и напряжению. Основной проблемой разработки таких систем является отсутствие соответствую-
щих теоретических основ. В данной работе рассматривается подход к максимизации генерируемой мощности 
асинхронных генераторов с самовозбуждением. Выводятся формулы для статической мощности генератора и 
границ самовозбуждения. Поскольку аналитическое исследование зависимости мощности от емкости конденса-
торов и проводимости нагрузки на экстремум оказывается невозможным, то применяется численный метод, 
который включает построение трехмерных расчетных и двухмерных экспериментальных характеристик, кото-
рые доказывают существование точки глобального максимума мощности в пределах границы самовозбуждения 
для соответствующей скорости, построенной в плоскости емкость–проводимость нагрузки. Таким образом, 
данный метод позволяет учесть все возможные рабочие точки генератора для заданной скорости. Дискутиру-
ются вопросы реализации алгоритмов поиска точки максимума мощности. 

Ключевые слова: асинхронный генератор, самовозбуждение, максимальная выходная мощность, статичес-
кие характеристики мощности. 
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