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This paper investigates the steady-state operating modes of an autonomous
self-excited induction generator (SEIG) equipped with a capacitive excitation
system and operating under active and active-inductive load conditions. The
growing demand for autonomous and decentralized power generation systems
based on renewable and alternative energy sources has significantly increased
interest in induction generators due to their simplicity, reliability, low
maintenance requirements, and absence of a separate excitation source. However,
the operation of self-excited induction generators is characterized by substantial
variations in output voltage and frequency depending on load magnitude and
power factor, which complicates the analysis and design of such systems.

The objective of this study is to develop and validate an improved method
for calculating the static characteristics of a low-power autonomous induction
generator, taking into account the variation of generated voltage frequency under
changing load conditions. Unlike many conventional calculation methods that
assume constant output frequency or neglect its dependence on load, the proposed
approach incorporates the actual influence of load-induced frequency changes.
This consideration is particularly important for low-power induction generators,
which typically exhibit higher rated slip values and are therefore more sensitive
to variations in operating conditions.

The proposed mathematical model is based on the equivalent circuits of
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both the induction generator and the induction motor load. The analysis employs
a system of electrical equilibrium equations that describe electromagnetic
processes in the generator-load system. To simplify calculations, the induction
motor load is represented by an equivalent RL circuit with parameters dependent
on motor slip. The resulting mathematical formulation enables simultaneous
determination of the generator magnetizing reactance and the relative frequency
of the generated voltage. This approach allows accurate prediction of generator
voltage, frequency, and loadability under various operating conditions.

Using the developed methodology, static characteristics were calculated
for an induction generator based on a standard squirrel-cage induction machine
of type AIRS0A4SU2 with a rated power of 1.2 kW. The generator was analyzed
under both resistive and active-inductive loading conditions. The results
demonstrate that neglecting frequency variation leads to significant errors in
estimating voltage regulation, overload capability, and stable operating limits.
The discrepancy becomes especially pronounced when the generator supplies
induction motor loads characterized by high starting currents and variable power
factors.

To verify the adequacy of the proposed model, extensive experimental
investigations were carried out using a laboratory test bench incorporating an
induction generator, a DC drive motor, a configurable capacitor bank, and
various types of electrical loads. Experimental measurements included generator
voltage, load current, rotor speed, excitation capacitance, and output power. The
obtained results demonstrated good agreement with theoretical predictions.
Comparative analysis of calculated and measured characteristics showed that the
deviation between experimental and theoretical data does not exceed 4—6%,
confirming the validity and practical applicability of the developed calculation
method.

Keywords: Self-Excited Induction Generator (SEIG);, Autonomous
Induction Generator, Capacitive Self-Excitation;, Capacitor Bank; Static
Characteristics; Steady-State Analysis, Frequency Variation; Voltage Regulation;
Load Characteristics, Active-Inductive Load; Overload Capability.

Statement of problem. The operation of an induction generator (IG) under
varying output voltage, frequency, load magnitude, and load type is traditionally
analyzed using its steady-state characteristics. These characteristics provide
valuable information about the generator’s voltage regulation, frequency stability,
overload capability, and overall operating performance under different loading
conditions. Consequently, the accurate determination of steady-state
characteristics is one of the key tasks in the design and analysis of autonomous
power supply systems based on self-excited induction generators.

Numerous methods for calculating the steady-state characteristics of self-
excited induction generators have been proposed in the scientific literature. Most
of these methods are based on simplified mathematical models and assumptions
that significantly reduce computational complexity. While such assumptions are
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generally acceptable for medium- and high-power machines, they often lead to
substantial inaccuracies when applied to low-power induction generators. As a
result, the practical applicability of many conventional calculation techniques
becomes limited when analyzing small autonomous generating units used in
isolated power systems, renewable energy installations, agricultural facilities, and
backup power applications.

One of the most common assumptions adopted in existing analytical
approaches is that the rotational speed of the generator rotor varies in such a way
that the frequency of the generated voltage remains constant regardless of the
magnitude and nature of the connected load. Under this assumption, the prime
mover is considered capable of continuously adjusting its mechanical speed to
compensate for variations in generator slip caused by load changes. Such an
approach considerably simplifies the mathematical description of the generator
but does not accurately reflect the operating conditions encountered in real
autonomous power systems.

In practical applications, the majority of prime movers used to drive
autonomous induction generators, such as internal combustion engines,
microturbines, hydraulic turbines, and renewable-energy-based drives, operate
with approximately constant rotational speed. Implementing continuous speed
regulation as a function of load magnitude and power factor in order to maintain
a strictly constant output frequency requires sophisticated control systems,
additional sensors, and advanced power electronics. Such solutions increase both
the complexity and cost of the generating system and are often economically
unjustified, particularly in low-power installations. Therefore, in many practical
cases, the rotor speed remains nearly constant, while the frequency of the
generated voltage changes according to the loading conditions.

In addition, several published studies, particularly those devoted to
medium- and high-power induction generators, neglect the influence of load
variations on the frequency of the generated voltage altogether. Experimental and
theoretical investigations reported in the literature indicate that this simplification
can be considered acceptable for machines with a nominal slip of approximately
0.03 or lower. Under such conditions, the frequency deviation remains relatively
small, and its impact on the calculated operating characteristics is limited.
However, the validity of this assumption rapidly decreases as the nominal slip
Increases.

The situation becomes significantly different when a squirrel-cage
induction machine with more than one pair of poles is used as a generator and its
nominal slip reaches values of 0.05-0.06, which is typical for low-power
machines. Under these conditions, load-induced variations in slip produce
noticeable changes in the frequency of the generated voltage. Ignoring this
phenomenon leads to substantial errors in the calculation of generator voltage,
excitation requirements, overload capability, and stability limits. Consequently,
the predicted operating characteristics may differ considerably from the actual
behavior of the generator under practical operating conditions.
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The shortcomings of conventional calculation methods become especially
evident when the generator supplies dynamic or active-inductive loads. Such
loads are characterized by variable power factors, transient operating conditions,
and significant reactive power consumption. A typical example is the supply of
induction motors, which represent one of the most widespread categories of
electrical consumers in autonomous power systems. During startup, induction
motors draw high inrush currents several times greater than their rated current and
simultaneously exhibit low power factor values. These factors create substantial
disturbances in the generator excitation process and cause significant deviations
in voltage and frequency.

Under such operating conditions, neglecting the influence of load on the
generated frequency may result in incorrect estimation of the permissible loading
range, capacitor bank parameters, voltage regulation characteristics, and stable
operating boundaries of the self-excited induction generator. Therefore, the
development of improved calculation methods capable of accounting for
frequency variation under changing load conditions is of considerable theoretical
and practical importance.

For these reasons, the present study focuses on the development of a refined
methodology for analyzing the steady-state operating modes of low-power self-
excited induction generators. The proposed approach incorporates the effect of
load-dependent frequency variation and enables a more accurate assessment of
generator performance under active and active-inductive loading conditions. Such
a methodology can significantly improve the design and optimization of
autonomous power generation systems, ensuring higher reliability, better voltage
quality, and more realistic prediction of operating characteristics.

Recent research and publication analysis. The increasing deployment of
autonomous power supply systems based on renewable and distributed energy
sources has stimulated growing interest in self-excited induction generators
(SEIGs). Owing to their simple construction, ruggedness, low maintenance
requirements, and ability to operate without an external excitation source,
induction generators have become a promising solution for isolated and stand-
alone power generation applications. However, the operating characteristics of
SEIGs are strongly influenced by excitation capacitance, rotor speed, load
magnitude, and load power factor, which complicates the analysis of their steady-
state operating modes.

Over the past decades, numerous studies have been devoted to the
investigation of self-excited induction generators, including excitation system
design, voltage build-up mechanisms, performance characteristics, mathematical
modeling, and practical applications in autonomous power systems. The most
relevant contributions related to the present study are discussed below.

Makowski and Leicht [1] investigated the performance characteristics of
single-phase self-excited induction generators manufactured using different
grades of non-grain-oriented electrical steel sheets. Based on field-circuit analysis
and experimental investigations, the authors demonstrated that magnetic core
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properties significantly affect voltage build-up capability, efficiency, and output
characteristics. Their results confirmed the importance of accurately considering
magnetic saturation and magnetic circuit parameters when modeling autonomous
induction generators.

Ion and Marinescu [2] presented a comprehensive overview of three-phase
induction generators used for single-phase power generation. The study analyzed
various generator configurations, excitation methods, and operating modes.
Particular attention was paid to voltage regulation, frequency stability, and the
influence of load conditions on generator performance. The authors concluded
that maintaining stable operating parameters remains one of the main challenges
in stand-alone induction generation systems.

Sharma and Kaur [3] focused on determining the excitation capacitance
required to sustain a constant air-gap voltage under variable speed and load
conditions. Their research demonstrated that appropriate capacitor selection
substantially improves voltage stability and extends the stable operating range of
self-excited induction generators. The obtained results highlighted the critical role
of the excitation system in ensuring reliable autonomous operation.

Metello et al. [4] investigated a self-excited three-phase induction generator
operating as a single-phase generator in rotating excitation systems for
synchronous generators. The authors analyzed voltage characteristics, excitation
requirements, and operating stability under different loading conditions. The
study confirmed that excitation capacitance and load parameters have a significant
influence on the quality of generated electrical energy.

Krishna et al. [5] carried out an experimental study of self-excited induction
generators intended for small-scale isolated rural electrification systems. The
research examined the influence of excitation capacitance, rotor speed, and load
characteristics on output voltage and generated power. Experimental results
demonstrated that inductive loads substantially reduce voltage stability and limit
the operating capabilities of low-power autonomous generators.

Zobaa and Bansal [6] summarized the theoretical foundations and practical
applications of renewable-energy-based electrical generation systems. Their work
described the principles of self-excitation in induction generators, methods of
capacitor-bank selection, and factors affecting voltage build-up and generator
stability. The authors emphasized the necessity of accurate mathematical models
for predicting generator behavior under varying operating conditions.

Singh and Jain [7] investigated the performance characteristics and
optimum utilization of cage-rotor induction generators. Their analysis established
relationships between excitation capacitance, loading conditions, generated
voltage, and output power. The study provided important theoretical foundations
for the evaluation of steady-state operating characteristics of autonomous
induction generators and demonstrated the influence of excitation parameters on
generator performance.

Williamson [8] proposed finite-element-based approaches for modeling
induction machines. Although the study focused primarily on induction motors,
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the developed methodology provided a deeper understanding of electromagnetic
processes, magnetic saturation effects, and flux distribution within electrical
machines. These approaches subsequently became an important basis for
improving the accuracy of induction generator models.

The analysis of the reviewed literature shows that significant attention has
been devoted to excitation systems, magnetic circuit properties, voltage build-up
processes, and performance optimization of self-excited induction generators [1—
8]. However, most existing studies concentrate on voltage regulation and
excitation capacitance selection while assuming constant generated frequency or
neglecting frequency variations caused by load changes. Such assumptions are
generally acceptable for medium- and high-power machines but may lead to
considerable errors in the analysis of low-power autonomous induction generators
supplying active-inductive and dynamic loads. Therefore, further development of
calculation methods accounting for load-dependent frequency variations remains
an important scientific and practical task.

Setting article objectives. The objective of this study is to develop and
validate an improved method for calculating the steady-state load characteristics
of a low-power autonomous self-excited induction generator operating under
active and active-inductive loads, taking into account load-dependent variations
in the frequency of the generated voltage, in order to improve the accuracy of
predicting voltage regulation, overload capability, and stable operating limits.

Main part. To analyze the load operating modes of the autonomous
induction generator (IG), the study considers the most typical and practically
significant type of electrical load connected to the generator terminals, namely an
induction motor (IM). The selection of an induction motor as the load object is
justified by its widespread application in autonomous power supply systems used
in agricultural facilities, small industrial installations, renewable energy systems,
pumping stations, and other isolated consumers. In addition, induction motors
represent one of the most demanding categories of electrical loads due to their
substantial reactive power consumption, variable power factor, and high starting
currents, which considerably affect the operating characteristics of self-excited
induction generators.

The interaction between an autonomous self-excited induction generator
and an induction motor load is characterized by complex electromagnetic
processes associated with the exchange of active and reactive power. During
operation, variations in load torque and motor slip influence the electrical
parameters of the entire generator—load system, resulting in changes in generated
voltage, frequency, excitation conditions, and overall stability. Therefore, the
accurate analysis of such operating modes requires a mathematical model capable
of adequately describing the electromagnetic coupling between the generator and
the connected induction motor.

For this purpose, one of the widely accepted equivalent circuit
representations of induction electrical machines is employed. Equivalent circuit
models are extensively used in the analysis of induction generators and motors
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because they provide a convenient balance between computational simplicity and
sufficient accuracy for engineering calculations. The selected equivalent circuit
reflects the electrical and electromagnetic relationships between the stator
circuits, rotor circuits, magnetizing branches, and excitation capacitors, making it
possible to evaluate the steady-state characteristics of the entire system under
various loading conditions.

The developed mathematical model is based on the equivalent circuit of the
induction generator—induction motor system shown in Fig. 1. The model
incorporates the electrical parameters of both machines, including stator and rotor
resistances, leakage reactances, magnetizing reactances, and the parameters of the
capacitor bank used for generator self-excitation. Unlike conventional approaches
that assume constant generated frequency, the proposed model additionally
accounts for the variation of generated voltage frequency caused by changes in
load conditions. This feature is particularly important for low-power induction
generators, where the influence of load on slip and frequency cannot be neglected
without introducing significant calculation errors.

The steady-state behavior of the generator—motor system is described by a
set of electromagnetic equilibrium equations derived from the equivalent circuit
shown in Fig. 1. These equations establish the relationships between currents,
voltages, active and reactive power flows, excitation capacitance, generator slip,
motor slip, and the frequency of the generated voltage. By solving the resulting
system of equations, it becomes possible to determine the operating point of the
autonomous induction generator under various active and active-inductive
loading conditions, as well as to evaluate its voltage regulation characteristics,
overload capability, and stability limits.

Thus, the adopted modeling approach provides a comprehensive
framework for analyzing the steady-state operating modes of a low-power
autonomous self-excited induction generator supplying an induction motor load.
The corresponding equivalent circuit is described by the following system of
equations:

(~(R, +ajX ), -ajX,1,-ajXI,=0;

un= un

(R, /s, +ajX,), +ajX I, =0;
—(R+ajX)—ajX I, +ajX I =0,

. . (1)
(R, /s, +ajX)I, +ajX [,=0;
]l _[ln - Ic = 0’
-1 -1,+1,=0,
where R, R,,, R, are the active resistances of the stator circuit, rotor circuit,
and magnetizing branch of the induction motor (IM), respectively; X, , X, , X,

are the reactances of the stator circuit, rotor circuit, and magnetizing branch of the

induction motor; /,,, I,,, I, are the currents of the stator circuit, rotor circuit,
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and magnetizing branch of the induction motor; /, is the excitation capacitor
current; X is the reactance of the excitation capacitors; R,, R,, R, are the active
resistances of the stator circuit, rotor circuit, and magnetizing branch of the
induction generator (IG), respectively; X, X;, X, are the reactances of the stator
circuit, rotor circuit, and magnetizing branch of the induction generator; I,, 1.,
I, are the currents of the stator circuit, rotor circuit, and magnetizing branch of
the induction generator; s,, s, are the slips of the induction generator and

induction motor, respectively; o = f '/ f, is the relative frequency of the generated
voltage U, .

When determining the characteristics of system (1) under steady-state
operating conditions, the unknown parameters include all reactances of both the
induction generator and the induction motor, as well as the frequency of the
generated voltage in the circuit. All remaining parameters are assumed to be
constant. In this case, the slip of the induction generator is represented as a
function of frequency according to s, =(1-a)/ &

This relationship makes it possible to account for the influence of load-
dependent frequency variations on the operating characteristics of the
autonomous self-excited induction generator.

joXs joX,, R R jaX, JjouX
Y Y Y\
R I I l
2u 2n 1n L. I ' 1, R,
S ) =z
0 ]OLXMH§ U, ~ joX,. JOLXug Ry [h 52
3 RuH
I
I l “T '
LA

Fig. 1. Equivalent circuit of the autonomous induction generator—induction
motor system

To determine the unknown parameters, the well-known method of
representing the induction motor under steady-state operating conditions by an

equivalent RL circuit (Fig. 2) with the following parameters is used:
2

R =R + mo_
s (X +X.)Y+R
m un n n

X;mRZ/H Rnsm (X,Lm + X2/I1 )
Xn = Xln + R/ - R/
2n

2n

)

b

which can be calculated for any value of the motor slip s, .
Thus, the equivalent circuit of the system can be represented in the form
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shown in Fig. 2.

Fig. 2. Equivalent circuit of the induction generator—induction motor system

Taking into account the performed transformations and applying
Kirchhoff’s second law, the following equation can be obtained:

1.Z =0 (3)
where Z =7 +Z7Z,+Z s the total circuit impedance, defined as follows:
Z =R + jaX,1s the total impedance of the induction generator stator circuit;
Z,=R + jaX, +Z,— jaX_1s the total impedance of the load circuit (induction

motor) and the capacitive excitation system,;
2/ 3/ I~ . 24/ . 25/ /
-2 X X +a X X +jaX R —jo"X.R +jo"R. X +aR R )
7 - 2 p 2 ) M T T R T N s the total
3 I /. .2
aX,—ja X +aR_ +jaX —-ja"X +R —-aR
JERTIE 2O I T H

impedance of the rotor and magnetizing branches of the induction generator;
E =¢w, =L 1 ,0,is the generator electromotive force (EMF); 1, is the equivalent
circuit current.

Under load operating conditions, the stator current cannot be equal to zero,
re., I, #0

Therefore, in order to satisfy Equation (3), the following condition must
hold:

Z,=2,+Z,+Z =Re(Z,)+Im(Z,)=0 )

As a result of straightforward mathematical transformations, the following
system of equations is obtained:
CX+CX, +C)a*+(C X +C X +Ca’ +

+CX +C X, +C)a’ +Ca+C, =0
(DX +D,X +D)a’ +(D,-X,+DX, +D)a’ +
+D, X, +DX +D))a’ +Dya’+Da=0

where the coefficients C,—C,, and D, —D, are functions of the induction

)

generator parameters, the equivalent parameters of the induction motor load, the
excitation capacitor bank, and the rotor rotational speed.

By simultaneously solving the system of equations (5), the values of the
magnetizing reactance X, of the induction generator and the relative frequency

of the generated voltage o can be determined. These parameters subsequently
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allow the terminal voltage of the generator to be calculated for a given operating
condition.

A more detailed description of the calculation algorithm is presented in [9].

Based on the developed method, the characteristics of an industrial squirrel -
cage induction motor of type AIR80A4SU2 with the following parameters: (P. N
=1.2) kW, (n. N =2740) rpm, (I 1 =2.93) A, (R 1=9.37) Q, (R 2=5.13) Q,
(X 1=7.03) Q, and (X 2 =6.5) Q, with an excitation capacitance of (C = 30) uF,
were calculated for operation under resistive and active-inductive loads.

In Fig. 3, Curve 1 represents the external characteristic of the induction
generator calculated using the proposed method, while Curve 2 represents the
generator characteristic obtained without taking into account the variation of the
generated voltage frequency. It follows from the presented characteristics that, in
the case of a low-power induction generator, neglecting the load-induced variation
of frequency results in significant errors in the analysis of its load capability and,
consequently, leads to inaccurate information regarding the characteristics of the
capacitive excitation system, namely the required capacitance and the number of
switching stages of the regulating capacitors.

A Ur, B

250+ AJl
, /]

ZOO—N | 7

L R
150 RL 1 2
100
50—+

i i i PBI,IX1| BT=

240 480 720 960
Fig. 3. Generator voltage as a function of output power

The proposed method for calculating the steady-state characteristics of the
induction generator—load system was used to evaluate the performance of an
autonomous induction generator developed on the basis of a standard squirrel-
cage induction machine of type AIR80A4SU2 with a rated power of 1.2 kW. In
addition, the method was applied to investigate the influence of the parameters of
the capacitive excitation system on the operating characteristics of the generator.
The calculated results are presented in Figs. 4 and 5.

The obtained characteristics make it possible to evaluate the effects of
excitation capacitance and load type on voltage regulation, overload capability,
and the overall stability of the autonomous induction generator. Particular
attention was paid to the influence of the initial excitation capacitance, since this
parameter directly affects the magnetization level of the machine and determines
the amount of reactive power available for maintaining the self-excitation process.
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Fig. 4. Generator voltage as a function Fig. 5. External characteristics of the
of load power for excitation generator under varying load power
capacitances of 30 and 50 puF factor conditions

As can be seen from the characteristics presented in Fig. 4, an increase in
the calculated value of the initial excitation capacitance ((C calc=27 uF)) leads
to a noticeable improvement in the operating performance of the generator.
Specifically, the overload capability increases, while the external characteristics
become significantly stiffer, indicating a reduced voltage drop under increasing
load conditions. This behavior can be explained by the increased reactive power
supplied by the capacitor bank, which enhances the magnetizing flux and
improves voltage support during loading.

For an excitation capacitance of (C = 30uF), the overload capability of the
generator reaches 0.375. However, according to the requirements specified in
[10], assuming an allowable voltage reduction of 10%, the practical overload
capability of the generator is limited to only 0.3 under purely resistive load
conditions ((cose = 1)). Therefore, although the generator is capable of operating
beyond its rated conditions, the acceptable loading range is constrained by power-
quality requirements related to voltage regulation.

The load capability decreases even further when the generator supplies
consumers with an active-inductive load characteristic. As shown in Fig. 4, for the
same excitation capacitance of (C = 30 uF), the overload capability satisfying the
prescribed power-quality requirements is only 0.15 when the load power factor is
(cos@ =0.9). This substantial reduction demonstrates the strong sensitivity of self-
excited induction generators to reactive power demand. Under active-inductive
loading conditions, a considerable portion of the reactive power generated by the
capacitor bank is consumed by the load, reducing the amount available for
maintaining generator excitation.

The calculated characteristics clearly indicate that the influence of load
power factor becomes increasingly significant as the load approaches the stability
limit of the generator. A reduction in power factor not only decreases the
maximum permissible load but also causes a more pronounced voltage drop and
deterioration of voltage regulation characteristics. Consequently, the operating
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range of the autonomous induction generator becomes substantially narrower.

An increase in the initial excitation capacitance to (C = 50 pF) results in
partial saturation of the magnetic system of the generator. Nevertheless, the
additional reactive power supplied by the larger capacitor bank significantly
improves the generator load capability. Under these conditions, the overload
capability increases to 0.6 for a purely resistive load and to 0.37 for an active-
inductive load. These results indicate that increasing excitation capacitance can
effectively compensate for the adverse influence of reactive loading and extend
the stable operating range of the generator.

The obtained results confirm that the parameters of the capacitive excitation
system play a decisive role in determining the performance of autonomous self-
excited induction generators. Proper selection of excitation capacitance makes it
possible to improve voltage stability, increase overload capability, and enhance
the quality of generated electrical energy. At the same time, excessive capacitance
may lead to magnetic saturation and should therefore be selected on the basis of
a comprehensive analysis of the generator operating conditions and load
characteristics.

The influence of load type on the external characteristics of the autonomous
induction generator is illustrated in Fig. 5. As can be seen from the figure, a
decrease in the power factor of the active-inductive load results in a significant
reduction in the overload capability of the induction generator. In addition, the
stiffness of the external characteristics deteriorates considerably, leading to a more
pronounced voltage drop as the load increases.

The obtained characteristics clearly demonstrate that the operating
performance of a self-excited induction generator is highly sensitive not only to
the magnitude of the load but also to its electrical nature. As the active-inductive
component of the load increases, the reactive power demand rises accordingly.
Since a self-excited induction generator relies on a capacitor bank to supply the
reactive power required for magnetization, part of the available reactive power is
diverted to the load. As a consequence, the amount of reactive power available to
sustain the excitation process decreases, resulting in a reduction of the generated
voltage and a deterioration of the generator operating characteristics.

For the generator under consideration, a decrease in the power factor of the
active-inductive load from (cos¢p = 1) to (cos¢p = 0.8) causes a substantial
reduction in overload capability. This effect is observed even when the initial
excitation capacitance is increased almost twofold, from its nominal value to (C
= 50 pF). Under these conditions, the overload capability decreases by more than
three times compared with operation under purely resistive loading conditions.
Such a significant reduction highlights the dominant influence of reactive power
consumption on the performance and stability of autonomous induction
generators.

The deterioration of generator characteristics is also reflected in the reduced
stiffness of the external voltage characteristics. As the power factor decreases, the
generator terminal voltage becomes increasingly dependent on load variations,
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leading to larger voltage deviations and poorer power quality. Consequently,
maintaining acceptable voltage levels under active-inductive loading conditions
becomes considerably more difficult, especially when the load approaches the
stability limit of the generator.

The obtained results indicate that increasing the excitation capacitance can
only partially compensate for the adverse influence of inductive loads. Although
a larger capacitor bank provides additional reactive power and improves voltage
support, its effectiveness becomes limited when the load consumes a substantial
amount of reactive power. Furthermore, excessive capacitance may result in
magnetic saturation of the machine, increased losses, and deterioration of
operating efficiency.

Therefore, the analysis confirms that active-inductive loads represent one
of the most challenging operating conditions for autonomous self-excited
induction generators. The results demonstrate that a decrease in load power factor
significantly narrows the stable operating range of the generator and reduces its
permissible overload capability. This fact practically excludes the use of
autonomous induction generators for supplying active-inductive consumers
without additional voltage stabilization or reactive power compensation systems.
Consequently, the implementation of automatic voltage regulation devices,
switched capacitor banks, static VAR compensators, or other reactive power
control systems becomes essential for ensuring reliable and stable operation under
such loading conditions.

Verification of the adequacy of the proposed method for calculating the
steady-state characteristics of the IG-CES—load system was carried out using an
experimental laboratory test bench, the schematic electrical diagram of which is
shown in Fig. 6.

The main part of the installation consists of an induction machine and a
prime mover mounted on a common frame. A three-phase squirrel-cage induction
motor of type AIR§0A4SU2, whose rated parameters are given above, was used
as the generator. A separately excited DC motor (DCM) was used as the prime
mover. The rotational speed of the induction generator rotor and the power of the
DC motor were varied by changing the armature voltage of the latter using a
thyristor converter.

The total capacitance of the excitation capacitors in each phase was formed
by connecting all or several capacitors in parallel by means of switch K2 and
circuit breakers AB3—AB6. Thus, during the experimental investigation it was
possible to regulate the rotational speed of the induction generator rotor, vary the
parameters and connection scheme (star or delta) of the capacitor excitation
system (CB), and adjust the power of the DC prime mover.

The test bench provides the possibility of connecting various types of
symmetrical loads to the induction generator:

— a three-phase resistive load represented by lighting devices, the
connection and disconnection of which is performed by means of the package
switch SA1 in “Position 17;
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— a three-phase load in the form of two induction motors of different ratings
and with different shaft load torques, connected by means of the package switch
SAT in “Position 2” and circuit breaker K4, respectively;

— a resistive load (R 1), connected through a rectifier (VD5-VDI11
assembled according to the Larionov rectifier circuit) and switch KS5.

AJI2 h SA1 AB6

C13-C13

ABS

o K2 ¥l —— I¥al v . -
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Fig. 6. Schematic electrical diagram of the experimental laboratory setup

The results of the experimental investigations are presented in Figs. 7—10.
For clarity, all values of the investigated parameters are given in per-unit values
(with respect to their rated values). The rated values were taken as the rated
rotational speed of the induction motor operating in generator mode, the line
voltage (U;n)) and phase current (I;n) when its stator windings were connected in
a star configuration. The rated resistance was taken as the total impedance (Z)
corresponding to the rated parameters of the induction motor, where (R=rn/Zx).

Figs. 7 and 8 show the dependences of the line voltage, load current, phase
current, and induction generator rotor speed on the value of the active load
resistance. Curves 1-4 were obtained for different initial no-load line voltages
(U1o), equal to 360, 300, 220, and 180 V, respectively. An identical pattern of
variation can be observed for all curves 1-4. As the load resistance decreases, the
voltage decreases nonlinearly. Within the load range from (8Zx) to (2.5Zx), the
voltage at the terminals of the induction generator decreases by approximately the
same amount, (Delta U = 0.15U,y), regardless of the initial value of (Uj).
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Analysis of the characteristics presented in Fig. 8 showed that, as the ohmic
load resistance decreases, the load current increases nonlinearly until it reaches a
critical (maximum) value, after which it drops sharply. This behavior is typical of
self-excited induction generators operating near the boundary of their stable
operating region and reflects the complex interaction between the excitation
system, the magnetic circuit of the machine, and the connected electrical load.
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Fig. 7. Induction generator line voltage Fig. 8. Induction generator load
as a function of active load resistance current as a function of active load
resistance

At relatively high values of load resistance, the generator operates in a
stable mode, maintaining sufficient excitation and an acceptable terminal voltage
level. Under these conditions, a decrease in resistance results in an increase in
load current and output power delivered to the consumer. However, the
relationship between current and resistance is nonlinear due to the combined
influence of magnetic saturation, variations in generator slip, and changes in the
frequency of the generated voltage.

As the load resistance continues to decrease, the load current gradually
approaches its maximum attainable value, indicating that the generator is reaching
the limit of its load-carrying capability. At this operating point, the excitation
system can no longer provide sufficient reactive power to maintain the required
magnetic flux in the machine. Consequently, voltage stability deteriorates, and the
generator becomes increasingly sensitive to further changes in load conditions.

When the load resistance falls below the critical value, the generator enters
the so-called “pull-out” or instability mode. In this region, even a small decrease
in resistance causes a significant deterioration in operating conditions. Both the
load current and the terminal voltage decrease abruptly instead of continuing to
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increase as expected. This phenomenon occurs because the capacitive excitation
system is unable to compensate for the growing reactive power demand of the
load and sustain the magnetizing current necessary for normal operation.

The observed behavior indicates a loss of excitation in the induction
generator. Under these conditions, the generated voltage collapses rapidly, stable
operation becomes impossible, and the generator effectively loses its ability to
supply electrical power to the connected load. Therefore, the obtained
characteristics clearly demonstrate the existence of a critical load resistance that
determines the stability limit, overload capability, and maximum permissible
loading of the autonomous self-excited induction generator.

For comparison purposes, the experimental and calculated characteristics
of the induction generator under load conditions are presented in Figs. 9 and 10.
The experimental results are depicted by solid lines, while the calculated
characteristics obtained using the proposed method are shown by dashed lines.
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Fig. 9. Characteristics of the induction Fig. 10.  Induction  generator

generator at constant generator voltage characteristics as a function of output
(Ug=const) and load resistance R;=95 power and excitation capacitance
Q. (C:CN).

Conclusions. Based on the obtained results, an improved mathematical
model of a self-excited autonomous induction generator with capacitive excitation
has been developed and investigated. Unlike conventional approaches, the
proposed model takes into account variations in the frequency of the generated
voltage depending on load conditions. The developed method enables the
simultaneous determination of the generator magnetizing reactance and the
relative frequency of the output voltage, thereby improving the accuracy of
calculating the steady-state characteristics of low-power autonomous induction
generators.

The conducted calculations demonstrated that neglecting variations in the
generated voltage frequency leads to significant errors in the determination of
external characteristics, overload capability, and stability limits of the generator.
It was shown that for an induction generator based on the AIR§0A4SU2 squirrel-
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cage induction machine with a rated power of 1.2 kW, consideration of frequency
variations is essential for obtaining reliable results, particularly under active-
inductive loading conditions.

The investigation of the capacitive excitation system parameters revealed
that increasing the excitation capacitance from 30 pF to 50 uF improves the
stiffness of the external characteristics and enhances the overload capability of the
generator. At the same time, excessive capacitance may result in magnetic
saturation of the machine and therefore should be carefully considered during the
design and selection of the excitation system.

It was established that a reduction in the load power factor significantly
deteriorates the operating characteristics of the generator. When the load power
factor decreases from cosg = 1 to cosp = 0.8, the overload capability of the
generator is reduced by more than three times, while the terminal voltage becomes
considerably more sensitive to load variations. These results confirm the necessity
of applying additional reactive power compensation devices and automatic
voltage regulation systems when supplying inductive consumers.

Experimental verification carried out on a laboratory test bench confirmed
the adequacy of the proposed mathematical model and calculation methodology.
A comparison of simulation and experimental results showed that the discrepancy
between theoretical and measured data does not exceed 4-6%, which confirms
the high accuracy of the developed approach and its practical applicability for the
design and optimization of autonomous power supply systems based on self-
excited induction generators with capacitive excitation.
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MOJAEJIOBAHHA TA JOCJIIXKXEHHA YCTAJIEHUX PEXKUMIB
ABTOHOMHOI'O ACUHXPOHHOI'O 'EHEPATOPA 3 EMHICHUM
CAMO3BY/UKEHHAM

FOpiit 3auena, Harans 3auena, Anapiii [lyrau, IBan Tecnenxo,
BsiuecnaB Maptunues, Bagum CaakoBChKUi

Y yitt cmammi oocrioaicyromucs yemaneri pexcumu pooomu agmoHOMHO20
ACUHXPOHHO20 2eHepamopa 3 camo3oyodcentuam (SEIG), ocnawenoco cucmemoro
EMHICHO20 30)0XHCEHHS Ma NPAYIOI0Y020 3 AKMUBHO20 U AKMUBHO-IHOYKMUBHO20
HABAHMAMNCEHHS. 3pocmarodull nonum HA A8MOHOMHI mMa OeyeHmpaizo8aHi
cucmemu eiekmpozenepayii Ha OCHOBI BIOHOBNIOBAHUX 1 ANbMEPHAMUBHUX
ooicepenl eHepeii cymmeso niosuwus inmepec 00 ACUHXPOHHUX 2eHepamopie
3a805KU IXHIl NPOCMOMI, HAOTUHOCMI, HUBLKUM BUMO2AM 00 00CY208Y8AHHS MA
giocymnocmi oxpemozo o0dxcepena 30y0dcenns. QOHaxk poboma ACUHXPOHHUX
eeHepamopie i3 camo30yO0IHCeHHAM XAPAKMEPU3yEMvbcs 3HAYHUMU 3MIHAMU
BUXIOHOI Hampyeu ma Yacmomu 3aNeNHCHO 6i0 BeAUYUHU HABAHMANCEHHS 1
KoeghiyicHma nomysdcHocmi, Wo YCKIAOHIOE AHANI3 MA NPOEKMYBAHHI MAKUX
cucmenm.

Memoio  0anoco  QocniodicenHs € po3pobieHHs ma — nepesipka
B800CKOHAIEHO20 ~ MemoOy  pPO3DAXYHKY  CMAMUYHUX  XAPAKMEPUCTNUK
ABMOHOMHO20 ACUHXPOHHO20 2€Hepamopa Maloi NOMYICHOCMI 3 YPaxXyE8aHHIM
SMIHU 4aCmMOmMu 2eHepo8aHol Hanpy2u 3a 3MIHU YMO8 Hasawmaoicenus. Ha
BIOMIHY 8I0 Oa2amvox MpaouyitiHux Memoodie po3pPAaxyHKy, AKI NPUnycKaomo


https://doi.org/10.1016/j.rineng.2023.101182
https://doi.org/10.1109/60.63158

119

cmany SuxXioHy yacmomy aO0 HeXmymbv ii 3anedxicHicmIo 810 HABAHMAICEHHS,
3anponoHosanull NiIOXio 8PAx08ye pealbHull 6NaAUE 3MIH YACMOMU, CNPUYUHEHUX
Hasanmasxcenusam. Lle ocobnueo 8axciuo 01 ACUHXPOHHUX 2eHepamopie Manoi
HOMYIHCHOCMI, KT 3a36U4all MarOMy OLIbUI 3HAYEHHS HOMIHAIbHO20 KOB3AHHS |
MOMY € OibU YYMAUBUMU 00 3MIH PedCUMie pobomu.

3anpononosana mamemamuyHa Mo0enb 6aA3YEMbCsL HA CXeMAX 3AMIUeHHS
5K ACUHXPOHHO20 2eHepamopd, makx i ACUHXPOHHO20 O08USYHA HABAHMANCEHHSL.
Ananiz 8UKOHYEMbCsL 3a OONOMO2010 CUCTEMU DIBHANHb eleKMPUYHOI pieHOo8aA2U,
Wo onucyloms  eleKmpoMAacHimui  npoyecu 8 Ccucmemi  «2eHepamop—
HagaHmasxgcenusay. [lna  CApoweHHs  pO3PAXYHKIE  ACUHXPOHHUL  OBUSYH
HABAHMAMNCEHHsl NoOaHo ekeigareHmuum RL-korom 3 napamempamu, AKi
3anedxcams 8i0 Ko@3amuus OsucyHa. Ompumana mamemamuiyHa NOCMAHOBKA
00360/19€ OOHOYACHO  BU3HAYAMU HAMASHIYYBAIbHUL  PEaKmueHuli  Onip
eeHepamopa ma 6IOHOCHY uYacmomy e2eHepoganoi Hanpyeu. Taxuii nioxio
3abe3neuyc mMoyHe NPOCHO3V8AHHA HANPYeU 2eHepamopd, Yacmomu ma
HABAHMAMNCYBANbHOI 30aMHOCMI 3a PI3HUX PeAHCUMIE pOOOMU.

3 suxopucmauHam po3podieHoi MemoouKku 6y10 po3paxo8aHo CMAMudHi
Xapakmepucmuky  ACUHXPOHHO20  2eHepamopd, CmEOpeHo20 Ha  0asi
CMAHOAPMHOI ACUHXPOHHOI MAWUHU 3 KOPOMKO3ZAMKHEHUM DOMOPOM MUNY
AIR80A44SU2 nominanvroro nomyoicnicmio 1,2 kBm. I'enepamop oocniocysascs
3a aKmueHo20 ma AaKMUGHO-IHOYKMUBHO20 Hasanmasxgcenus. Pezyromamu
NOKA3a1u, Wo Hexmy8aHHs 3MIHOI0 Yacmomu NPU3800Ums 00 CYMmeBUX NHOXUDOK
nio 4ac OYiHIOB8AHHS Pe2yNI08AHHs HANPY2U, NePesaHmadtCy8aibHoi 30amHoCmi
ma medxc cmitukux pedcumie pooomu. L[i pozbixcnocmi cmaroms 0cobaUB0
NOMIMHUMY, — KOJNU  2EHepamop  HCUBUMb  ACUHXPOHHI — OBUSYHU, WO
Xapakxmepuzylomscsi — GeIUKUMU — NYCKOGUMU — CIIPYMAMU — Ma  3MIHHUM
KoeiyieHmom nomyH#CcHOCMi.

s nepesipku adexeamHocmi 3anponoHO8AHOI Mooei 0Y10 NPoBeOeHO
UWUPOKOMACUMAOHI  eKCNePpUMEHMANbHL  OOCAIONCEHH HA 1aO0OpAmopHOMY
cmenOi, 00 CKAaody K020 8X0O0UNU ACUHXPOHHUL 2eHepamop, NPU8OOHUN 08UCYH
NOCMIUHO20 CMPYMY, pe2ylbo8ana bamapesi KOHOeHcamopie ma pi3Hi munu
eleKMPUYHUX Hasanmadxcenv. Excnepumenmanvui eumiprosanus GKIOUAIU
BUSHAYEHHS HANpy2u 2eHepamopda, Cmpymy HABAHMANCEHHA, WBUOKOCMI
obepmanHs pomopa, €MHOCMI 30Y0)CeHHsT ma BUXIOHOI NOMYICHOCHI.
Ompumani  pesyromamu  NPOOEMOHCMPYBAIU  000pPY  V3200M4CeHiCMb i3
meopemuyHumMy  npocHozamu. llopigHanvHull — aHaniz  pO3PAXYHKOBUX 1
EeKCNepUMEHMANbHUX — XAPAKMePUCmMUK — NoKasas, Wo  BIOXUIEHHS  MIdC
EKCNEePUMEHMANbHUMU MA MEeOPeMUYHUMU OaHUMU He nepesuwyye 4—6 %, wo
niomeepodicye O00CMOBIPHICMb | NPAKMU4Hy NpUOAMHICMb  PO3POOJIEHO20
Memooy pO3PAxXYHKY.

Knrouosi cnosa: acunxponnuui eenepamop iz camosoyodcennam (SEIG);
A6MOHOMHUL ACUHXPOHHULL 2eHepamop, €MHICHe camo30y0diceHHs; bamapes
KOHOeHCamopie, CmamudHi Xapakmepucmuku, aHaui3 YCMALeHUX pPeHCUMis;
3MIHQ Yacmomu, pe2yntoO8aHHsA HANPY2U, XAPAKMEepUCMuKU HABAHMANCEHHS,
AKMUBHO-IHOYKMUBHE HABAHMANCEHHS, NEPEeBAHMANCYBAIbHA 30AMHICMb.
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