Machinery & Energetics Journal homepage:

Vol. 14, No. 4. 2023 https://technicalscience.com.ua/en

UDC 621.3.067
DOI: 10.31548/machinery/4.2023.54

Roman Chuienko

PhD in Technical Sciences, Associate Professor
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0002-9339-9764

Viktor Kaplun’

Doctor of Technical Sciences, Professor
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0001-7040-9344

Svitlana Makarevych

PhD in Technical Sciences, Associate Professor
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0002-9601-5156

Oleksandr Sytnyk

Postgraduate Student
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0000-8108-4944

Asynchronous generator replacement scheme
with internal capacitive reactive power compensation

Abstract. The relevance of using compensated induction machines in the generator mode of autonomous power
supply systems is determined by their ability to provide a stable and reliable power supply even in the absence of an
external grid. The research aims to develop a procedure for determining the characteristics of an equivalent circuit of
compensated induction generators that considers the mutual influence between the main and additional phase windings
of the armature. The theory of an idealised induction machine with the representation of electromechanical energy
conversion processes and basic physical parameters in the form of equations of electrical equilibrium and drive motion
was used to obtain the calculated characteristics of the generator’s operating modes of this class. The generalised system of
differential equations made it possible to calculate dynamic and static processes for symmetrical and asymmetrical modes
at given machine parameters under different methods of excitation and voltage stabilisation under variable load. For
the practical implementation of modelling the parameters of an induction generator, the equations of electrical
equilibrium of the stator and rotor circuits for the symmetrical steady-state mode are used, which is a special case of
the generalised mathematical model of the machine for both transient and steady-state processes with constant parameters
of the substitution scheme. Consideration of the structural and functional features of compensated induction generators
was made possible by using a mathematical model with the armature winding divided into two coaxial or spatially
offset half-windings. In this case, the number of calculation equations doubles. The use of an autotransformer scheme for
switching on the stator phase half-windings to capacitors required the introduction of an additional differential equation
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for the electrical equilibrium of the stator phases. This made it possible to substantiate the values of active and inductive
resistances used in the replacement circuit of an induction generator with internal capacitive reactive power compensation.
The mutual inductive coupling of the main and additional half-windings of the generator stator phase windings due to
both the operating magnetic flux and the magnetic fluxes of dissipation was considered. The practical significance of the
obtained results is to increase the efficiency and stability of the power supply, which helps to reduce losses and improve

the operation of electric power systems

Keywords: asynchronous machine; internal capacitive compensation; reactive power; active resistance; inductive

resistance; mutually inductive coupling

INTRODUCTION

The study and calculation of the characteristics of induc-
tion machines (IMs) is an important task, as it helps to de-
velop and improve the electrical industry, contributing to
the conservation of energy resources and the creation of
more stable and efficient power supply systems. With the
development of new materials and production technolo-
gies, the design of induction machines needs to be adapt-
ed to new designs and functional properties. This helps
to create more powerful, efficient, and stable machines.
C.A.C. Wengerkievicz et al. (2017), the characteristics of an
induction machine are calculated using a system of design
equations for the electrical equilibrium of the stator and
rotor windings, compiled according to Kirchhoff’s second
law. This system of equations is based on the generally ac-
cepted assumptions of the classical theory of electric ma-
chines at constant values of stator and rotor resistances
and is a special case of the general mathematical model of
an induction machine for both steady-state and transient
operating modes.

To calculate the characteristics of compensated in-
duction generators (CIG), S.V. Kumar et al. (2023) used a
mathematical model that considers its new design and
functional properties. The manufacture of stator phase
windings consisting of two parts that are coaxially or spa-
tially offset by an arbitrary angle necessitates a twofold in-
crease in the electrical equilibrium equations. In addition,
H. Terzioglu & M. Selek (2017) described that the use of an
autotransformer scheme for switching on additional stator
phase windings to capacitors leads to the need to write an
additional differential equation of electrical equilibrium of
the stator phases.

An important problem that arises when using a com-
pensated induction generator (CIG) in autonomous power
supply systems is voltage stabilisation under variable load.
V.I. Mishin et al. (2022) established the quantitative and
qualitative dependencies of an induction machine analyti-
cally, which was carried out considering the classical theory
of an idealised induction machine, where the main physical
parameters and electromechanical energy conversion pro-
cesses are represented in the form of equations of electrical
equilibrium and drive motion. The presented generalised
equation system in differential form in M. Popp et al. (2017)
makes it possible to calculate dynamic and static processes
for symmetrical and asymmetrical modes under given ma-
chine parameters and excitation conditions. Physical pro-
cesses and features of CIG design solutions, caused by the

presence of additional spatially displaced electromagnet-
ic circuits with capacitance, complicate the mathematical
model and increase the order of the system of differential
equations. According to M.M. Tezcan et al. (2018), this re-
quires the adoption of additional special conditions and
approaches for calculating physical processes in machines
of this class.

It is commonly used to calculate the characteristics of
induction machines in the L-shaped substitution scheme
and to bring them to the equivalent parameters of the
T-shaped scheme. The L-shaped scheme is simple, and the
magnetisation current is assumed to be constant, inde-
pendent of the AM load. However, to ensure greater accura-
cy in reflecting physical processes in an induction machine,
the T-shaped substitution scheme should be preferred in
our case. According to M. Liu et al. (2023), the design of
a compensated induction generator differs from the basic
asynchronous machine, so the parameters of the replace-
ment scheme of the basic asynchronous machine cannot be
used to calculate its characteristics.

O.M. Popovych & M.O. Smahliuk (2014) considered
a variant of an induction machine with a compensation
winding. The use of such a winding when the machine op-
erates in motor mode allows for controlling its energy ef-
ficiency. However, the compensation winding carries only
reactive power and does not carry an active load. The study
proposes variants of the stator windings of a compensated
asynchronous generator, where both the main and addi-
tional stator phase windings are carriers of both reactive
and active powers.

The study aims to develop a methodology for calculat-
ing the parameters of the replacement circuit of compen-
sated asynchronous generators, considering their design
features and the mutually inductive connection between
the main and additional phase windings of the armature.

MATERIALS AND METHODS
Experimental studies of the compensated asynchronous
generator were carried out at the Department of Electrical
Engineering, Electromechanics and Electrical Technolo-
gies of the Educational and Research Institute of Energy,
Automation and Energy Saving of the National Universi-
ty of Life and Environmental Sciences of Ukraine. A Me-
trix-3252 digital oscilloscope (manufactured by Chauvin
Arnoux, France) was used to obtain the waveforms. The fol-
lowing methods were used to substantiate the parameters
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of the compensated asynchronous generator replacement
circuit, considering its design features, and to verify the
results obtained: analytical using the theory of a gener-
alised electromechanical energy converter; mathematical
and electrical modelling; and experimental. A compensat-
ed asynchronous generator manufactured on a serial asyn-
chronous motor AIR71V2 (AIP71B2, Ukraine) was selected
as the object of computational and experimental studies.

Studies of A.E. Kravchik et al. (1982), ]J. Rolek &
G. Utrata (2018), and A.R. Helonde & M.M. Mankar (2019),
which contain information on the parameters of induction
machines, were used. At the same time, either an L-shaped
replacement scheme (Fig. 1a) or a T-shaped replacement
scheme for an induction machine (Fig. 1b) was used. For
the L-shaped substitution scheme, the active resistance of
the stator phase winding R/ and the inductive resistance
of the stator phase winding X/, as well as the active re-
sistance of the rotor phase winding R/, and the inductive
resistance of the rotor phase winding X’, were considered.
In addition, the inductive resistance due to the mutually
inductive coupling between the armature and rotor phase
windings in the case of their axes coincidence and the total
main inductive resistance of the armature phase winding
X at the rated load of the combined induction machine
was considered.

i = ' '
I R X S/

b) o

Figure 1. Asynchronous generator replacement scheme
Note: a - L-shaped; b - T-shaped; R/ — active resistance
of the stator phase winding, X’ - inductive resistance of
the stator phase winding, R/, - active resistance of the
rotor phase winding, and X’/ inductive resistance of the
rotor phase winding, X - main inductive resistance of the
armature phase winding, s — sliding
Source: R. Chuenko & O. Kryvoshey (2014)

To calculate the characteristics of the AG under a
steady-state symmetrical load, a T-shaped substitution
scheme was used (Fig. 1b), which describes the physical pro-
cesses occurring in the generator with high accuracy (Mish-
inetal.,2022). The transition from the active and inductive
resistances of the L-shaped substitution scheme to the
resistances of the T-shaped substitution scheme was car-
ried out using the following formulas (Mishin et al., 2011):

/ /!
_ 2Xi Xm _ p/ X, _ Ry,
Xj=—F———=R =R R =7
Xt | X2 44X Xy 1 0
sz_z//cz1+ﬁj =c-I
2 c2’ Xm 2 2°

To express parameters in a system of relative units
R, (ru), X, (r.u.), and R, (r.u.) it is necessary to have the
values of the corresponding resistances in named units and
use the following formulas:

_ Ry(Ohm) , . _ X (0hm),
Ry(ru) = Zn(Ohm)A' Xi(ru) = Z,(0hm)’ (2)
_ Ry(0hm)
Ry(ru) = Zy(0hm) "’

where Z,, = % — total resistance of the armature phase
winding of an induction machine at rated mode operation
in case of star connection of the armature winding, Ohm;
I, = m — current of the armature phase winding
at rated operation, A; U, - phase voltage at rated load, B,
n, — asynchronous machine efficiency, cos - asynchro-
nous machine power factor, P, - rated asynchronous power
output.

RESULTS AND DISCUSSION
Unlike a basic induction machine, each phase winding of a
compensated induction generator armature consists of two
half-windings: the main winding and the auxiliary wind-
ing. The main and auxiliary windings can be connected ei-
ther in series (Fig. 2a) or in parallel (Fig. 2b).

Depending on the connection scheme of the main and
auxiliary windings, the number of turns of the main and
auxiliary windings will also change, as well as the possi-
ble voltage on the armature terminals of the compensated
generator. Accordingly, to conduct numerical studies of the
characteristics of the CIG, the corresponding parameters of
its substitution scheme should be used. The phase winding
of the armature of the base machine contains w turns. In
the case of using internal capacitive reactive power com-
pensation with a series connection of the main and auxil-
iary windings, the winding of the base machine is divided
into two equal parts with the number of turns w/2 each,
which are switched on in series. In this case, the resistance
of the main and auxiliary windings of the generator arma-
ture phases will be equal to R /2. The inductive resistance
due to the presence of magnetic fluxes of the main and
auxiliary windings will also be halved compared to the ba-
sic machine - X /2. Similarly, the total main resistance of
the main and auxiliary windings of the armature phase of
the CIG - X /2 - will be halved. In this case, the phase re-
placement scheme of an induction generator with a series
connection of half-windings is as shown in Figure 3a.
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Figure 2. Schematic diagrams of the phase winding of the armature CIG
Note: a — when the main and auxiliary windings of the armature phase are switched on sequentially; b — when the main
and auxiliary windings are switched on in parallel; ¢ - for switching the winding of the base machine to a circuit with two
parallel windings, where R , R, - resistance of the main and auxiliary windings of the generator armature phases, X , X, -
inductive resistance of the main and auxiliary windings, w — number of coils, S - sliding, X - main resistance of the main
and auxiliary windings of the CIG armature phase
Source: compiled by the authors based on R. Chuenko & O. Kryvoshey (2014)
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Figure 3. Phase replacement schemes for compensated induction generators
Note: a — the main and additional windings of the armature phase are switched on in series; b — the main and auxiliary
windings of the armature phase are switched on in parallel; ¢ — for switching the series winding to two parallel windings,
where R , R, - resistance of the main and auxiliary windings of the generator armature phases, X , X, - inductive resistance
of the main and auxiliary windings, w — number of coils, S - sliding, X - main resistance of the main and auxiliary windings
of the CIG armature phase
Source: compiled by the authors

The total inductive reactance of the phase winding of an
induction machine armature consists of its inductive reac-
tance, the value of which depends directly on the square of
the number of windings, and the inductive reactance due to
the mutual inductive coupling with neighbouring magnet-
ically coupled windings, which depends on the product of

the number of turns of these windings. At the same time, the
mutually inductive coupling between the windings by mag-
netic fluxes is not considered. When the main and auxiliary
windings of the armature phases of the CIG are connected
in series, their inductive reactance will depend on w? and
will be determined by the inductive dissipation resistance:
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X 2
Xu=%= (%)’ ®
and the main resistance:
Xm (W 2
Xne="2=(5)" )

The discrepancy between the total resistance of con-
secutive half—windings %, XTm and their values X;. =)i,
Xme = 2% is caused by the mutually inductive connection
between the main and auxiliary windings of the armature
phases of the CIG as in terms of operating magnetic flux,
and terms of magnetic flux dissipation. As a result, the to-
tal inductive reactances of the main and auxiliary windings
increase by x,, =% = (%) due to the action of the magnetic
flux scattering and on the value of X,,, =m = (%) due to
the action of the main magnetic flux.

Thus, the inductive dissipation resistance of the main
and auxiliary windings of the phase winding of the arma-
ture of the CIG, which are located without spatial displace-
ment of their axes, will be determined by the following
formula: 2 =X;; +Xip= X1 +3 X1 . The maln inductive resist-
ance is equal to Xz = Xmi + me— In 4 X =, and the mutual
induction resistance of the stator half windings with the
rotor winding, respectively — 7 =5-w.

In a basic induction machine, there is a mutually in-
ductive connection in terms of operating magnetic flux
between all armature and rotor windings of different
phases (Rolek & Utrata, 2017; Tezcan et al., 2018). In its
turn, the magnetic flux is closed only between the arma-
ture half-windings of the same phase. Considering a CIG
with sequential switching on of the main and auxiliary
windings, which do not have spatial displacement of the
axes, the mutually inductive coupling by the magnetic flux
should be considered as a component of the inductive re-
sistance X;, = %. If there is a spatial offset between the
axes of the main and auxiliary windings by an angle 0, then
the inductive resistance component due to the magnetic
flux scattering will be equal to % - cos 0.

In the case of using the variant of internal capacitive
reactive power compensation with a parallel connection
of the main and additional windings of the generator
armature phase (Fig. 2b), each of these windings will be
under the same voltage. Accordingly, if the base machine
had the armature winding parameters R , X,, X , then the
resistances of each of the two parallel branches of the
phase winding of the CIG will be equal to 2R, 2X,, 2X ,
respectively, and at the total rated current I, the rated
current of the main and auxiliary windings will be half the
total rated current - I /2.

If the main and auxiliary windings of the armature
phase of the CIG have the same number of turns as the ar-
mature phase winding of the base machine w, then the in-
herent inductive resistance of the scattering and the main
inductive resistance, as well as the inductive resistance due
to the mutually inductive coupling by the scattering mag-
netic flux and the operating magnetic flux, will be equal

to the corresponding inductive resistances of the base ma-
chine winding X, =X, =X ,X =X =X .In this case, the
inductive resistances of the main and additional windings
will be X, +X ,=2X,X +X =2X .The rotor parameters
remain unchanged R,, X,, X (Fig. 3b)

In practice, it may be necessary to change the switch
scheme of the main and auxiliary windings of the arma-
ture phase of an induction generator from series to paral-
lel (Fig. 2c). In this case, the number of turns of the gen-
erator armature phase winding will remain unchanged,
and the main and auxiliary windings will have w/2 coils
each. For the generator energy characteristics to remain
unchanged under different schemes of switching on the
main and auxiliary windings (Fig. 2b) and (Fig. 2c), it is
necessary to reduce the generator output voltage (U/2)
by half and to increase the rated armature current and
the rated rotor current by 2 times. The inductive dissi-
pation resistance of the main and additional armature
windings will be equal to %1 = X“ + %, standard resist-
ance XT’” —Xf+%, and the general parameters of the
entire stator winding are respectively 3 4 X’" Rl . When
switching from a real CIG to a reduced CIG, the number
of turns of the rotor winding must be reduced by a factor
of 2. Accordingly, the inductive dissipation resistance of
the rotor of the combined CIG will be equal to XZ/ =% In
turn, the active rotor impedance of the combined gas tur-
bine will also be halved R,” =22 as its current has dou-
bled (Fig. 3c¢).

When a compensated induction machine operates in
the motor mode, it consumes active and reactive power
from the power supply network and converts electrical
energy into mechanical energy (Fig. 4a). When operating
in the generator mode as part of an autonomous power
supply system, the compensated induction machine it-
self is a source of active and reactive power for the con-
sumer and converts mechanical energy into electrical
energy (Fig. 4b):

l)U E Iz jxcos@I IZ

2) U U U Iz, ]X c0sO - I +jx 1,
3) U =E,-1 z, ]x 050 I ==X Iy, ©)
40-E,-Iz,.

The design equations of the CIG phase when operating
on a static load in a steady-state process of the symmetri-
cal mode by the schematic diagram of its phase (Fig. 5) are
as follows (Mishin et al., 2011):

One of the most common characteristic variants of an
autonomous power supply system is the operation of an
autonomous generator for an induction motor. In particu-
lar, the external characteristics of a compensated induction
generator were calculated, from which an induction motor
AIR71V2 with a capacity of 0.75 kW is started and powered.
The values of the compensating capacitances were equal:
external capacity C=30 pF, internal capacitance C, =28 pF
and additional internal capacity C, =10 pF.
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Figure 4. Vector diagrams of a compensated induction motor (a) and a compensated induction generator (b)
Note: U - power supply voltage; U, - voltage on the additional stator winding; U,, - voltage on the internal capacity; E, -
electromotive force of the main stator winding; E, - electromotive force of the additional stator winding; E, - electromotive
force of the rotor winding; I - stator current of an induction machine; Z - load resistance; I, - load current; I . - external
capacitance current; I, — current of additional internal capacitance; I - stator current of a compensated induction generator;
I, - internal capacitance current; I, — current of the additional stator winding; I, — stator main winding current; I, -
magnetising current of an induction machine; 6 — angle of spatial displacement of the main and auxiliary stator phase
windings; I, - rotor current of an induction machine; r, - active stator resistance of an induction machine; X, - inductive
resistance of the stator of an induction machine; ¢ — angle between the stator current and voltage vectors at the stator
of an induction machine; ¢, — angle between the voltage vectors on the stator and the current of the main stator winding
of the induction machine; ¢, — angle between the voltage vectors on the stator and the current of the additional stator
winding of an induction machine; ¢, — angle between the rotor electromotive force vectors and the rotor current of an
induction machine;

Source: compiled by the authors

v

Figure 5. Wiring diagram of CIG phases
Note: U, - load voltage; Z, - load resistance; I, — load current; C - external capacity; I. —external capacity current;
C, - additional internal capacity; I, — additional internal capacity current; I - stator current of a compensated
induction generator; C, — internal capacity; I, - internal capacity current; I, — additional stator winding current;

CA
I, - stator main winding current; # - angle of spatial displacement of the main and auxiliary stator phase windings;

I, - generator rotor current; X, — inductive resistance of the rotor; R, - active rotor resistance; s - sliding
Source: compiled by the authors based on V.I. Mishin et al. (2022)

The external characteristic of the compensated in-  the voltage recovery (Fig. 6b) after starting the motor
duction generator obtained by calculation when oper- from a compensated induction generator occurs with-
ating in conjunction with an induction motor (Fig. 6a), in 0.5 s. The stator current (Fig. 7) of the compensated
where the voltage drops to 165 V, is confirmed by the induction generator when the motor is powered in a
experimental oscillogram (Fig. 6b). It was found that steady state is 2 A.
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Figure 6. Calculated external compensated asynchronous generator in a joint operation with an induction motor (a)
and experimental voltage waveform on the stator of a compensated asynchronous generator (b)

Source: compiled by the authors
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Figure 7. Oscillogram of the stator current
of a compensated induction generator
when supplying an induction motor
Source: compiled by the authors

The data obtained as a result of calculating the char-
acteristics of compensated induction generators are con-
firmed with sufficient accuracy by experimental studies. In
particular, Figure 8 shows the external characteristics of the
compensated induction generator when using the external
capacitance C and the internal capacitance C, (curves 1)
and when using the external capacitance C, the internal
capacitance C,, and the additional internal capacitance C,
(curves 2), based on the calculated and experimental data.

The system of equations for the electrical equilibri-
um of the stator and rotor circuits of a CIG (Al-Jufout et
al., 2018) used the parameters of the substitution scheme
(r,,x,,1,,x,) calculated according to the above methodology.
The introduced parameters were the capacitive resistances
x,x,,x, and load resistance Z =k Z atZ =r +jx =80+
+j60=100/* Ohm. Z =var with a variable load factor k , the
resistance of the main and auxiliary stator windings was
assumed to be the same z, =r, +jx,=z,.

The use of internal capacitive reactive power compen-
sation to improve the characteristics of an induction gen-
erator causes changes in the basic electrical circuit of its
stator winding. Accordingly, the active and inductive resist-
ances of the stator winding of the compensated induction
generator change compared to the basic induction gen-
erator, which should be considered in numerical studies.

The parameters of the L-shaped and T-shaped replace-
ment schemes for an induction machine can be found in
reference books or the manufacturer’s documentation.
However, the use of these parameters without considering
the operating mode and conditions of the induction ma-
chine may be unacceptable or lead to unacceptably large
errors in the calculations.

In particular, E.R. Ferrucho-Alvarez et al. (2021) con-
sidered an induction welding generator with valve excita-
tion. While an L-shaped substitution scheme is used for a
conventional induction generator operating in voltage sta-
bilisation mode, it is unacceptable for an induction genera-
tor with valve excitation operating on a welding arc. In this
case, as in the case of a compensated induction generator,
a T-shaped substitution scheme for the basic induction
generator is used. The distinctive feature is that the valve
excitation system in the replacement circuit is represented
by an additional variable capacitive resistance.

260
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Figure 5. External characteristics
of a compensated asynchronous generator obtained
by calculation and experiment

Note: curve 1 — when using an external container C and
internal container C,; curve 2 — and when using an external
container C, internal container C, and additional internal
container C,

Source: compiled by the authors
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L.A. Lopes & R.G. Almeida (2006), I. Boldea & S.A. Na-
sar (2009) noted that the T-shaped replacement scheme for
an induction machine is also used to calculate the charac-
teristics of an induction motor with a squirrel-cage rotor
that has rotor eccentricity or rotor winding defects. In this
case, the T-shaped substitution scheme is supplemented
with additional elements that characterise the increase in
losses in the damaged motor. The obtained characteristics
are used to monitor and predict the condition of motors
during their operation, as well as for their diagnosis.

If an induction machine is operated in the motor mode
using various speed control devices, the parameters of
the L-shaped and T-shaped substitution schemes change,
as shown in L. Mazurenko et al. (2011), O.M. Popovych &
M.O. Smahliuk (2014). This should be considered when cal-
culating the characteristics of an induction motor with a
certain method of speed control.

A single-phase substitution scheme for a three-phase
induction machine is used to calculate its characteristics in
steady-state symmetrical modes with sinusoidal voltages.
Depending on the task at hand, the substitution scheme
can consider steel losses in the stator cores and rotor, the
presence of a double cage in the rotor, changes in machine
parameters, such as the surface effect and saturation of
the stator and rotor cores. L. Mazurenko et al. (2011), and
J. Rolek & G. Utrata (2017) considered methods for deter-
mining the parameters of an induction machine substitu-
tion scheme by alternative methods other than the stand-
ard ones (based on the data of no-load and short-circuit
experiments). The developed methods for determining the
parameters of the induction machine substitution scheme
can be used to refine the parameters of the substitution
scheme of a compensated induction generator when cal-
culating its characteristics in transient modes. M. Va-
zifehdan et al. (2020) described in detail a complex and
high-level control strategy used in the field of electrical
engineering and industrial automation. It combines sever-
al control methodologies to achieve accurate and efficient
control of induction machines, particularly in situations
where sensor data is limited or unavailable. They explored
sliding control, which helps to make the system state con-
verge to a given sliding surface. This is especially useful in
systems with uncertainty and external influences. In this
context, sliding control helps maintain precise control of
an induction machine.

The determination of the parameters of the induction
machine replacement scheme based on the data of no-load
and short-circuit experiments carried out using induction
machine models implemented in MATAB/Simulink and
ETAR environments is the subject of the work by M. Popp et
al. (2017) Using MATLAB/Simulink models, S. Al-Jufout et
al. (2018) also proposed a two-step optimisation of the pa-
rameters of the induction machine replacement scheme,
which ensures the minimum error of the results obtained.
The above approaches can also be used to determine the
parameters of a compensated induction generator replace-
ment scheme, but for this purpose, it is necessary to devel-
op appropriate MATLAB/Simulink or ETAR models.

R. Chuienko et al.

CONCLUSIONS

The basic electrical circuit of the stator winding of a com-
pensated induction generator differs from the stator wind-
ing circuit of a basic induction machine. It has been shown
that the main and additional windings of the stator phase
windings of a compensated induction generator can be con-
nected in series or parallel, and their axes can be shifted
in space by an arbitrary angle. As a result, the degree of
mutual inductive coupling between the windings in terms
of operating magnetic flux and dissipation magnetic flux
changes. Accordingly, to conduct correct numerical studies
of the characteristics of compensated induction genera-
tors, the appropriate parameters of the substitution scheme
should be used. It has been established that the active and
inductive resistances of the stator and rotor windings of a
compensated induction generator should be determined
by recalculating the parameters of the basic induction ma-
chine according to the developed methodology, depending
on the connection scheme of the stator phase windings and
the generator output voltage. In particular, when the main
and auxiliary stator windings of a compensated induction
generator are connected in series, their active and inductive
impedances must be halved compared to the basic induc-
tion machine. If the main and auxiliary stator windings are
connected in parallel, the corresponding resistances must
be doubled compared to the basic induction machine. The
parameters of the rotor winding and the magnetising wind-
ing remain unchanged. In the case of using the scheme of
parallel connection of the stator phase windings at a halved
voltage at the output of the compensated induction gener-
ator, the active and inductive resistances of the main and
additional stator phase windings, as well as the rotor wind-
ing and the magnetisation winding, should be reduced by
a factor of 4 compared to the parameters of the basic in-
duction machine. The calculated characteristics of the com-
pensated induction generator, obtained using the appropri-
ately calculated parameters of the substitution scheme, are
confirmed with sufficient accuracy by experimental data.

Further research will aim to improve the energy effi-
ciency of induction generators with internal capacitive re-
active power compensation as part of autonomous power
supply systems. They will focus on analysing the stability
and reliability of an autonomous power supply system with
a compensated induction generator under different oper-
ating conditions and variable load parameters. Particular
attention will be paid to the justification of the algorithm
for changing the compensating capacities of the generator
and to the study of the possibilities of using new switching
devices for their switching.
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CxeMa 3aMillleHHSl aCUHXPOHHOIo reHepaTopa
3 BHYTPILWHbOIO EMHICHOIO KOMMNEHCcaLUI€E peaKTUBHOI NOTY)XHOCTi

AHOTAaUiA. AKTyalbHICTh 3aCTOCYBaHHS KOMIIEHCOBAHMX aCMHXPOHHMX MAIIVH Y PEXMMIi reHepaTopa aBTOHOMHUX CUCTEM
eJIeKTPOKMBIIEHHS TIOJISATAE B iX 3[aTHOCTI 3a6e3meuyBaTy cTabisbHe Ta HaliliHe eJIeKTPONIOCTauYaHHS HaBiTh Y BiICYTHICTh
30BHIIIHBOI Mepexi. MeTolo 11iei po60TH € CTBOPEHHSI IPOLeAypPH ISl BU3HAUEHHS XapaKTePUCTUK eKBiBaIeHTHOI cXeMu
KOMITEHCOBAaHMX aCMHXPOHHMX FeHepaTopiB, sIka BPAXOBYE B3a€MHMII BIUIMB MiXX TOJIOBHMMM Ta AOAATKOBUMM (Ha3HUMMU
06MOTKaMM SIKOPSL. [J1s1 ofepskaHHS pO3PaxXyHKOBUX XapaKTepUCTUK PeXMMiB GYHKIIIOHYBaHHS reHepaTopa TaKoro Kiaacy
aQHATITUYHUM OYJI0 BUKOPUCTAHO TeOPilo ijeani3oBaHOi aCMHXPOHHOI MAIllMHU 3 TIPeICTABAEHHSIM eJIeKTPOMeXaHiuHMUX
MpoLIeciB IepeTBOPEHHS eHeprii Ta OCHOBHUX (Pi3MuHMX mapamMeTpiB y BUIVISIAI PiBHSIHD €JIEKTPUYHOI piBHOBAru i
pyXy npuBofa. Y3araabHeHa cuctema audbepeHIiiiHMX piBHSIHb Jala MOKIMBICTb PO3paxyBaTy JMHAMIUHI i CTATUYHI
TIpOLeCH JJIsl CUMETPUUHMX | HeCMMEeTPUUHUX PeXXMMIiB IIPY 3aJaHuX MapaMeTpax MaIlMHM MPU Pi3HUX criocobax ii
30yIskeHHs Ta cTabinisanii Hampyry Ipyu 3MiHHOMY HaBaHTaskeHHi. [[Jisi MpakTUYHOI peasti3allii MoeII0BaHHSI TapamMeTpiB
aCYHXPOHHOIO reHepaTopa BUKOPUCTaHi PiBHSIHHS eleKTPUYHOI piBHOBAru Kij ctaTopa i poTopa Ijisi CMMeTPUYHOI o
yCTa/JeHOI0 PEeXNMY, SIKa € YaCTKOBMM BUIIAJKOM y3araJbHeHOI MaTeMaTUYHOI MOJe/li MalllMHMU SIK JJ1s TTIepexiTHuX, TakK i
yCTaleHUX MPOIIeCiB 3 MOCTiIMHUMY IMapaMeTpaMy CXeMU 3aMillleHHs. YpaxXyBaHHSI KOHCTPYKTUBHUX Ta QYHKILiOHATbHUX
0COBIMBOCTEN KOMITEHCOBAaHUX aCMHXPOHHMX TeHepaTopiB CTAJI0 MOSK/IMBUM Ha OCHOBiI BUKOPUCTaHHSI MaTeMaTUYHO1
MogeJi 3 TIOZiJIoM 06MOTKM SIKOPSI Ha [Bi CIiBBicHI a60 3MillleHi y IPOCTOPi HAMliBOOMOTKM. Y TAKOMY BUTIAJKY KiJTbKiCTh
PO3PaxXyHKOBMX PiBHSIHD 301/bINYEThCS YIBiUi. BUKOpMCTaHHS aBTOTPaHCHOPMATOPHOI CXeMM YBiMKHEHHSI HaIlliBOOMOTOK
(a3 craTopa Ha KOHAEHCATOPY BMMArajao BBeIeHHs JOLATKOBOro NudepeH1iifHOTO PiBHSIHHS e/IeKTPUUHOI piBHOBATK
das3 cratopa. Lle gano 3MOTy OGIPYHTYBATH BEJIMYMHY aKTUBHUX Ta iIHAYKTUBHUX OMOPIB, SIKi BUKOPUCTOBYIOTHCS Y
cxeMi 3aMillleHHSI aCMHXPOHHOI'0 TeHepaTopa i3 BHYTPIllIHbOIO EMHICHOIO KOMITEHCAlli€l0 peakKTUBHOI MOTYKHOCTI. [Ipn
[IbOMY BPaxOBYBaBCsI B3a€MHMIT iHAYKTUBHMI 3B'S130K OCHOBHUX i JOZATKOBUX HAMiBOOMOTOK a3HMX 0OMOTOK CTaTOpa
reHepatopa 06yMOBJIeHMI IK POOOYMM MarHiTHUMM MOTOKOM, TaK i MarHITHMMM TIOTOKaMM PO3CisiHHSL. [IpakTUYHe 3HaUeHHS
OTPUMAaHMX Pe3y/bTaTiB MOJSITAE B MiABUILEHHI e)eKTMBHOCTI Ta CTabi/IbHOCTI e7IeKTPOKUBIIEHHSI, 1[0 CIIPUSIE 3MEeHIIeHHIO
BTpAT Ta MOKPAIeHHIO POOOTH eIeKTPOeHepreTUUHMX CUCTEM

Knio4yoBi cnoBa: acMHXpOHHA MallliHa; BHYTPIllIHSI €MHICHA KOMITEHCAIIisl; PeaKTMBHA MOTYKHICTh; aKTUBHUIA OIIip;
iHOYKTMBHMI OITip; B3a€EMOIHOYKTUBHMI 3B’SI30K
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