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The object of the study is a capacitor exciter with vari­
able topology, designed to operate as part of an autonomous 
induction generator. Insufficient efficiency of controlling the 
excitation level of an autonomous induction generator when 
changing the speed of the drive turbine and the load imped­
ance has been established. This reduces the quality of the gen­
erator output voltage. The possibility of using an exciter circuit 
based on a mixed connection of capacitors has been analyzed. 
The influence significance of the groups number and the num­
ber of capacitors in each group on the range width and the 
adjustment step has been confirmed. In particular, increas­
ing the values of the specified factors from 2 to 4 expands 
the adjustment range by 16 times, and the number of steps 
by  827 times. With the selected intervals of factors variation 
and a significance level of 0.05, the influence of the capacitors 
value changing step, compared to the base one, on the relative 
value of the exciter capacitance changing step is recognized 
as insignificant. The total capacitance of the exciter depends 
significantly nonlinearly on the number of the topological 
state. An increase in the total capacitance is accompanied by 
a raising in the intensity of its growth. This allows to mini­
mize the step change in the total capacitance (with a proba­
bility of 0.88 – up to 0.003 % of the control range width). The 
resulting regression mathematical model can be used to opti­
mize the exciter structure for an autonomous induction gener­
ator of a specific type. Increasing the number of control stages 
will enhance the accuracy of forming the capacitive excitation 
current of the generator and compensating the load current 
inductive component. The use of an exciter with a variable 
topology will increase the efficiency of voltage control of an 
autonomous induction generator when changing the speed of 
the drive turbine and the load impedance
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1. Introduction

The European Green Deal envisages the achievement of cli-
mate neutrality by the European Union countries by 2050 [1]. 
This goal is specified in the package of legislative initiatives 
"Fit for 55", which is to reduce greenhouse gas emissions by 
55 % by 2030 through implementing a set of measures, in 
particular, in the energy sector. More than 145 countries have 
announced their intentions to reduce CO2 emissions between 
2050 and 2070, such as, China by 2060, India by 2070 [2]. One 
of the main ways to achieve this goal is to replace fossil fuel 
energy with renewable sources. This also increases the energy 
independence of countries. In 2022, against the backdrop of 
the Russian invasion of Ukraine, the EU adopted the RE-
PowerEU plan [3]. It envisages expanding the use of electrici-
ty in various industries, in transport, and replacing fossil fuels 
with renewable sources. According to the European Com-
mission’s plan for the digitalization of the energy system, the 
infrastructure of smart grids should be improved by creating 
a European Energy Data Space [4]. Investments in the elec-
tricity sector are estimated at 584 billion euros over the period 
2020–2030, which will allow increasing the share of renew-

able sources in the energy balance. Compared to 13 % in 2023, 
this indicator should reach 20 % in 7 years [5]. By 2030, the 
installed capacity of onshore wind farms is expected to double 
to 846 GW. The capacity of offshore wind farms should reach 
212 GW [6]. The development of renewable energy sources 
is extremely important for Ukraine due to damage to power 
facilities as a result of hostilities [7]. The "Energy Strategy of 
Ukraine for the period until 2050" provides for an increase in 
the capacity of renewable sources, in particular, wind gener-
ation up to 140 GW, and hydrogeneration – up to 9 GW [8].

One of the common types of generators, that wind power 
plants, small hydroelectric power plants and cogeneration 
plants are equipped with, is an induction generator (IG). In-
duction generators are widely used in wind power plants with  
a capacity of up to several MW [9]. In particular, the Saint-Rémy-
des-Landes wind turbine (manufacturer GEC-ALSTHOM  
NEYRPIC, France) with a capacity of 1000 kW is equipped with 
an IG of 3 kV nominal output voltage. The MWT-62/1000A  
wind turbine (Mitsubishi, Japan) of similar capacity is 
equipped with an induction generator of 600 V output voltage. 
The global IG market volume for 2023 is estimated at 1.96 bil-
lion USD. At an average annual growth rate of 7 %, it should reach  
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2.63 billion USD by 2030 [10]. IGs are characterized by high 
reliability indicators. In particular, as a result of the analysis of 
1.44 million hours of operation of 76 wind generators, which 
belongs to megawatt power range, as a part of four wind farms 
in China, 423 failures were identified, including 112 emergency 
situations [11]. 43 % of failures occurred in the electrical part 
of the wind turbine: 78 failures occurred due to the generator, 
104 – electrical equipment.

The ability of IG to operate in network and autonomous 
modes is consistent with the implementation of the microgrid 
concept [12]. One of the main disadvantages of autonomous 
IG is the need for a source of reactive capacitive power for 
self-excitation of the generator and compensation of reactive 
inductive power of the load. The limited range of capacitance 
regulation, which is typical for excitation schemes, the use of 
semiconductor converters to regulate the capacitive excitation 
current or the generator output voltage reduce the quality of 
the latter [13]. Significant disturbances for IG are the stochas-
tic change in the rotor speed and load impedance [13], which 
negatively affect the stability of the frequency and amplitude 
of the generator voltage.

Thus, the need to stabilize the operating parameters of 
an induction generator as part of an autonomous power 
supply system determines the relevance of the disclosed 
scientific issues.

2. Literature review and problem statement

Excitation of an autonomous IG with one stator winding 
and a squirrel cage rotor is carried out by a parallel three-
phase capacitor [14]. The drawback is the dependence of the 
output voltage parameters on the nature of the motor magne-
tization curve, the speed of the wind- or hydroturbine rotor, 
and the load power. To partially compensate for the influence 
of the latter factor, it is possible to implement mixed self-exci-
tation when additional series (compound) capacitors are con-
nected [15]. This method expands the range of self-excitation 
of IG, but the critical values of the compound capacitances 
limit the lower bound of the control range.

Semiconductor converters can be used to regulate the 
magnitude of the capacitive excitation current. Control of 
the power switches of the static synchronous compensator 
STATCOM can be performed using genetic, firefly algorithms 
or an adaptive neuro fuzzy inference system [16]. However, 
such a compensator does not provide high control quality 
indicators in dynamic modes. 

Partially, the IG disadvantages can be overcome by con-
structive measures. The stator windings of a dual star induction 
generator are made of two parallel branches, between which 
there is a spatial shift (most often 20–40°). Loads with a reactive 
power compensator are connected to one of the half-windings, 
and excitation capacitors to the other. The output voltage of the 
dual star IG can be regulated using a semiconductor converter 
with a DC link [17]. However, this method causes generator 
torque pulsations and higher harmonics in the current curve. 
To reduce such negative phenomena, direct vector torque 
control based on space vector modulation is used [18]. But the 
mutual inductive coupling of the IG half-windings negatively 
affects the static and dynamic properties. It is proposed to 
improve the control quality and stability of the dual star IG in  
a wind turbine when the wind speed changes by using a con-
troller based on fuzzy logic [19]. However, such a solution 
requires a complex tuning procedure.

To improve the IG operational characteristics, doubly-fed 
generators were developed, which are an induction machine 
with a wound rotor. The latter is connected to the network 
through a semiconductor back-to-back converter. By chang-
ing the rotor operating mode, it is possible to stabilize the 
generator output voltage [20]. However, the issue of ensuring 
stability and desired quality indicators, especially in tran-
sient modes, has not been fully resolved [21]. The random 
nature of the wind speed change leads to fluctuations in the 
frequency of the output voltage of doubly-fed IG. There is 
a known proposal to apply two control strategies for such an 
electric machine: frequency smooth control and dynamic in-
ertial [22]. The transition between strategies is proposed to be 
carried out by a smooth switch that uses an integrator to avoid 
step changes in the generator coordinates in transient modes. 
However, with this approach, difficulties arise in maintain-
ing the required dynamic control accuracy. In circuits with 
doubly-fed IG compound capacitors may be utilized [23]. The 
disadvantages of this approach include the possibility of prob-
lems with subsynchronous resonance.

Literature analysis [14–23] allows to establish the existing 
problem: insufficient efficiency of controlling the excitation 
level of an autonomous induction generator when changing 
the speed of the drive turbine and the load impedance. This 
leads to a decrease in the quality of the generator output 
voltage. In particular, amplitude and frequency fluctuations 
occur, which has a negative impact on the functioning of con-
sumers in the autonomous power grid.

3. The aim and objectives of the study

The aim of the study is to increase the efficiency of the 
capacitor exciter for an autonomous induction generator by 
discretely adjusting the capacitance by changing the topology 
of the exciter circuit. This will allow to adjust the reactive 
power consumed by the generator when changing the rotor 
speed and the level of electrical load. As a result, generator 
output voltage quality will be improved, since its amplitude 
and frequency will be stabilized.

To achieve the aim, the following tasks must be solved:
– to estimate the parameters values of the mathematical 

model of a capacitor exciter with a variable topology;
– to determine the operating characteristics of the exciter.

4. Materials and methods

4. 1. Object and hypothesis of the study
The object of the study is a capacitor exciter with variable 

topology, designed to operate as part of an autonomous induc-
tion generator. The exciter is based on the discrete principle 
of changing the total capacitance by switching capacitors 
of a mixed connection. Each phase of the exciter includes 
m  groups of capacitors, Fig. 1. The i = 1…m group includes 
pi  capacitors C Ci i pi, ,, , ,1   which are connected in parallel 
within the group. Each capacitor is shunted by a discharge 
resistor R Ri i pi, ,, , .1   Each capacitor with the corresponding 
resistor is commutated within the group by a switch Si,j, 
j = 1,…,pi (for example, of a semiconductor type). The closed 
state of the switch corresponds to logical "1", the open state 
corresponds to "0". The groups can be connected in series or 
in parallel, which is provided by switchboards K1,…,Km−1. 
Each such switchboard includes three switches Kr,1, Kr,2 and  



Energy-saving technologies and equipment

19

Kr,3, r = 1,…,m−1. The parallel connection of groups adjacent 
to the switchboard Kr, denoted by Kr = 0, corresponds to the 
following state of switches: Kr,1 = 1; Kr,2 = 0; Kr,3 = 1. When the 
groups are connected in series (Kr = 1), the state of the switches 
of the r-th switchboard is inverted. The three-phase exciter in-
cludes three symmetrical phases, Fig. 1, connected according 
to the delta scheme.

The subject of the study is the process of discrete regulation 
of the capacitance of the capacitor exciter. Regulation is carried 
out by changing the number of connected capacitors and their 
connection scheme. Since the total number of switches of one 
phase of the capacitor exciter is:

g m pi
i

m
� � �

�
�1

1
,	 (1)

then the total number of states is:

N = 2g.	 (2)

However, from this number it is necessary to exclude 
N′ states, which correspond to the violation of the electrical 
connection between the terminals L and T of the exciter 
phase. It is also necessary to avoid cases of repetition of the 
values of the phase capacitances, let’s denote the number of 
such states N″. Then the total number of permissible states of 
the capacitor exciter is H = N−N′−N″.

The main hypothesis of the study is the possibility of min-
imizing the mean δ, in percent of the control range width, of 
the step change in the exciter capacitance. In this case, the 
condition must be met:

� �� �,	 (3)

where δ′ = 0.2 % is the largest permissible value of δ accepted 
in this study.

The value δ is defined as:

� ��m[ ],	 (4)

where δ is the relative step of change in the exciter capaci-
tance:

� �
�

�
C

C C
�

max min
%,100 	 (5)

where CΔ is the absolute value of the step change in the exciter 
capacitance; Cmax, Cmin are the endpoints of the control range.

It is assumed that the capacitances of each of the follow-
ing capacitors increase by the value ΔС > 0, relative to the 
capacitance of the base C1,1.

4. 2. Algorithm and computer program for determin-
ing permissible states of a capacitor exciter

The initial data for determining the permissible states of the 
capacitor exciter are the total number of capacitor groups m, 
the number and capacitance of capacitors in each group,  
Fig. 2, block 2. The total number of switch states is calculated 
in accordance with (1) and (2), block 3. The main program 
cycle (blocks 4–23) involves calculating the total capacitance of 
the exciter phase C k

Σ
[ ] for each k N� �0 1,  of the possible states.

 
Fig. 2. Flowchart of the algorithm for determining the 

permissible states of the capacitor exciter

Module I in the main cycle (blocks 5–9) is intended to de-
termine the state of the switches and switchboards, which cor-
responds to the current number k of the exciter state, Table 1. 

 
Fig. 1. Wiring diagram of one phase of capacitor exciter with variable topology
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In the cycle (block 6) for groups i and switches in each 
group j, the values kbin

t( )  of successive bits of the binary rep-
resentation of the number k of the exciter state are stored 
into the three-dimensional matrix S, block 7. Herewith  
the current bit number is determined by the temporary vari-
able t (block 5), which is incremented in the cycle. After that, 
in the cycle by the switchboard numbers (block 8), the ma-
trix K is formed by reading the following bits kbin

t( )  (block 9),  
and the increment of the variable t continues from the previ-
ous cycle. Blocks 10–13 (module II) calculate the capacitances 
C′ of the capacitor groups taking into account the state of the 
switches. Blocks 14–18 (module III) calculate the equivalent 
capacitances C″ for groups of capacitors, which, according 
to the state of the intergroup switchboards, are connected in 
parallel. The resulting equivalent capacitances in number of 
f are connected in series. Their total capacitance C k

Σ
[ ], which 

corresponds to the exciter phase capacitance, is calculated by 
blocks 19–23 of module IV.

In the main cycle, a vector C of total capacitances is 
formed. Zero elements of such a vector correspond to the 
absence of an electrical connection between the terminals L  
and T of the exciter phase. A matrix S of the states of the 
capacitor group switches and a matrix K of the switchboard’s 
states are also formed. Such values are input to the NSD 
(Non-zero, Sort, Duplicate) subroutine, block 24, which per-
forms three operations. First, it rejects states in number of 
N′ for which the phase capacitance is zero. Second, it sorts 
non-zero capacitances in ascending order. Third, it removes 
duplicate N″ values of capacitances. As a result, a matrix Ms 
of the switches and switchboards states, a matrix Cs of the 
corresponding exciter phase capacitances are formed, and 
the number H of permissible states is determined, block 25.

The above algorithm is implemented in the form of a com-
puter program CEVT (Capacitive Exciter with Variable To-
pology) for determining the permissible states of a capacitor 
exciter with variable topology, Fig. 3. 

The program was developed in the Microsoft Visual Studio 
environment (Microsoft Corporation, USA) using the VB.NET 
language.

The program reads the input data (number of groups, 
number and capacitance of capacitors in each group) from 
the xml file. The left field, Fig. 3, displays the characteristics of 
the equivalent circuit and the number of permissible exciter 
states. The table on the right side of the window displays the 
possible switch states.

4. 3. Planning a numerical experiment to estimate 
the parameters values of the mathematical model of 
the exciter

The experiment is carried out assuming the same number 
of capacitors in each group: p = p1 = p2 = … = pm. The influence 
of three factors on the exciter is considered, Table 2: x1 – num-
ber of capacitor groups (corresponds to m); x2 – number of 
capacitors in each group (p); x3 – step of changing the capaci
tances of adjacent capacitors (ΔC, μF). For each factor, the 
main level (when encoding levels corresponds to 0) and the 
variation interval I were determined. This made it possible to 
determine the upper and lower levels of each factor (in the en-
coded representation +1 and −1, respectively). The value δ (4)  
was chosen as the objective function.

Table 2

Levels and intervals of factors variation

Exciter 
parameters Factors

Factor levels Variation 
interval I–1 0 +1

m x1 2 3 4 1

p x2 2 3 4 1

ΔC x3 0.5 1 1.5 0.5

Since there is no a priori in-
formation about the nature of the 
influence of factors and the effects 
of their interaction, it is planned to 
assess the significance of the coeffi-
cients of the following mathematical 
model of the exciter:

� � � � � �
� � �
� �

b b x b x b x
b x x b x x
b x x b x x x

0 1 1 2 2 3 3

12 1 2 13 1 3

23 2 3 123 1 2 3. 	 (6)

This model takes into account the 
influence of individual factors and 
their combinations. The estimation of 
the coefficients’ values of model (6) 
is carried out on the basis of a full 
factorial experiment of type 23 with 

Table 1

Correspondence of bits of the number k binary representation of the exciter state to the state variables of the switches of 
capacitor groups and intergroup switchboards

Bit number k g … 1
1

�
�
�pi
i

m
pi

i

m

�
�

1
… p1+p2 … p1+1 p1 … 0

State of switch/switchboard K1−m … K1 Sm pm, … S p2 2, … S2,1 S p1 1, … S1,1

 
Fig. 3. CEVT computer program window
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a central point, Table 3. In this case, the capacitance of the 
base capacitor C1,1 is taken to be 1 μF.

Table 3
Design matrix for a full factorial experiment 	

of type 23 with a central point

Experiment 
No.

x1 value x2 value x3 value

coded natural coded natural coded natural

1 −1 2 −1 2 −1 0.5

2 1 4 −1 2 −1 0.5

3 −1 2 1 4 −1 0.5

4 1 4 1 4 −1 0.5

5 −1 2 −1 2 1 1.5

6 1 4 −1 2 1 1.5

7 −1 2 1 4 1 1.5

8 1 4 1 4 1 1.5

9 0 3 0 3 0 1.0

For numerical estimation of the coefficients b values of 
the model (6), the ‘fitlm’ function is used, available in the 
MATLAB system (The MathWorks, USA). The function per-
forms regression of the empirical values obtained as a result 
of a numerical experiment. The analysis of variance of the 
regression model is performed using the ‘anova’ function. In 
this case, the significance level is taken as α = 0.05.

5. Results of the study of discrete exciter  
capacitance control

5. 1. Estimates of the parameters’ values of the exciter 
mathematical model

As a result of performing a full factorial numerical ex-
periment, the values of the main parameters of the capacitor 
exciter were obtained. The values of the objective function δ 
were calculated using (5), Table 4.

Performing the regression of δ empirical values made 
it possible to obtain estimates of the model (6) coefficients, 
the value of the standard error and asymptotic significance  
(p-value), Table 5. The regression is characterized by the fol-
lowing indicators: the mean squared error of the regression is 
0.986, the coefficient of determination is 0.9, and the adjusted 
coefficient of determination is 0.725.

Table 5

Results of numerical estimation of the coefficients b values 
of model (6) by regression of empirical values

Model  
coefficient

Coefficient 
estimates

Standard 
error p-value

b0 1.0066 0.2848 0.0241

b1 −1.3246

0.3488

0.0191

b2 −1.1768 0.0279

b3 −0.0958 0.7973

b12 1.1019 0.0342

b13 0.0767 0.8367

b23 0.0465 0.9004

b123 −0.0317 0.9319

In model (6), components can be discarded for which 
coefficients have asymptotic significance p > α. For such co-
efficients, at the adopted significance level α = 0.05, the null 
hypothesis of a zero value is not rejected by the two-sided 
t-test. Then the mathematical model of the exciter in the coded 
factors values has the form:

� � � � �b b x b x b x x0 1 1 2 2 12 1 2.	 (7)

The results of the analysis of variance (ANOVA) of the 
regression model (7) are presented by the estimates of the 
sum of squared deviations, the mean square, the F-test and its 
asymptotic significance, Table 6. 

Table 6

Results of the analysis of variance of the regression 	
model (7)

Type of 
variance

Sum of 
squares

Degrees of 
freedom

Mean 
square

F-statis-
tic value p-value

Total 38.8657 11 3.5332 – –

Model: 34.8279 3 11.6093 23.0015 2.7449⋅10−4

– linear 25.1149 2 12.5575 24.8801 3.6800⋅10−4

– nonlinear 9.7130 1 9.7130 19.2444 0.0023

Residual: 4.0378 8 0.5047 – –

– lack of fit 3.8920 1 3.8920 186.9379 2.6372⋅10−6

– pure error 0.1457 7 0.0208 – –

Such indicators are determined for 
the factorial (intergroup) variance, which 
arises under the influence of two signif-
icant factors. The influence of the linear 
and nonlinear parts of the model (7) is 
estimated separately. Also listed are the 
indicators determined for the residual (in-
tragroup) variance, which is specified by 
random factors that were not taken into 
account by the model. For the residual 
variance, the influence of the model im-
perfection and the influence of the ex-
perimental error are distinguished. The 
mathematical model (7) with the natural 
values of the factors is as follows:

� � � � �a a m a p a mp0 1 2 12 ,	 (8)

Table 4

Results of a full factorial numerical experiment to estimate the parameters 
values of the exciter mathematical model 

Exciter 
parameter

Experiment No.

1 2 3 4 5 6 7 8 9

H 20 518 183 7084 22 796 278 18209 498

max[CΔ], μF 0.5000 0.5000 0.5000 0.5000 1.5000 1.5000 1.5000 1.5 1

min[CΔ], μF 0.0140 0.0010 0.0010 0.0010 0.0460 0.0010 0.0010 0.0010 0.0010

m[CΔ], μF 0.2807 0.0397 0.1113 0.0105 0.5333 0.0608 0.1737 0.0107 0.0871

Cmax, μF 6 21 21 75 12 49 49 195 44

Cmin, μF 0.6670 0.4800 0.7500 0.5970 0.8000 0.6700 0.8750 0.7860 0.7180

δ, % 5.2632 0.1934 0.5495 0.0141 4.7619 0.1258 0.3610 0.0055 0.1996
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where a0 = 18.4279, a1 = −4.6303, a2 = −4.4825, a12 = 1.1019 are 
estimates of the model coefficients.

The transition from coded to natural values of factors was 
carried out taking into account the natural values of the main 
level of factors and variation intervals, Table 2.

5. 2. Determination of the regulation characteristics 
of the exciter

For the conditions of experiments 1–8, the regulation 
characteristics of the capacitor exciter were obtained, Fig. 4. 
These are the dependences of the total capacitance CΣ of the 
exciter phase on the exciter state number ζ. The states are 
numbered in ascending order by CΣ.

 

Fig. 4. Regulation characteristics of the capacitor 	
exciter for the conditions of experiments 1–8, plotted 	
on a logarithmic scale, the curve number corresponds 	

to the experiment number

The step characteristics of the capacitor exciter were ob-
tained, Fig. 5.

 

Fig. 5. Step characteristics of the capacitor 	
exciter in experiments 1–8, plotted on a logarithmic scale, 
the curve number corresponds to the experiment number, 	

the dots indicate δ mean

Step characteristics are the dependences of the relative 
step δ of the change in exciter capacitance on the number ξ 
of the exciter state. The states are numbered in ascending 
order by δ.

6. Discussion of the results of the study of discrete 
exciter capacitance control

Analyzing the results of the full factorial experiment  
(Table 4), it is possible to establish a significant influence of 
the number of capacitor groups m (factor x1) and the num-
ber p of capacitors in each group (factor x2) on the exciter 

parameters. An increase in m and p significantly increases 
the total number H of permissible exciter states and the 
upper endpoint Cmax of the control range. In particular, at 
m = 2, p = 2 (experiment 1) H = 20, and at m = 4, p = 4 (experi-
ment 4) H = 7084, i.e. there is an increase in H by 354 times. 
The increase in Cmax is 13 times. In experiment 8, compared 
to experiment 5, H increased by 827 times, Cmax by 16 times. 
However, such a significant increase is not observed when 
changing the value of ΔC (factor x3): between experiments 4 
and 8 H increased only by 2.5 times, Cmax by 2.6 times. Also, 
increasing m and p significantly reduces the mean m[CΔ] 
of the absolute step change in the exciter capacitance and 
the value of δ. In experiment 4, compared to experiment 1, 
there is a decrease δ of 373 times, in experiment 8, compared 
to 5, – 866 times. The lower endpoint Cmin of the control 
range and the minimum value of the step min[CΔ] of the 
capacitance change in all experiments remain practically 
unchanged. The value of the maximum step max[CΔ] of 
the exciter capacitance change is equal to the value ΔC of 
the change in the capacitances of adjacent capacitors. The 
coefficients of the mathematical model (6) were estimated 
by regression analysis, Table 5. The values of the coeffi-
cient of determination of 0.9 and the adjusted coefficient of 
determination of 0.725 indicate sufficient accuracy of the 
regression [24]. The asymptotic significance p for the coef-
ficients b3, b13, b23, b123 of the model significantly exceeds 
the accepted level of significance α = 0.05. This, according to 
the Student’s t-test, indicates the insignificance of the corre-
sponding model components. From this it can be established 
that the factor x3 (the value of ΔC) does not have a significant 
impact on the objective function either independently or in 
interaction with other factors. After excluding the insignif-
icant factor x3, the mathematical model (7) of the exciter 
includes a constant component and components due to the 
separate influence of x1, x2 and their interaction x1⋅x2. Based 
on the variance analysis of the regression model (7), Table 6, 
it was established that the main contribution to the total 
sum of squared deviations (38.8657) is made by the factor 
variance, for which the corresponding value is 34.8279. The 
asymptotic significance of the factor (intergroup) variance 
(p = 2.7449⋅10−4) is significantly less than the accepted sig-
nificance level α. This confirms the significant influence 
of the factors x1, x2 on the objective function. The value of 
the F-test for the linear component of the factor variance 
(24.8801) exceeds the nonlinear component (19.2444). This 
indicates the predominance of the influence of factors x1 and 
x2 on the objective function over the influence of their inter-
action x1⋅x2. Interpreting model (7), it is possible to establish 
the measure of the influence of each of the factors on the 
objective function. Since b1 < 0 and b2 < 0, with an increase in 
the values of factors x1, x2 the value δ decreases. The absolute 
value of the estimate |b1| exceeds |b2|, which indicates the 
predominance of the influence of factor x1 on the objective 
function over the influence of x2. That is, an increase in 
the number of capacitor groups provides a more intensive 
reduction in the mean step of the exciter capacitance change 
than an increase in the number of capacitors in the groups. 
However, such δ reduction is somewhat limited by the com-
ponent of the interaction of factors x1⋅x2, the coefficient at 
which b12 > 0. Such trends are preserved when moving to 
model (8) in the full-scale values of the factors.

The insignificance of the influence of the factor x3 on 
the functioning of the exciter is confirmed by the regulation 
characteristics, Fig. 4. Experiments within each pair (1, 5; 
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2, 6; 3, 7; 4, 8) were carried out for different values of x3, 
while the characteristics do not differ significantly from 
each other in pairs. In contrast to the significant difference 
in CΣ(ζ) between the specified pairs of experiments. The 
predominant influence of the factor x1 over x2 is confirmed 
by a larger number of steps for the curves of the pair of ex-
periments 2, 6 compared to the corresponding experiments 
of the pair 3, 7 at the same pairwise values of Cmax. When 
numbering the states of the exciter in ascending order by CΣ,  
as is done in Fig. 4, the regulating characteristic of the 
exciter is an increasing significantly nonlinear curve. The 
increase in the total capacitance is accompanied by an in-
crease in the intensity of its growth. The step characteristics, 
Fig. 5, indicate a predominant number of steps close to the 
δmin value. In particular, for experiment 8, 16000 steps with 
a value of δ < 3⋅10−3 % (at δmin = 5.1⋅10−4 %), which is 88 % 
of H8 = 18209, were recorded. This confirms the main hy-
pothesis of the study, since the possibility of minimizing the 
relative value of mean δ of the changing step of the exciter 
capacitance is confirmed. In particular, for experiments 2, 4, 
6, 8, 9, condition (3) is satisfied, since � � 0 2. %, Table 4. That 
is, by choosing an exciter configuration with a variable to-
pology, it is possible to reduce the changing step of the total 
capacitance to meet the requirements.

Compared with the method [25] of controlling an auton-
omous IG by using a ballast load with PWM regulation, 
the proposed scheme of a capacitor exciter with a variable 
topology is characterized by economy. The ballast load 
dissipates part of the active energy generated. At the same 
time, the regulated exciter changes the magnetization 
conditions of the generator, which allows stabilizing the 
output voltage parameters. Compared with the use of com-
pound capacitors [15], the proposed exciter scheme does 
not provide for the flow of operating current through the 
capacitors. This increases the reliability and stability of 
the functioning of the autonomous generator. The imple-
mentation of a variable exciter topology, when mixed con-
nections of capacitors are used in various combinations, 
significantly increases the number of adjustment steps 
compared to the classical method of using several capacitor 
banks [26]. When using 8 triac-switched capacitors [27], 
when their parallel connection is implemented in each 
phase, it is possible to obtain only 28−1 = 128 adjustment 
steps of the total exciter capacitance. At the same time, 
as follows from Table 4, the proposed method allows to 
obtain 183 (experiment 3), 278 (experiment 7), 518 (exper-
iment 2) or 796 (experiment 6) adjustment steps. In this 
case, a similar number of capacitors is used. This is 1.4, 
2.2, 4 and 6.2 times more than in the known method [27], 
respectively. The specific number of steps is determined 
by the connection method and the degree of change in the 
capacitance of adjacent capacitors.

The possibilities of regulating the exciter capacitance, 
which illustrate the characteristics in Fig. 4, 5, are due to the 
use of a flexible structure. The implementation of a mixed 
connection of capacitors makes it possible to minimize the 
step change in the total capacitance. For example, for the con-
ditions of experiment 8, such an indicator with a probability 
of 0.88 does not exceed 3⋅10−3 % of the width of the regulation 
range. The use of an exciter with a variable topology as part 
of an autonomous IG allows to solve the existing problem. 
Namely, to increase the efficiency of controlling the excitation 
level of an autonomous induction generator when changing 
the speed of the drive turbine and the load impedance. The 

efficiency increases by increasing the number of regulation 
stages, which raises the accuracy of forming the capacitive 
excitation current of the IG and compensating the inductive 
component of the load current. Accordingly, the quality indi-
cators of the generator output voltage will increase, and fluc-
tuations in the amplitude and frequency of the output voltage 
will be reduced. This will increase the quality of power supply 
for the functioning of consumers as part of an autonomous 
electric network. The proposed exciter with variable topology 
can be used as part of self-excited induction generators, in-
cluding dual star induction generator, as part of autonomous 
power supply systems and microgrids.

The limitations of the above study include the failure to 
consider transients that accompany a change in the exciter 
configuration when it is necessary to change the total capaci-
tance. The duration and nature of transients can in some way 
affect the generator voltage regulation time.

The disadvantages of the proposed approach to excitation 
of an induction generator include the need to use high-speed 
switching devices for switching capacitors. In the exciter circuit, 
overvoltages may occur during switching, which must be taken 
into account when building a generator protection system.

In the course of further research, it is planned to investi-
gate, theoretically and experimentally, the functioning of an 
autonomous induction generator with the proposed variable 
topology exciter. This will allow numerically assessing the im-
provement in the quality of regulation of the generator output 
voltage under the influence of external disturbances.

7. Conclusions

1. As a result of the evaluation of the parameters values 
of the capacitor exciter mathematical model, the significance 
of the influence of the groups number and the number of 
capacitors in each group on the width of the range and the ad-
justment step was confirmed. In particular, an increase in the 
values of the specified factors from 2 to 4 expands the adjust-
ment range by 16 times (from 12 μF to 195 μF), and the num-
ber of steps – by 827 times (from 22 to 18209). The influence of 
each of the specified factors on the mean of the relative value 
of the step change in the exciter capacitance prevails over the 
influence of their interaction, which is taken into account by 
the product. At the selected intervals of factors variation and 
the significance level of 0.05, the influence of the degree of 
change in the capacitance of the circuit capacitors, compared 
to the base, on the relative value of the step change in the ex-
citer capacitance is recognized as insignificant. The resulting 
regression mathematical model can be used in optimizing the 
exciter structure for an autonomous induction generator of  
a specific type.

2. The total capacitance of the proposed exciter depends 
significantly nonlinearly on the topological state number. For 
configurations from 2 to 4 groups with a number of capaci-
tors from 2 to 4, about 98 % of discrete states cover 20 % of 
the total exciter capacitance, the remaining 2 % – 80 %. The 
increase in the total capacitance is accompanied by intensity 
rise of its growth. This is explained by the use of a mixed 
connection of capacitors. The advantages of this method, 
compared to the known method of using only parallel ca-
pacitors, include minimizing the step change in the total 
capacitance (with a probability of 0.88 – up to 3⋅10−3 % of the 
width of the adjustment range). Increasing the number of 
adjustment stages will allow to increase the accuracy of the 
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formation of the capacitive excitation current of the genera-
tor and compensation of the inductive component of the load 
current. Thus, it will be possible to increase the efficiency of 
controlling the excitation level of an autonomous induction 
generator when changing the speed of the drive turbine and 
the load impedance.
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