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na ananimuunozo ananizy HeniHiHUX eNEKMPUUHUX KiJl
eNleKmpomexHivHux cucmem 0ye6 GUKOPUCIANUL MEMOO MAT020
napamempa, peanizoeanuii 6 wacmomuoi ooaacmi. Jna mooic-
aueocmi peanizayii po3paxynxie 6 wacmomuoi obacmi eurxo-
PUCMOBYEABCA ABMOMAMUI0BAHUT MEeMOO POPMYBAHH OPMO-
20HANILHUX 2APMOHIUHUX CKAAOOBUX eNeKMPUUHUX GETIUMUH
Ha 6asi aneopummy ouckpemnoi szopmxu. Xapaxmepucmuxa
Heinilinoz0 enemenma Gyaa npedcmasnena NOAHOMIANLHOIO
¢ynxuiero mpemvozo cmynens. Iloxazano, wo 3acmocyeanus
Memooy Manoz0 napamempa 3 il0zo peaizauielo 6 uacmom-
HOi 00acmi 00360J15€ CHPOCMUMU NPOUEC AHATIZY eJleKmput-
HUX Kil 3 HeJITHIUHUMU eJleMeHMaMu 8 AHATIIMUMHOMY 34 PAXY-
HOK asmomamu3auyii po3paxyHKie Yy mMmamemMamuiHomy naxKemi.
Ananimuuni i uucenvbHi pO3PAXYHKU KOJA 3 AKMUBHO-THOYKMUG-
HUM HABAHMANCEHHAM NPOOEMOHCMPYBANU 00CMANMHIO MO~
HiCMb 3anPonoH06aN020 Memody, 6i0HOCHA NOXUOKA 3A OCHOG-
HO10 2apmonixoro cmpymy ne nepesuwuna 6 %. Iposedenuii
NOPISHATLHUN AHANI3 3aNPONOHOBAH020 MEMOOY MA020 Napa-
Mempa 3 KAACUMHUM MemOo0OM MAJ0z0 napamempa Ha npu-
K1a0i po3paxynxy eaexmpuunozo xoaa 3 RL nasanmascennam
noxasas, w0 po3pooaenuii memoo 3ade3neywye divuty adexeam-
HiCMb pe3yiomamis ma Uy MouHICIMb PO3PAXYHKIE Y Nopie-
HanHi i3 icnyrouum. Bionocna noxubka 3a amnaimyodoro nep-
woi ma mpemvoi 2apMoHiK cmpymy He nepesuwye 2,5 % ma
3a paszoro — 1,042-1073 %. Memoo uucenvnozo cmpyxmypnozo
MO0e0BaAHHSL 3ACMOCO6YBABCS 0Nl GUIHAMEHHS eMATOHHUX
3Havens cmpymy 00Cioxicysamnozo xoaa. Pesyavmamu poéomu
MOJCYmb OYymu 6UKOPUCMAHI NPU POPAXYHKAX elleKmpomex-
HIMHUX Npucmpoie, wo micmanmv HANIENPOGIOHUKOEI ejleMe-
mu i eleKmpuyHi anapamu 3 HeAHIUHUMU XapaKmepucmuxa-
Mmu. Taxosc ompumani pesyavmamu 003601:3Mb YOOCKOHATUMU
npouecu axmuéHOi KOMNEHCAUli SUWUX 2aPMOHIK CMPYMY
8 eNEKMPUUHUX MePeHCAX 3 HEeNTHIUHUM HABAHMANCEHHAM, WO
Micmumo, a maxoic po3podasmu 3acodu nacuenoi komnencayii
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1. Introduction

At present, analysis of nonlinear electrical circuits (NEC)
is one of the most important tasks of modern theoretical
electrical engineering [1, 2]. NEC are an integral part of most
electrotechnical and electronic devices. The need for compli-
cating the power semiconductor converters and accounting
of new nonlinear effects is becoming good stimuli for the
development of the theory of calculation and analysis of
NEC. The latter is used increasingly often, both in traditional
areas of analysis and synthesis [3, 4], and in new directions
of modeling, identification, etc. [2, 5]. Analysis of NEC often
comes down to determining the currents by known parame-
ters of a circuit [3]. However, the process of analysis of the
researched nonlinear systems is accompanied by specific dif-
ficulties, among which we can separate the following:

— impossibility of using well-developed methods for analy-
sis of linear circuits to solve nonlinear ones, due to emerging
of phenomena not inherent in linear circuits [4, 5];

— necessity of an accurate approximation of a nonlinear
characteristic to maximize the accuracy of calculations [6].

That is why researchers have to resort in practice to
a combination of several methods, such as the wavelet
transformations and iterative methods [7] of modeling
the NEC operation, using a large number of methods of
numerical calculation with a complicated set of initial con-
ditions [8]. This in turn leads to a complication of calcula-
tion dependences and provokes an increase in calculation
errors [3, 5, 6-8].

Today, the task of studying the processes occurring in
circuits with semiconductor converters, which are the ele-
ments of a clearly pronounced nonlinearity, remains relevant.
These are nonlinear circuits of power systems [9, 10], non-
linear circuits of power active filters [11], control systems,
which are based on the p-q theory [12] and cross-vector [13]
theories of instantaneous power. The main issues that are
tackled by researchers in the analysis of such systems include:
determining the patterns and an increase in effectiveness of




energy conversion [11-14, 16—18], determining the nature of
occurrence of reactive power [12, 15, 20], and development
of effective methods for calculation of currents of researched
circuits [21].

It should also be noted that the relevant problem today is
selection of tools [19] of active and passive filtration [22, 23].
But the correct choice of the tools for passive filtration re-
quires the analysis of indicators of operation of a connected
nonlinear load, which is possible using the analytical me-
thods of calculation of electrical circuits [21].

Given the above, development of the analytical method
for calculation that is effective and simple in practical terms
is reasonable. The developed method should provide an
opportunity to conduct a qualitative analysis of a nonlinear
electrotechnical system and will also make it possible to
conduct an analysis of the mechanisms of the current com-
ponents formation.

2. Literature review and problem
statement

As it is known, the methods for analysis of nonlinear elec-
trical circuits can be divided into analytical and numerical.

The use of the numerical methods greatly facilitates
the task for researchers because they make it possible with
arelative ease of implementation to obtain information about
almost any processes in the NEC. Due to the rapid develop-
ment of computer technology and existence of a large number
of specialized software products, such as SAPWIN [24, 25],
SPICE [26], SEQUEL [27], MATLAB [28-30], which allow
implementation of calculations and numerical modeling,
numerical methods the most frequently used. However,
it should be noted that these methods have the following
shortcomings: numerical solution of equations with signifi-
cantly pronounced nonlinearity requires a large number of
iterations, accompanied by considerable time consumption.
Another drawback is the fact the accuracy of the calculation
significantly depends on correctness of the chosen initial
approximations and configuration of a scheme, as well as on
a method and a pitch of integration.

In contrast to numerical methods, analytical methods
have a significant advantage. They allow us to conduct
a qualitative analysis and give an adequate evaluation to the
processes in the NEC and estimate the influence of all factors
in the course of operation of a system, their contribution and
importance [1, 3, 5, 9, 10, 21].

As it is known, the work of circuits is described by non-
linear differential equations, the solution of which allows
determining the currents that flow in a circle.

Based on the analysis of the literary sources, to solve
such problems, researchers often choose the small parameter
method (SPM) [3, 5,9, 10, 21], which belongs to the pertur-
bation methods, as the most efficient, universal, and simple to
implement. SPM is one of the most effective tools of modern
applied mathematics, which is widely used in mechanics,
physics, and other sciences that operate with differential
equations. SPM allows obtaining analytical solutions of com-
plex linear and nonlinear boundary value problems both for
ordinary differential equations and for equations in partial
ones. It can be used separately or in a combination with other
methods [3, 5].

The main advantage of SPM is its effectiveness in solving
complicated differential equations that describe the pro-

cesses in NEC. That is why in this paper it is proposed to
use SPM to determine a harmonic composition of current
of nonlinear load, connected to the electrical supply system.
This will make it possible to select correctly the parameters
of a linear reactor to reduce the impact of higher harmonics
in the current signal.

According to SPM [3, 9, 10], a non-linear differential
equation is solved in the time domain by successive appro-
ximations, representing the sought parameter x as a series
by powers of some coefficient u, which is called the small
parameter:

X =2, + x, +pla, + LA X, €))

where xq is the solution to an equation of zero approximation
(the latter is obtained from the original, assuming all non-
linear terms are absent in them); xq is the equation of first
correction, which takes into consideration the influence of
non-linear terms in first approximation; x5 is the solution of
the equation of second correction, etc.

The author of paper [3] proved effectiveness of using
SPM for analyzing NEC with minimal errors. According
to SPM, an approximated solution of nonlinear equations,
which describe processes in nonlinear circuits, is found in
the form of the functional series by increasing powers of
small parameter. Substituting such a series into the original
equation and representing it with the system of equations by
powers of small parameter, all the functions, included in the
solution, are found.

Taking into consideration the above shortcomings of the
described numerical methods of analysis of NEC, as well as
the fact that SPM is usually implemented in the time domain,
which is accompanied by complex trigonometric transforma-
tions and decreases its effectiveness, it is necessary to search
for a new method or to improve the existing one. That is why
in order to enhance efficiency of analytical calculations, it is
proposed to implement SPM in the frequency domain using
the automated method for forming orthogonal harmonic
components of electrical magnitudes [20, 31] based on the
algorithm of discrete convolution [32].

3. The aim and objectives
of the study

The aim of the research is to develop an effective and
simple in practical terms analytical method for analysis of
nonlinear of electrotechnical system due to the implementa-
tion of calculations in frequency domain with a possibility of
their automation, which will give the opportunity to perform
a qualitative analysis of the researched system, specifically,
will make it possible to assess the impact of the parameters of
a circuit on the harmonic composition of current.

To accomplish the set goal, the following tasks were
stated:

—to develop SPM through its implementation in fre-
quency domain due to the use of the automated method
for forming electrical magnitudes based on the algorithm of
discrete convolution;

—to carry out a comparative analysis of SPM with im-
plementation of calculations in frequency domain that is
developed with the classic SPM in time domain and with
the results of calculation of a mathematical model of the re-
searched electrical circuit.



4. Analysis of calculation of nonlinear electrical circuits
of electrotechinical systems with the use of SPM in the
frequency domain

4.1. Algorithm of the analytical method for NEC anal-
ysis in the frequency domain based on SPM

SPM in time domain is the prototype of SPM, imple-
mented in frequency domain. It should be noted that the
implementation in frequency or time domain does not affect
accuracy. In this regard, only accuracy of approximation of
VAC of nonlinear function, as well as the number of harmon-
ics, which are analyzed are important.

But it will cause complications of analytical expressions.
As a result, calculation in time domain will be time-consum-
ing and accompanied by difficulty associated with multiple
multiplication of the current and voltage signals that are
assigned in the form of the Fourier series, trigonometric
transformations of cosine sine functions, double angle func-
tions, etc.

The ultimate result of trigonometric transformations
should be expressions that contain functions cos(kwt) and
sin(kwt), where k is the number of harmonics. In addition,
trigonometric transformations are difficult to automate. All
this can lead to obtaining an incorrect and unpredictable re-
sult. That is why it is proposed to develop the SPM through
implementation in frequency domain. The main advantage of
SPM in frequency domain is that trigonometric transforma-
tions, associated with multiplication of current and voltage
signals, are implemented with the use of the operation of
discrete convolution, which will ensure adaptation to soft-
ware automation of analytical calculations. This allows us
to significantly decrease time consumption and to simplify
the process of analytical calculation. It also makes it pos-
sible to obtain the predicted result regardless of degree of an
approximating polynomial, as well as the number of analyzed
harmonics [9, 10, 13, 23].

The algorithm of analysis of NEC in an analytical form
based on SPM in the frequency domain, shown in Fig. 1,
includes the following stages:

1. We write down the expression that determines the
form of nonlinearity of the researched electrical circuit:

u=/@, @)

where W is the nonlinear parameter. According to the classic
SPM, nonlinearity is represented in the form of instanta-
neous resistance, which nonlinearly depends on current.

2. Using the automated method of forming components
of instantaneous variables of electrical circuit in frequency
domain based on the operation of discrete convolution, we
form the equation with the use of the second law of Kirch-
hoff. The expression for voltage on a nonlinear element is
written down in the left part, while the differences of voltages
on the power source and all consumers, except for the non-
linear one, are written down in the right part.

3. To solve the resulting nonlinear equation, current is
represented in the form of a power series by nonlinear pa-
rameter [L:

I=a,+ap+an’ . .+ap", 3)
where ag, ay, as, a, are the corresponding coefficients of the

power series; n is the order of the power series, and of the
corresponding number of the coefficient.

It should be noted that for a reliable analysis of the pro-
cesses occurring in electrical circuits, as well as for taking
into account the features, introduced by nonlinear elements,
it is necessary to select a higher power of the series that
describes the current than the order of the power series that
describes the nonlinear element.

4. To represent (3) in the frequency domain, additional
designations are introduced. According to SPM, it was ac-
cepted that orthogonal cosine a4y and sine ayy elements of
coefficient ag, which is a generating solution and describes
the work of the linear part of the circuit, is determined by
the first harmonic:

0 0
=4 |, a=|B,|, (4)
0 0

where A, By are the coefficients that depend on parameters
of a circuit, cosine and sine, respectively.

According to SPM, which is implemented in frequency
domain, harmonic composition of coefficients ayg, a1, and a,, of
power series (2) is formed by the following principle. Coef-
ficient @y must include harmonic composition, which cor-
responds to harmonic composition of coefficient a,™ raised
to power m in frequency domain, where % is the maximum
power of current in the expression that describes current on
the nonlinear element.

In other words, the cosine a,; and sine a,; components of
ay in the general case in frequency domain will be made up of

K K
the sum of coefficients [2 Am) and (2 Bm) , where Ay,
m k=0 m

)
By, are the components of coefficient a4, which depends on
the parameters of a circuit; & is the number of harmonic com-
ponent that forms the coefficient; K is the minimal number of
the harmonic component of current, which form the coeffi-
cient, m is the number of harmonic of current.

In its turn, harmonic composition of coefficient as will be
determined as convolution &/ -a, in frequency domain.

Thus, a, will be formed according to the maximum degree
of current in the expression that describes voltage on the
nonlinear element and its harmonic structure:

K
A = (ZAnm) )

k=0

a,, :(ZB,W] . )

k=0

5. Arrays of harmonic components of current in the ge-
neral form are formed:

1,,m=A0+iw(i<Am)]m;

n=1 k=

I, =B()+2“'1(2(Bnm)J ) (6)

n=1 k=1

where N is the maximum order of the power series.

6. (6) are substituted in the equation of balance of volt-
ages of the circuit, coefficients at equal powers of small para-
meter W are grouped, and the system of equations, from which
we determine coefficients Ag, By, A, Bum, is formed.



The expression that determines the form of nonlinearity of the
studied electric circuit is assigned: p=f(i).

(]

(The equation using the second law of Kirchhoff is written down. ]

(]

(" Current is represented in the form of a power series for nonlinear )
parameter .

L I=a0 +a1p.+...+anp.n' (a) )
v
(" To represent the power series in frequency region, additional )

designations are introduced and the arrays of real and imaginary
components of correspondent coefficient are written down:

ago =4y ; apo = By ;
K K
a, = (Z 4, ) > oa, = (ZBM j )
L k=0 m k=0 )
(" The arrays of harmonic components of current in general form )
are formed:
N K
n .
o=y (34,
n=1 k=1 m
N K
Ibm=30+zu’ (Z(Bnm)j ' (C)
n=1 k=1 m
y
Substituting (c) in the equation of balance of voltage of circuit,
coefficients at the same powers of small parameter p are
grouped and the system of equations, from which coefficients
Ay, Bo, Anm, Bam are determined, is formed. )

Fig. 1. The algorithm implementation of SPM
in the frequency domain

4. 2. Calculation of the electrical circuit with nonlinear
inductance using SPM in the frequency domain

Consider the example of calculation of the electrical
circuit, composed of sequentially connected nonlinear induc-
tance and linear active resistance (Fig. 2).

i)
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u(t) ’9

Fig. 2. Electrical circuit with nonlinear
inductance

Power voltage ug(t) is assigned by sine component of
the first harmonic: us(t) = Upisin(wz). For analysis, current
is represented in the form of the first and the third harmonic
components:

i(¢t)=1,,cos(ot)+1, sin(or)+
+1,,cos(30¢)+1,,sin(3wt).
For an analysis of equivalent scheme of the researched

circuit (Fig. 2), the following numerical values of parameters
of the circuit were accepted: Uy;=-12.5 W, R=50 Ohm.

As we know, NEC are described by differential equations,
the solution of which allows analysis of the system. For the
researched system, shown in Fig. 2, the differential equation
of the balance of voltages with dependence of parameters of
a circuit on time that describes its operation of the system:

ug(£)=i(t) R+ d“;t(t), (7)

where y is the current linkage.
Nonlinear dependence of current on current linkage is
approximated by the polynomial of third degree:

i(y)=ay+by®, (8)

where a, b are the corresponding coefficients of a polyno-
mial. During the studies that were conducted with the aim
of selecting the optimal function to describe a nonlinear
characteristic in the software package CurveExpert, it was
discovered that function (8), that is, a polynomial of third
degree in the absence of quadratic term has the highest coeffi-
cient of coincidence with the curve of dependence of current
on current linkage.

As a result of numerical construction (8), the magnetiza-
tion curve of nonlinear inductance was obtained (Fig. 3), in
this case, numerical values of coefficients were accepted as
a=0.1, and b=40.
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Fig. 3. Magnetization curve of nonlinear
inductance

To have the possibility of realization of analysis of the
researched electrical circuit using SPM in the frequency
domain, differential equation (7) is written down in the fre-
quency domain:

U, =U, +U, ;

{ Sa - Ra La (9)

Uy =Up+Uy,

where Us,, Ugy, U, are the cosine component of power volt-
age, voltage on active resistance R, voltage on nonlinear in-
ductance, respectively; Usy, Ugp, Urp are the sine component
of power voltage, voltage on active resistance R, voltage on
nonlinear inductance, respectively.

Cosine and sine components of power voltage (10),
voltage on active resistance (10) in frequency domain were
represented according to SPM, implemented in the frequen-
cy domain.

(10)
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According to (7), voltage on nonlinear inductance is deter-
mined as dy(¢)/dt, that is why for further representation in fre-
quency domain, cosine and sine components of current linkage,
assigned by the first and third harmonics are written down first:

0 0
Yo Wi
R (12)
‘VuB Whii

where .1, y,3 are the cosine components of the first and
third harmonics of current linkage, respectively; w1, W3 are
the sine component of the first and third harmonics of cur-
rent linkage, respectively.

Then, a derivative is determined from the obtained arrays.

0 0
Y, 0 Y, 0
dy = ;ody, = 13
\Va 0 Wb 0 ( )
—3y,50 3V 50

According to (8), using an automated algorithm of forma-
tion of components of electrical magnitudes in frequency do-
main, the cosine and sine components of current linkage in third
power are determined. Then, the arrays of cosine and sine com-
ponents of current, flowing in the researched circuit, are formed:
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According to the algorithm of SPM (Fig. 1) and taking
into account expression (7), we will represent current link-
age in the form of a polynomial of the first degree by nonlin-
ear parameter b:

y=aqa,+ab, (15)
where ay, a; are the corresponding coefficients of the poly-
nomial.

According to the harmonic composition of current link-
age y(¢) and algorithm of implementation of the SPM in
frequency domain, coefficient ay will be determined from the
following expression:

a, = A, cos(ot)+ By sin(wt), (16)
since they are the generating solutions.

In accordance with the rule of formation of harmonic
composition ay for a given electrical circuit, after analy-

zing ay®, we obtain that a; is formed by third harmonic in
addition to first harmonic:

a, = A, cos(ot)+ A, cos(30t)+

+B,,sin(wt)+ B, sin(30t), 17

where Ay, Bo, A1, Bi1, Ai3, By are the coefficients that de-
pend on parameters of a circuit.



Then the polynomial that describes the current linkage in
the researched circuit will take the form:

v = A, cos(wt )+ B, sin(ot)+

A, cos(ot)+ A, cos(30t)+

18
+B, sin(wt )+ B,, sin (3t) (18)

Coefficients in (18) are grouped by the appropriate trig-
onometric functions and frequencies, and the arrays of cosine
and sine harmonic components of current linkage in frequen-
cy domain are written:

0 0
b B,+B,b
= Ao"'OAﬂ oy, = o+011 . (19)
Apsb B;b

L e, Wa1 =AotA11b, Wy1 =Bo+B11b, Wa3=A13b, yy3=B3b.

The above expressions are substituted in the equation of
balances of voltages in frequency domain, and coefficients
at the same powers of the nonlinear parameter are equaled.
It should be noted that we will take into consideration only
coefficients of zero and first degrees b. And then, the system
of equations is obtained:

—Ub1 =0A, +aRB;

0=aRA,—-0B,;

0=3RB’ + A, + 3RB, A% +aRB, ;

0=aRA,+RA} —-30B,, - 3RA,B’;

0=aRB,, +3RB,A +30A,, - RB’;

U, = Aw+aB,R+(3RB; + 3RB,A; + 0A,, +aRB,,)b;
0=—-B,w+aAR+(3RA;} - 0B, +aRA, +3RA B} )b;

0= (aRAw +RA; ~3wB,, - SRA()B(?)b;
0=(aRB,, - RB; +30A,; + 3RB,A} )b,

from which coefficients Ay, By, A1, Bi1, A13, Bis are deter-
mined:
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3

The obtained coefficients have the following numeri-
cal values: Ag=-0.04, Bo=—-6.337-10"%, A{1=9.593-10"7,
Bi1=-3.0121075, A13=—1.776-10"7, By3=-3.343-1075,

Substituting the obtained analytical values of the coef-
ficients in arrays (18), we determine analytical dependences
and numerical values of harmonic components of current
linkage of the researched 1, W1, Wa3, Wp3 in the function
of coefficients Ag, By, A1, Bi1, A1z, Bis. SUbStitUting WYat,
Vo1, Wa3, Wp3 in expressions (14), analytical dependences and
numerical values of harmonic components of current of the
researched circuit are determined.

4. 3. A comparative analysis of the developed and clas-
sic SPM

The calculated values of harmonic components of current
with the use of classic SPM and the proposed SPM using
instantaneous resistance frequency domain were compared
with the results of numerical modeling of the researched cir-
cuit in the environment of MATLAB package (Fig. 4).
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Fig. 4. Curves of current of the researched circuit:
(weeeen ) is the one, obtained using the proposed SPM,
(= - +) is the one, obtained using the classic SPM,
(—) is the one, obtained as a result of calculation
of the mathematical model

As evaluation criteria of accuracy assessment for the two
compared methods, we selected the relative error by magni-
tude of harmonic components of the sought current and by
amplitude and phase of first and third harmonics (Table 1).
In addition, we assessed the degree of coincidence of calcu-
lated curves of the current signal with the curve, obtained as
a result of the numerical experiment (Fig. 4), by coefficient
of determination R?.

Table 1

Results of comparative analysis of the developed
and classic SPM

Developed SPM, Classic
Magnitude Relative 1.Inplemented SPM, 1mple—
error in frequency mented in
domain time domain
3(1n), % 6.313 8.5
Harmonic 3(Iy), % 0.39 4.7
components
of current 8(1a3), % 2.316 8.1
8(Iys), % 0.46 24.2
Amplitude of first (L), % 1.786 3.988
and third harmonics
of current 8(13), % 2.273 7.577
Phase of first 3(or1), % 1.041-104 2.41-104
and third harmonics
of current 3(9r3), % 1.042-103 4.5810°3
Coefficient 2
of determination R 0.993 0.962




The conducted comparative analysis of the proposed and
the classic method of the small parameter with the results
of numerical calculation of the mathematical model of the
electrical circuit with RL-load showed that the developed
method provides greater adequacy of results and a higher
accuracy of calculations.

5. Discussion of results of using the improved SPM with
the implementation in the frequency domain for analysis
of nonlinear electrical circuits

It should be noted that calculation accuracy depends
on the accuracy of approximation of the characteristic of a
nonlinear element. When implementing the analysis of the
researched circuit, in order to avoid the awkwardness of
analytical expressions, the polynomial dependence of the
third degree was selected for calculation. This choice was
determined by the conducted experimental research in the
mathematical package with the aim of searching for a func-
tion that at the minimal number of terms will ensure accept-
able accuracy of the description of a nonlinear characteristic.

In this case, the above numerical values of relative errors
for values of the harmonic components of current do not
exceed 6 % even at a relatively low quality of approximation.

Thus, the advantage of the SPM in frequency domain can
be the fact that it is quite simple to implement, ensures high
accuracy and effectiveness of obtaining numerical values
of amplitude components of current and allows conducting
an analysis in the analytical form of the processes of the re-
searched electrical circuit with a nonlinear load.

The disadvantage of the method is the need to ignore
higher harmonic components when solving the formed sys-
tem of equations, which leads to a decrease in accuracy. In ad-
dition, to achieve the accurate approximation dependence of
a nonlinear characteristic, it is necessary to use a polynomial
function of the high degree, which will make the analytical
expressions cumbersome.

Presented research shows the possibility of implemen-
tation of the SPM in frequency domain with its practical

use, specifically: the presented method enables qualitative
analysis of indicators of operation of nonlinear load and
the current spectrum, which is a good basis for the deve-
lopment of the method for selection of the tools for active
and passive filtering that was already partially presented in
paper [21].

In subsequent studies, the obtained analytical expres-
sions will make it possible to explore the processes of
compensation of higher harmonics of current in electrical
networks with nonlinear load, containing semiconductor
converters for more precise selection of the tools for both
passive and active filtering.

6. Conclusions

1. The method for analytical analysis using the method of
the small parameter, implemented in frequency domain, was
developed. It was shown that the method makes it possible to
avoid complex trigonometric transformations and to simplify
analytical calculations and maximally adapt them to automa-
tion through the use of the automated method of formation
of components of instantaneous values in frequency domain,
which will enable a decrease in time consumption.

2. The algorithm of calculation of nonlinear electrical cir-
cuits using the small parameter method in frequency domain
with the help of orthogonal components of nonlinear resis-
tance was developed, and effectiveness of its use was proved.
A special feature of the presented algorithm is automation of
analytical calculation in the environment of the mathemati-
cal package. Conducted comparative analysis of the proposed
small parameter method with the classic small parameter
method on the example of calculation of an electrical circuit
with the RL loading showed that the developed method
provides greater adequacy of results and higher precision
calculations in comparison with the existing one. Relative
error for harmonics of current does not exceed 6 %. Relative
error by the amplitude of first and third harmonics of current
does not exceed 2.5 % and relative error for phase does not
exceed 1.042:1073 %.
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