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Purpose. The development of transient processes calculation method in electric circuits with thyristors based on
the use of functions approximation by orthogonal polynomials.

Methodology. Functions approximation by orthogonal polynomials, numerical methods of differential equations
integration, matrix methods, programming, theory of electric circuits.

Obtained results. The method of solution function polynomial approximation of integro-differential equations of
state, which describes the transient processes of an electric circuit with thyristors, is used in this paper. The used
method showed the advantages over other known methods in increasing the accuracy and reducing the simulation time
of transient electrical processes by more than 6 times.

Findings. The solution is approximated by a series of Chebyshev polynomials. The integro-differential equations
of state are transformed into linear algebraic equations for special depiction of the solution functions. The depiction of
functions of true currents in the equivalent circuit is interpreted as direct currents. Such a schematic model creates
visibility for a researcher performing simulation of transient electrical processes.

Practical value. The proposed methods discover the possibility of using the apparatus of direct current electric
circuits’ theory for transient processes in complex schemes modeling with thyristors.

Key words: electric circuits; orthogonal polynomials; differential equations, numerical methods; spectral meth-
ods,; approximation; Chebyshev polynomials; transient processes; schematic model.

series by trigonometric functions is used, where the set of
decomposition coefficients is a frequency spectrum. The

Many papers [1], [2] have been devoted to the prob-  paper presents studies of the convergence rate of series.
lems of complex electrical circuits modeling with thyris-  The author considers the terms "interpolation" and "collo-
tors. Back in the 1980s, a number of universal models of  cation" to be identical, but the term interpolation is used
converting devices, oriented to ES series PC, were devel-  to represent a known function, and the term "collocation"
oped. Therefore, the developed models had a very com-  is used when decomposing a function, obtained as a result
plex algorithm. Modern computers have much better re-  of solving a differential equation, into a series. The paper
sources, which are preferably to use. Mathematic numeri-  [4] gives the basics of the spectral method using Cheby-
cal methods have also been developed at a rapid pace. shev polynomials for the integration of differential equa-
The method proposed in this paper can significantly in-  tions and shows the advantages of this method over the
crease the simulation speed. The method of differential  finite difference method. The paper [5] presents basics of
equations numerical solution based on the use of orthogo-  the spectral method. Chebyshev and Legendre polynomi-
nal polynomials is used. als are considered as basic functions. The application of

1. ANALYSIS OF RESEARCH AND PUBLICATION :?:n;nlzﬂslggwtg the solution of ordinary differential equa-

The paper [3] shows the use of orthogonal polyno- In paper [6], the fundamentals of the spectral method
mials for the differential equations integration. The author  for solving equations in partial derivative problems of
calls the method of functions decomposition into series by  hydrodynamics are investigated. The better efficiency of
orthogonal polynomials the spectral method in this paper.  this method compared to finite difference methods is
An analogy of functions decomposition into a Fourier  poted. Paper [7] also outlines the basics of the spectral

I. INTRODUCTION
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method for solving partial differential equations. The
presentation is performed without unnecessary abstract
mathematics and details. The author tries to show that
spectral methods do not have great complexity, as some
experts believe. The authors of [8] claim that the spectral
methods are the best for solving ordinary differential
equations with high accuracy, provided that the data de-
fining the task is smooth. At the same time, it is possible
to achieve a high accuracy, when the method of finite
differences or finite elements gives two or three signs.
Spectral methods require less computer memory compar-
ing to alternative methods.

The solution approximation for the current function
in an electric circuit by series in Chebyshev polynomials
is used in paper [9]. The transient process in the electric
circuit is investigated. The transformation of the integro-
differential equation of state into an algebraic equation for
currents depiction is shown. Kirchhoff's laws for currents
depiction are proven. As a result, a method allowing sig-
nificant increase of simulation speed is obtained.

A study of transient processes calculation methods
in linear electric circuits based on the use of orthogonal
polynomials is performed in paper [10], [11]. Based on
the proposed methods, a program has been developed
[12].

A computer program for magnetic electric circuits
with thyristors simulation has been developed by authors
[13]. The program uses Gere's numerical methods of or-
dinary differential equations integrating. Nonetheless,
computer modeling is slow.

The orthogonal polynomials are successfully used to
integrate differential equations. However, there are no
publications showing the use of spectral methods for tran-
sient processes calculating in electric circuits with thyris-
tors.

III. FORMULATION OF THE WORK PURPOSE

The development of transient processes calculation
method in electric circuits with thyristors based on the use
of approximation of functions by orthogonal polynomials.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

In many cases, with an accuracy sufficient for prac-
tical calculations, the valves are modeled as variable re-
sistive elements having a very small given resistance Ro
in the open state and a very large given resistance Rz in
the closed state.

The thyristor maintains its open state if the current
through the thyristor is greater than zero and changes
from open to closed if the current through the thyristor
changes sign from positive to negative. If the thyristor is
closed, it can be opened under the fulfillment of two con-
ditions simultaneously: the current through the thyristor
must be greater than zero and a positive control pulse is
applied to the control electrode. Current time since the
beginning of the last EMF period is:
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where ¢ is the current time, and square brackets mean the
operation of taking an integer part of a number. T; is the
pulse tracking period on the controlling electrode.

The moment of pulse delivery to the controlling
electrode is determined by the condition:

t,>a,t&<a; t+t,

where ¢ is the current time, q; is the shift coefficient of the
control pulse from the beginning of the EMF period.

Since the current time during simulation on the
computer does not change continuously, but quantized
with a step 4, and the real controlling pulses have a finite
duration, then it is necessary to verify the thyristor state
and determine the value of its resistance Rvs at each inte-
gration step. Thyristor block-scheme of the thyristor state
determination algorithm is given on the Figure 1. The
Flag variable determines the state of the thyristor in the
scheme. If Flag =1, the thyristor is opened, if Flag =0, the
thyristor is closed.

Thyristor state analysis
algorithm

{_ Thyristor .

thyristor is closed WV
no
- Flag==
|, yes

Ayes

Flag=0; Rt=Rz; com=1

[lhyrismr closed

no switching

‘ if thyristor is opened

Bulse
duration

Flag=1;Rt=R0;com=1

y Ehynslor is opened

yes|

ge—
End

Figure 1. Block-scheme of the thyristor state determina-
tion algorithm

The numerical forecast-correction method is used in
paper [9]. However, this method has resulted in signifi-
cant simulation time for long processes modeling in com-
plex electrical circuits.

A method of accelerated calculation of transient pro-
cesses in linear electrical circuits is proposed in papers
[6-7].

In these papers, when transient processes are calcu-
lated, an equivalent circuit for special depictions is used,
which is consisted of the following principles:

o the integration time is not changed in steps, but in
segments of length t, which contains several steps;

e in the equivalent circuit, the resistive element R
has a resistance of R-V and a source of constant EMF with
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the value R- i; is turned on in series with it towards the
current;

e inductive element L has resistance L- D;

o the capacitive element C=1/B has a resistance B- S
and a source of constant EMF with the value BAiy+uc is
turned on in series with it towards the current,

e inductive element L has resistance L- D;

o the capacitive element C=1/B has a resistance B- S
and a source of constant EMF with the value BAiy+uc is
turned on in series with it towards the current,

where V, D, S are special matrices that are calcu-
lated based on the use of orthogonal polynomials, A is a
vector containing the position of reference points on the
segment, i, is the initial value of the current in the resis-
tive element, ucy is the initial value of the voltage on the
capacitive element.

Currents depiction Cy, for which Kirchhoff's laws
are valid, appears in equivalent circuits for special depic-
tions, instead of real currents ix(?). Depictions can be as-
sumed like as currents. Depictions can be calculated on
the basis of algebraic equations based on Kirchhoff's
laws. The depiction of the currents Cy contains coefficient
values of the current functions decomposition #(?) by or-
thogonal polynomials for the x-th wire. Knowing the cur-
rent decomposition coefficients ix(?) by polynomials and
the value i), for branch &, we can obtain a vector of cur-
rent values Iy at all nodal points of the segment t.

For example, consider the circuit on the Figure 2.

e(t) ) L . Vs
’_@_._,_-—-_:'_ﬁﬁr\_'ﬁg_%.

Figure 2. Circuit for simulation

The equivalent circuit for depictions is given on the Fig-
ure Figure. 3.
R0

R*v Rvsv Rf"s"lo

Figure 3. Equivalent circuits of the fig. 2. for depictions

The equation according to Kirchhoff's second law
of the scheme on the Fig. 3 is:

(LD + (R + Rvs)V)-C=e— (R + Rvs)i,» (2)
or
Z-C=F, 3)
where
Z=LD+(R+Rvs)V, “)

29

F =e—(R+Rvs)i,. &)

The solution to equation (3) has the is:
C=7Z"7F,

where 7' denotes the operation of taking the inverse
matrix.

The error of equation solving (2) depends on the
segment length of the simulation time. Therefore, the total
interval of the simulation time should be divided into sev-
eral segments.

Thyristor
state i

Determination
of the thyristor

state
in the middle
of the current
segment
k=1:N-1
Thyristor
com
no
com=17
s thyristor switched
yes L
| K -step number
K=k on which the
thyristor switched
I =1(1:K) ["current value ona
7shortened segment
t= t(1:K) fhortened segment time

Figure 4. Block-scheme of the algorithm for determining
the thyristor state on a shortened segment

The thyristor state can be changed in the middle of
the segment. Therefore, the current segment must be
shortened before the state changes. The block-scheme of
the algorithm for determining the thyristor state on a
shortened segment is given on the Figure 4.

The block-scheme of the simulation algorithm of
electric current change in the circuit of the Figure 1 is
given on the Figure 5.

The computer program has been compiled on the ba-
sis of the developed theory in the octave-8.2.0-w64 sys-
tem. Simulation results with input data are as follows:
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Em=100 V; L=0.01 H; R=1 Ohm; Ti = 0.02 c;
ti=0.01*Ti; ai=0.4; f=50 is given on the Figure 6. A com-
puter program based on Geer's numerical method has
been also developed. The calculation results coincide with
an accuracy of 0.01%, but the calculation time has in-
creased more than 6 times.
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Figure 5.Block-scheme of the simulation algorithm of
electric current change in the circuit of the Fig-
ure 1
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Figure 6. Time dependence of current obtained as a re-
sult of simulation
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V.CONCLUSIONS

The proposed method of transient processes calcula-
tion in electric circuits allows to replace operations with
instantaneous values of currents into operations with con-
stant currents in a special equivalent circuit. This ap-
proach allows reducing the calculation time significantly,
what is important for the large schemes and long transient
processes. In previous publications, this method has been
successfully applied to continuous transients only. This
paper shows the use of the proposed method in electric
circuits that contain key elements thyristors.
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Mema pobomu. Po3pobra memoody po3paxyHky nepexioHux npoyecié 6 eleKmpudHux Koiax 3 mupucmopamu Ha
OCHO8I BUKOPUCMAHHS ANPOKCUMAYIT YHKYIL OPMO2OHANbHUMU NOIIHOMAMU.

Memoou docnidscenns. Anpoxcumayis QYHKYill OpmocoHATbHUMU NOATHOMAMU, YUCIOBL MEMOOU IHMeSPyBaAHHS.
OughepenyianbHuX piHAHb, MAMPUYHT MemOoOU, NPOZPAMYBAHHS, MEOPIs eNeKMPUYHUX KLT.

Ompumani pesynomamu. Y pobomi guxopucmanuii Memoo noaiHoMianbHoi anpokcumayii pyuxyii po3e'asky inme-
2po-0ughepenyianbHux pigHAHbL CMAaHy, AKi ONUCYE NepexioHi npoyecu eleKmpuiHo20 Koad, Wo MiCmumes mupucmopu.
BUKOPUCAHULL MeMOO NOKA3A8 nepesazu nepeo iHWUMU 8i00MUMU MemoOamMu y ni08UeHHI MOYHOCMI Ma 3HUNCEHH]
4acy Mooeno8anHs NePexionux eneKmpusHux npoyecie 6invi, Hisc y 6 pasie.

Hayxosa nogusna. Piwenns anpoxcumyemucsi psaoom no noainomax Yebuwiosa. inmezpo-oupepenyianvhi pieHsn-
H5l CMAHY NepemeopOombCsl Ha JIHINHI aneeOpaiuni piGHAHHs 01 CNeyiaIbHUX 300padceHs QYHKYitl piuienHs. y cxemi
3amiuentst 300padicenHs YHKYI ICMUHHUX CIMPYMI6 THMEPNPemyombCs K NOCMIUHL CIMPYMU. MAKAd CXeMHA MOOeb
CMBOPIOE HAOUHICMb OOCTIOHUKY, WO BUKOHYE MOOENIOBAHHS NEPEXIOHUX eeKMPUUHUX NPOYeCis.

IIpakmuuna yinnicms. 3anpononosani Memoou 8iOKpusarons MONICIUGICIb GUKOPUCIMAHHS anapamy meopii eie-
KMPUYHUX Kil NOCMIIHO20 CMPYM) OJisl MOOeNI08AHHA NePexXiOHUX Npoyecie y CKIAOHUX CXeMax, wo Micmsams mupuc-
mopu.

Kmiouoei cnosa: enexmpuyni Kona; OpmMo2OHAIbHI NOLIHOMY; OUPEPEHYIaNbHI DIGHAHHS; YUCIO08] MEMOOU; CneKm-
PanbHi Memoou; anpoxcumayis; norinomu Yebuwiosa; nepexioni npoyecu; cxemMHa Mooenb
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