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Summary. The mathematical model of asynchronous three-phase motor, which takes into account the
saturation of the magnetic system, is constructed in this paper. The system of differential equations of the
electromagnetic state is formed in the normal Cauchy form. This form of equations presented in the matrix form
is very convenient for numerical integration, since it is implemented by explicit methods that are simpler in
computer realization than implicit ones. This approach makes it possible to describe the complex physical
processes in the motors, namely the effect of saturation of the magnetic circuit and mechanical rotational motion.
The use of the proposed model of the asynchronous motor, created by its real passport data, provides an
opportunity for adequate real-time modeling. FORTRAN programming language and graphic editor GRAPHER
are used to calculate dynamic regimes. The explicit Euler method is used for numerical integration of differential
equations. The proposed model can be used to analyze the modes of operation of the motors as an autonomous
element and an element of the electromechanical system. It is shown that this model corresponds to the classical
theory of electric machines.
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Statement of the problem. The methods of mathematical modeling rely on powerful
computer facilities and related software enabling to implement computational experiment. Very
often in practice the experiment on the real object is replaced by its mathematical model as it is
either difficult or impossible to carry it out because of high cost. Nowadays mathematical models
are powerful tools of investigation of various electronic devices, and numerical methods of
differential equations solving are being increasingly used for analysis of dynamic processes in
electrical engineering. These processes are usually described by nonlinear differential equations
[5, 7].

It is well known that the solution of the differential equation is a certain function which
depending on sampling spacing and finite integration time can reach dozens-hundreds of
thousand points requiring calculations. It is impossible to solve such equation manually because
of huge amount of work. In this case the equations integration by numerical methods should be
used [6]. Equations with ordinary derivatives are solved by explicit or implicit Euler or Runge-
Kutta methods. This is implemented by means of appropriate mathematical methods and
programming [6].

By solving the equation at certain initial conditions we determine what happens with
devices during their operation life. Therefore the solution of dynamics differential equations is
the basis for analysis of operational characteristics of electrical devices.

Analysis of scientific investigations and publications. Among the great number of
scientific papers concerning the mathematical modeling of electrical devices and numerical
methods of differential equation solution we analyze some of them. At present the papers by
O. M. Oleynikov, I. P. Kopylov, V. F. Syvokobylenko, A. V. Chaban are of great importance
for mathematical models construction.
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Paper [2] deals with the problem of transient and stable processes in electrical
engineering. The material of the book is based on classical approaches to the modeling of
electrical devices and systems. Unfortunately the results of computer simulation of transient
processes in engines are not presented sufficiently. The mathematical model of electro-
magnetic transient processes in asynchronous motors in phase coordinates and implicit
numerical integration methods which are somewhat inconvenient for computer implementation
is presented in paper [1]. The modeling of asynchronous motors operating modes on the basis
of equivalent circuits and from the energy point of view, as well as
models of asynchronous machines based on traditional methods of electric circuits, so called L-
models, are described in papers [4, 5].

In our work for dynamics modes analysis we constructed 4-model of asynchronous
motor, where the differential equations are recorded for currents as variables having practical
interest and normal Cauchy form. This model is the most relevant for circuit-field methods,
which equations are solved by explicit numerical integration methods.

Statement of the problem. It is known that classical methods of electrical engineering
based on electrical equivalent circuits of electrical devices do not allow to obtain sufficiently
precise information about electro-mechanical values [7].

In the given paper the mathematical model of asynchronous motor is proposed in skew
coordinates [3, 6, 7]. Such a model is constructed by means of coordinate transformations in the
theory of asynchronous machines. This model makes it possible to represent the devices
differential equations system in normal Cauchy form automatically. This greatly simplifies the
most important stage of investigation — the computation process in computer simulation process.

Let us assume the differential equations of three-phase asynchronous motor recorded
directly in normal Cauchy form in matrix form as the equations basis [7]. Since the
asynchronous motor is the symmetric electricity receiver, the model is designed on the basis of
two phase variables 4 and B. The value of the third light phase is beyond Kirchhoff law

di
S =AU-RD, (1)

where I, U, R are currents, voltages and resistances matrices

ISA USA 2RSA + Rsc Rsc B RSB

el oy Vel i ReRa [2RatRe | 2
IRA U RA 3 ZRRA + RRC RRC B RRB
IRB U RB RRC B RRA 2RRB + RRC

Functions of network voltage applied to the stator winding are given and angular rate of
network voltage is constant o =2nf =2-314-50Hz =314s™ = const

u_sinot
u(t) === u, sin(ot—120%) | 3)

o

The matrix of stator and rotor winding resistances (2) also degenerates into scalar
Rsa = Rgg = Rsc =Rg; Rgy =R =Ry =R,
Let us rewrite equation (1) in the expanded form
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dstS:AS(US _rSIS)+ASR(Q\PR_rRIR);

@ )
8 AUy R 1)+ A ).

Here Is, Ir are stator voltage columns and converted rotor voltage columns; Us is source
voltage column; Wr is the column of complete flux linkage of rotor winding; Rs, Rr are resistive

strengths of stator and rotor windings; As, Asr, Ars, Ar are coefficient matrices; Q is angular
velocity matrix [7]

oot (5)
3l 21
o (1-ag (T +b,1,)) —alb,l, a0 (T+b,1,) ~alb,l,
N ~alb,l, o (1= (T+bgl5)) ~alb,l, —(xs~(xR(T+bBIB). ©
0 og (T +b,1,) ~alb,l, o (T- 0 (T+b, 1)) ~albgl,
—alh,l, —0g -t (T +Dg15) ~akh, 1, aR(l—aR(T+bBIB))

Here as, ar, om are the inverse inductance dissipations of stator and rotor windings and

the main motor inverse inductance; o is the angular velocity of rotor rotations; ba, bs, b, R, T
are the coefficients

ba=b(21,+1;); by=b(I,+2l;); b=3(R—T)/|;; R=— *
3 og +0og+p @)
1 R-T 2 2
g + 0 41 \an AT 3 ( WA+WB) 573 (WA+ WB)

In order to take into account the motor magnetic circuit saturation we use its magnetizing
characteristics v, =w_.(l,,).

0,491 , if 0<I_<168;

v, (1,)=18,3+0,49(1, -16,8)-3-107 (1, -16,8)" ~2.10 (I, -16,8)°, if 16,8< 1, <34,8

(8)
0,2041, +8,1, if 34,8<1,.

Depending on the magnetizing current we get:

T:{wml(lmq ; p:{dwdn](lm)} | ©)

where T and p are main inverse motor statistic and differentiation inductances.
The module of magnetizing currents vector In is derived from the formula

ISSN 2522-4433. Scientific Journal of the TNTU, No 2 (94), 2019 https://doi.org/10.33108/visnyk_tntu2019.02


https://doi.org/10.33108/visnyk_tntu2019.0

Viktor Lyshuk, Yosyp Selepyna, Sergiy Kostiuchko, Sergiy Litkovets

2 2
Imzz\/lA lalgt 1t (10)
3
where
IAZISA+IRA; IBZISB+IRB' (11)

It should be noted that matrices (6) are recorded taking into account the machine
magnetic system saturation which can occur in case of the considered motor.
The column of complete flux values are found in the following way

Y T
Yo =——T 2, j=AB. (12)

0Lm 0"R

The equation of electromagnetic state should be supplemented by the equation of
mechanical state in order to calculate the angular velocity mentioned in (5)

do p,
—=2(M_-M ; 13
dt J ( em mech) ( )

Mem:ﬁpO(IRAISB_IRBISA)/am’ (14)

where Mmech is the mechanical moment; p, is the number of magnetic poles couples; J is the

moment of rotor inertia; Mem is the electromagnetic moment.
Let us find the rotor rotational velocity by means of angular velocity, and sliding by
difference of stator and rotor magnetic field velocity

30w . Ny —n
n=——, s= . (15)
Py N,

The system of differential equations (4), (13) is the circuit-field 4-model of three-phase
asynchronous motor. For practical use of this model it is necessary to know the resistive
strengths of stator and rotor windings Rs, Rg, inverse inductance dissipations as, ar of windings,
the main inverse inductance dissipation am or magnetizing curve, the inertia moment J, the
number of magnetic poles po, the stator winding voltage Us and mechanical moment on rotor
Shaft Mmech.

Let us turn to the implementation of mathematical model by explicit numerical Euler
method. This method is based on the substitution of the required function by polynomial of the
first degree, i. e., on linear extrapolation.

Let us consider the differential equations of our problem with zero initial conditions

dx_

a_f(x,t), x=M,ls, 0 Mg ()=M." 15(t)=1", n(t)=n®. (16)
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Let us consider interval [a, b]and divide it into p m segments by nodes t, with pitch
At. The exact equation solution (16) at point t,,, at any of the intervals [t,, t,,,] 0<k<m-1
can be represented as Taylor series with the center at point x, .

Let us take into account that function f(x,t) is n+1 times differentiated by both
arguments [6], 1. e.

At? At

X(tk+l): X(tk)"'At'X,(tk)+F'X”(tk)+ 3l 'X"’(tk)-i-...-l-S(At(nﬂ)). (17)

The derivatives in (17) can be calculated according to (16) in the following way

of of
=—(x,t)+f -—(x t);
S )

X(t)="f(x,t);  x'(t) "
K (t)="2 {ﬂ | ﬂ}i{i f ﬂ] o x0(0)= 2|+ 2 [ 1)) 1.

Tatlot x| x|t ox ot ox

(18)

If we assume x = x(t) as exact solution (16), and then substitute t =t and neglect the
residual member in (17), then we get the following discrete equation

At* [ of of
X (1) = X +At- f (xk,tk)+7{—(xk,tk)+&(xk,tk)- f (Xt )}+...+

ot
Atn a(n—l) a(n—l) (n-1) (19)
F W’f(Xk,tk)+...+W'f(Xk,tk)'f s
where 0<i<n-1, x(t,)=x“, x=M_, I, n.

Equation (17) is two-pint explicit difference scheme which make it possible to calculate
all the values sequentially starting with x1 and ending with xm. In this case the approximation
error is equal to the value of neglected summand in (17) at At — 0.

If we assume that n = 1 than the desired Euler method is explicit moreover the

approximation accuracy is 3(At?)
X1 = X + AL f (X, 1,).

Mathematical modeling. FORTRAN programming language is used for dynamic
modes calculation. The integration of elecromechanical state equations is carried out by explicit
Euler method. GRAPHER graphic package is used for graphic dependencies construction.

Passport nominal data of asynchronous motor 4A132M6VY3: Pnom = 7,5 kWt,
U = 380/220 V, Nnom = 970 min?, n = 0,85, cosp = 0,81, Rs = 0,58 Om, Rr = 0,363 Om,
os =353 H?Y, ar =228 HY, om = 11,2 HY, J=0,06 kg-m?, po = 3.

Direct motor run-up with nominal loading Mnom = 70 Nm, output on its steady speed,
further increase of load moment at time moment tx; =1 s up to 180 Nm. In order to test overload
capacity at time moment txo = 1,5 s, the moment on the shaft is increased up to the value
Mmech = 260 Nm. At the end of transition process the moment is reduced to 50 Nm.
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The diagram of rotor rotation speed in time function is shown in Fig. 1. The motor
reaches its steady speed 980 min? in a time 0,65 s. At the same time we can observe
overregulation which is possible in practice. At the moment of load rise 180 Nm, the rotor speed
decreases up to 940 mint. At the following interval the speed sharply decreases
to 450 min'! being the emergency state. After the moment reduction the motor reaches its steady
speed 986 min™.

The current phase 4 of the stator winding is shown in Fig. 2. The starting current is
approximately 125 A, the nominal one is 18 A. When the loads are increased, the currents are
increased as well up to 47 A, 77 A, 120 A relatively and at the moment of load reduction 13
A. Long-term operation in the overload mode is unacceptable as they are emergency modes.

The dependence of electromagnetic torque and motor mechanical characteristic at

starting up and setting on steady process (0 <t <t,, ) is shown in Fig. 3, 4.

The values of current, torque and rotation speed calculated according to the model are
precisely the classical theory of electrical machines calculation.
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Figure 1. Time dependence of rotation speed of
asynchronous motor rotor

Figure 2. Stator winding transient current
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Figure 4. Mechanical characteristic of
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Figure 3. Stator winding transient current

Conclusions. The mathematical model of asynchronous motor on the basis of
differential equations recorded in normal Cauchy form taking into account electromagnetic
connections of motor electric circuitry and their nonlinearity providing electromagnetic and
electromechanical processes modeling in steady and transitional operating modes is developed.
Dynamic processes at start-up, steady speed setting, changing loads, which make it possible to
determine the optimal motor operating modes, to operate it properly and to prevent emergency
modes, are investigated. The results of computer experiment proved that the calculation most
closely approximates the real processes.
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CUumyvJAaAia IMHAMIYHUX PEXKUMIB B
ACHUHXPOHHOMY JABUI'YHI

Bikrop Jlumyxk'; Mocun Cenenunal; Cepriii Kocriouko!;
Cepriii JliTkoBennb’

1J7yué>i<m7 yauionaﬂ?nuﬁ mexHiuHuu yHisepcumem, Jlyyvk, Ykpaina
Hayionanvruii ynisepcumem 6001020 2ocnooapcmea ma
npupoooxopucmyeants, Piene, Ykpaina

Pe3ztome. [lobyoosano mamemamuyny MoO0eib ACUHXPOHHO2O0 MPUPA3H020 O0B8USYHA, WO BPAXOBYE
Hacuwenns macuimnoi cucmemu. Lle mak 36ana A-moodenv 0sueyna, 8 Axii y mampuyi Koepiyicnmis Qpicypyomo
obepueni  inoykmusHocmi Osueyna. Cucmema Ou@epeHyianrbHuX pieHAHb — eLeKMPOMASHIMHO20 CMAHY
cpopmosana 8 nopmanvhiu gopmi Kowi, 3anucana 6 mampuuni ¢hopmi i € Oydice 3pyuHOIO 018 HYUCETbHO20
iHmMe2pyB8aHHsl, OCKLIbKU BOHA PeanizyeEMbCs AGHUMU MEMOOAMU, WO € NPOCMIWUMU 8 KOMN TOMEPHIll peanizayii,
Hidic Hesgui. [le dae 3m02y no3dymuce onepayiti yucenbHo20 0bepmants mampuyi KoeqQiyieHmie Ha KONCHOMY
Kpoyi inmezpy8aHHs, a MAaKOXMC GIOHIMAHHA 080X OIU3LKUX 3d 3HAUEHHAM 6eIUYUH OCHOBHO20 U pPobOOU020
nomokosuenyenb. Bionogiono MiHIMI3ylomvbCs 3ampamu KOMN 10MepHo2o yacy U NiOSUWYEMbCA TOYHICMb
pospaxyuxy. Taxui nioxio oaec 3mo2y onucamu CK1aoHi QizuyHi npoyecu y 08USyHI, a came, eqrekm HACUYEHHS.
MAzHIMonpogooy ma mexaniynutl 06epmosuti pyx. Ipocumynbo8amno nyck 08ueyHa, 8uxio Ha ycmaneny ueuoKicmo
00epmanHs, @ MaKodic NOOAILULY 3MIHY HABAHMANICEHHSA HA 84Ty 08UcYHA. Bukopucmanus 3anpononoganoi mooerni
ACUHXPOHHO2O0 OB8USYHA, CMBOPEHOI 3a U020 pealbHUMU HNACHOPMHUMU OAHUMU, OA€ MOICIUSICMb Ol
A0eK8aAMHO20 MOOeN8AHH: 6 peanbHomy Haci. Modenv onepye isuunumu eeiuuuHamu, a came CMpyMamu 8
0OMOMKAX O8USYHA, WO MAIOMb NPAKMUYHUL IHmepec, I Modice OYmu 3aCmoco8ana Oisi pO3PAXYHKY Ma aHalizy
nepexionux npoyecie. Ilpu nobyoosi mooeni suxopucmarno mosy npocpamysanns FORTRAN i epagiunuii
peoakmop GRAPHER. J[na uucenvnoeo inmezpysanus OupepeHyiatibHux pieHsaHb GUKOPUCMAHO AGHULL Memoo
Etinepa. Ilposedeno docniodcenns ma ananiz e1ekmpomMasHimuux i MeXauiuhux npoyecis. 3anpononosana mooeisb
Modtce bymu BUKOPUCMAHA O AHATI3Y PeXNCUMI8 poOOMU 08USYHA K ABMOHOMHO20 eeMeHma, max i elemeHma
enekmpomexaniynoi cucmemu. Iloxkasano, wo ysa mooens 8i0onogioac KiacuuHiu meopii eneKmpuyHux MauluH.

Knrwouoei cnosa: ougepenyianvni pieHaHHA, MAMeMamuina MoO0enb, ACUHXPOHHUL OBUSYH, HUCTOGI
Memoou.

https://doi.org/10.33108/visnyk_tntu2019.02.104 Ompumano 01.04.2019

110 ......... ISSN 2522-4433. Scientific Journal of the TNTU, No 2 (94), 2019 https://doi.org/10.33108/visnyk_tntu2019.02


https://doi.org/10.33108/visnyk_tntu2019.0
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=UJRN&P21DBN=UJRN&S21STN=1&S21REF=10&S21FMT=JUU_all&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=IJ=&S21COLORTERMS=1&S21STR=%D0%9669991
https://doi.org/10.33108/visnyk_tntu2019.02.1

