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Abstract: The article provides a block diagram ofa closed non-linear system ‘requency converter - asyn-
chronous motor” in the MATLAB environment with a description of the transfer functions of the system. A
mathematical description oftransientprocesses ofa closed system with a nonlinear link infeedback is given,
a program for solving a system of differential equations describing the dynamics of transients ofa closed
system is given. Comparisons of transients ofa linearized system with transients ofa nonlinear closed-loop
frequency converter - asynchronous motor” system are given. The algorithmsfor determining the stability of
a nonlinear system using the phase trajectory method, the harmonic linearization method, and the method of
solving nonlinear equations in symbolicform have been broken.

For each method, system stability determination programs are given. The source datafor the open-loop system
‘frequency converter - asynchronous motor” is the same, for a non-linearfeedback system different.

The results ofthe stability study ofa closed system “frequency converter - asynchronous motor”, the study of
the transient characteristics ofthe system using the software environment MATLAB are given.

Keywords:frequency converter, asynchronous motor, stability, linkwith an ideal relay characteristic, feedback

MATLAB BEATAP/IAMACbHI APLbINbl T¥NbUW TANTAH CbI3bL Thbl EMEC
OKWINIKTI TYPAEHAIPMW - ACUHXPOHAbI LWO3rANTLWbILUTbI» XXYWEHIH
OPHbIWTbLI/IbIITbIH SEPTTEY

AuaaTna: byn mawanaga MATLAB 6araapnamach! aplipiibl TyWbILLTanraH Cbi3bILThl eMEC XKMAINIKTI mYp-
NEeHAIpril - aCMHXPOHAbI LWE3ran TGl XKYeHil WypbUibiMabILL, Cy16ackl MeH 6Gepinic (yHLMSCIHbILL
>KasblNybl yCbiHbITaH. Kepi 6ainaHbiCThl GeMCI3bILL, OYbIHBIMEH >KRAiNIKTI TYpPNeHAIprill - acMHXPOHAbI
LLO3ranTLLBILTBI TyibllTanraH XKYiieHil BTNeni NpouecTepiHil MaTeMaTMKabILL, >Kasblybl KEMTIpinreH.
XKRinikTi TYpneHipriw - acUHXPOHAbI LIO3raTTIWBILTLI TyibiTanraH 6eicbi3bilThl XYieciHiy, BTNeNi
npouecTepiMeH Cbi3bILTaraH >KylieHil, BTNeni npouecTepiH canbiCThipbiigbl. Chi3bILThl eMEC >KYeHiL,
OPHbILLTHUbILTHI aHbILLTaya (hasanbil, TPaeKTopurs 34icCi, rapMOHUKa/bILL, Cbi3bILTany 34ici XK3He CMMBO/I-
Abl TYpAe Cbi3bILL Tl eMeC Teuaeynepdi wewy sgicTepiHiy 6argapnaManapbl WwapacTbipbingbl.

3p 3gic YwiH XKYiieHil, opHbILTbIIbINbIH aHbILLTayAbll, 6argapnamachk! 6onaabl. XXIWAIKTI TYpneHaipriw -
AaCUHXPOHAbI LLO3ranTLLUGILTHI a>KblpaThinraH XKYiie YuWiH 6acTanlupl AepekTepi 6ipgeid, an Kepi 6ainaHbic-
Thbl 6ecbiBbILTHI OybIHbI 6ap XKYenepae spTYpni 60nbIN Tabbliagb!.

KuwnikTi TYpneHZipriw - acMHXPOHAbI LLO3ramTIWLILLTLI TyibiwTanraH XYeHil, OpHbILLTbIbINbIH pacTay
YuwiH MATLAB 6araapnamach! apipbiibl XKYiieHil, BTNeni cmnaTTamach! 3epTTefiHg.

TYMHdi ceagep: >KIWNIKTI TYPAEHAIPrilw, acCUHXPOHAb! LIO3raiTTLUpILL, OPHbILLTLUIbILL, Waean penenik cunaT-
Tamasbl 6ybIH, Kepi 6aiinaHbIC
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NCCNEJOBAHWME YCTOMUYNBOCTU 3AMKHYTOW HEJTMHEWNHOW CUCTEMBbI
“MPEOBPA3OBATE/Ib UACTOTbI - ACMUHXPOHHbIVN ABUTATE/b”
C NMOMOLLBbIO MATLAB

AHHoTauus: B cTaTbe NPMBOAUTCA CTPYKTYPHAA CXeMa 3aMKHY T O He/IMHENHON cucTeMbl «Mpeobpa3oBa-
TeNb 4acTOTbl - aCMHXPOHHbIN gBuraTens» B cpege MATLAB ¢ onvcaHneM nepeaaTo4vHbIX (yHKLUMIA cucTe-
Mbl. MpYBOAMTCA MaTeEMaTMUYECKOE OMMCaHNE NEPEXOAHbLIX MPOLIECCOB 3aMKHY TOM CUCTEMbI C HE/TMHEAHBIM
3BEHOM B 06paTHOW CBSA3W, MPUBOAMTCA NPOrpamMMa peLleHnsi cucTembl AndidepeHumManbHbIX ypaBHEHW,
ONMCLIBAOLLMX AUHAMUKY MEPEXOHbIX MPOLLECCOB 3aMKHYTOW CUCTeMbl. [pMBeAeHb! CpaBHEHWS Mepexof-
HbIX MPOLLECCOB NIMHEAPU30BAHHOW CUCTEMbI C MEPEXOAHLIMI MPOLLECCAMMN HENMHENHON 3aMKHY T O CUCTEMOVA
«npeobpasoBaTe/lb YaCTOThbl - ACMHXPOHHLIA ABUraTeNb». PacCMOTPeHbl anropuTMbl ONPeLeNeHNs yCT Oi-
UMBOCTW HENVHENHOM CUCTEMbI METO0A0M (Pa3oBOV TPaeKTOopUM, METOA0M rapMOHMYECKOR NIMHeapu3aLMmn n
MeTO0J0M PELLEHNS HENMHENHBIX ypaBHEHWIA B CUMBOSTbHOM BUMJE.

[ns Ka>kgoro meToga npvBefeHbl MPoOrpaMMbl OMPefeNeHNs YCTONYMBOCTIU CUCTEMbI. ICXO4HbIE faHHbIE
O19 Pa3OMKHY T Ol CUCTEMbI «Mpeobpa3oBaTe/lb YHaCTOThl - aCMHXPOHHbIA ABUraTeNb» O4MHAKOBbIE, A/ He-
NTMHENHOT0 3BEHA C 0OPATHOM CBA3bIO - PasHbIE.

MpuBeaeHbl pe3yNbTaTbl UCCEA0BaHUS YCTOAYMBOCTM 3aMKHY TOW CUCTEMbI «npeobpasoBaTe/b 4acToThl -
ACVHXPOHHbIA JBUraTeNb», UCCeL0BaHMS NePEXOAHbIX XapaK TepPUCTUK CUCTEMbI C MOMOLLbKO NPOrpaMMHONA
cpeabl MATLAB.

Knouesble cnosa: NPeobpasoBaTe/lb YaCTOThl, aCUHXPOHHLIA ABUraTeNb, YCTONYMBOCTb, 3BEHO C MAea/lb-
HOI peneiiHO XxapaK TepuCcTUKONR, obpaTHas CBs3b

One of the main tasks of designing an asyn-
chronous motor drive control system is the prob-
lem of determining the stability of its control
system. In addition, it should be noted that the
control system must be little sensitive to disturb-
ing influences, while providing high-quality tran-
sients of the dynamics of an adjustable electric
drive. The block diagram of a frequency - con-
trolled electric drive, with a closed loop system
a Frequency Converter - an Asynchronous Motor
(FC - AM) is shown in Figure 1in the MATLAB
7 environment.

Figure 1 shows a block diagram of a lin-
earized FC - AM system [1]. The block dia-
gram of the asynchronous motor in the FC
- AM system, represented by two transfer

functions WI(s) =1/s n W2(s) =b( Tas+1),
covered by speed feedback. The frequen-
cy converter is represented by the transfer

W3(s) =kP(TPs+1  The
consists of a transfer

function
controller

speed
function

WA(s) = (Tjs + 1)( T +1) and feedback circuits
with a nonlinear limiting (saturation) type link,

Figure 1. Block diagram ofthe closed FC - AM system
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the signal of which is added to the speed con-
troller signal. In this regard, a closed FC - AM
system is a nonlinear system. In Figure 1, the
following notation is adopted [2]:

b- the module ofrigidity of the linearized
mechanical characteristics of an asynchronous
motor (AM);

Ta- electromagnetic time constant of the
stator and rotor circuit;

kP - FC frequency converter transmission
coefficient;

TP- the time constant of the control circuit
of the FC;

T ,T2- time constants of the transfer func-
tion of the speed controller.

The study of the stability of this system with
nonlinear feedback will be considered by the
method of phase trajectories. Basically, the phase
space method is used to study self-oscillations of
nonlinear systems whose transients are described
by a second-order differential equation or a sys-
tem of two first-order differential equations [3].
However, at present, with the help of the MAT-
LAB system, it is possible to investigate the sta-
bility of a control system described by a third-or-
der differential equation or a system of three
first-order differential equations. To solve the
problem of determining the stability of a closed
FC - AM system, first of all, it is necessary to
obtain a mathematical description of the system
transient dynamics. The mathematical descrip-
tion of the transient processes of the closed sys-
tem of the IF - AD is created on the basis of the
transfer functions ofthe block diagram presented
in Figure 1 in the MATLAB environment. The
mathematical description ofthe transient dynam-
ics of a nonlinear closed system of the FC - AM
system is written as follows:

O

dM
dt

where a - rotational speed of the asynchronous
(Induction) motor (AM);
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M - electromagnetic moment of AM;

UP - voltage at the output of the frequency
converter (FC);

19-

Tm- electromechanical time constant.

For the convenience of solving the stated
problem of stability of a closed FC - AM system,
using the phase trajectory method, the system of

electromagnetic time constant of AM,;

equations (1), assuming that M C =0 and that the
transfer function of the frequency converter will

be equal to WP(s) = kP (inertial link), we will re-
sult in the following type:

do) 1 "

Aodai ¢
_q!\_/l_ = Ek_pu p r____P_ 6)___]:__|\/| ,

dt Ta pc Ta Ta

where URC- voltage at the output of the speed

controller (PC). kP - frequency converter trans-
mission coefficient.
Differential equation of the speed controller

for a given effect Uz =const, written in:

or

(T2+4ksT ) - » =Uz-KST &~

dt
-ksqg-(l +ks)-U,.
Otherwise
dU,. 1 Ks 1\ dg

Z - -
(Tr+ksI\) dt
K (1 + fcj)

a2+ksTt)'q

dt  (7j +ks/\)

-UPC > (3)
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Where kS- feedback ratio, - the characteris-
tic of the limitation type (saturation) is expressed

by the equations [3], T1,T2- time constant speed
controller.

i} npum  Ix < xc
q=, 4)
jign(x)
time constant speed controller, when x =m
looks:

()

Taking into account the derivative (5), equa-
tion (3) will be:

(6)

where kQ=tg(a) m

The obtained equations (2) and equation (6),
after changing the variables, can be written in the
following form:

(")

The program for calculating the phase tra-
jectory (Figure 2) is carried out on the basis of
the system of equations (7) in the algorithmic
language MATLAB. [4] and has the following
form (Figure 2).

Figure 3 shows that the phase trajectory of
the system tends to an equilibrium state, i.e. to
point [0. 0. O] in all coordinates of the system.
In this case, the closed FC - AM system is stable
and that, especially important, there are no au-
to-oscillations in the system.

However, from the standpoint of the ac-
curacy of the calculation of a closed nonlinear
FC - AM system should be represented by an
inertial link with a small time constant, and the
nonlinear feedback link of the system should be
linearized. The linearization of the nonlinear link
of the type of saturation (Figure 1) is carried out
by the method of harmonic linearization [5]. The
harmonic linearization of the nonlinear link of
the system for the transition process can be de-
scribed by the equation

uoc = q(a)aj,

where
2K ) e
q(a) == -(arcsin(b/a) + (b/ay~ji - (b/ AYD)
A
at A>b (8)

H Editor - C:\Program Files\MATLAB71\work\PROGRAM...
File Edit Text Cell Tools Debug Desktop Window Help » ' *

-AN ur e Mg mf_4*x *x  1x [ £ wws eET
1 function PROGRAMMA

2 - CIC

3 - y0 = [0:050] ;

4 - options = odeset(TOutputFcn®, Podephas3);

5~ [T,yl] = odell3(@systm,[0 0.5],y0 ,options);

6 grid on

7 function dy = systm(t,y)

8 - b=25; Kp=10; Ks=0.2; Kg=tan(45);

©

- Ta=0.05; Tm=0.2; T1=0.2; T2=0.06;
- al=1/ (b*Tm) ; a2= (b*Kp) /Ta; a3=b/Ta; a4=1/Ta;
- a5=1/(Ks*T1+T2); a6=(Ks*Kq*T1)/ (Ks*T1+T2);
a7=Ks/(Ks*TI1+T2); a8=(1+Ks)/ (Ks*T1+T2); u=10;
dy = zeros (3,4l) ;
dy (D =al*y (2 :
dy (2)=a2*y(3) -a3*y (1) -ad4*y(2) ;
- if abs(y(l1))<=1 g=Kg*y (1) ;end;
- if abs(y(1))>1 g=2*sign (y (1)) ;end;

dy (3)=a5 *u-a6-a7*q-a8*y (3) ;

P L T
© ©® N O~ WN P O
' '

- end

- end

N
S}

IPROGRAMMA Itn 3 Col 14 |OWR

Figure 2. Theprogramfor calculating the phase curve ofa
closed FC -AM system
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Figure 3. Phase trajectory ofa closed system ofthe FC -AM

where harmonic linearization coeffi-

q(a) -
cient, ky =tg(a),, nonlinearity zone of the
static characteristic of a nonlinear link matters b
=1. amplitude value A = 2.

The system of differential equations of the
dynamics of a closed linearized FC - AM system,

in this case with M C= 0 looks:

9)
dU PC = 1 Lr _ Mo
dt  GsT1+T2) z bTM-(ksTl +T2)
kbg(a) t_  (1+Kks)

(ksTl +T2) W (ksTI+T2) K'

where UP - frequency converter output voltage;

TP - the time constant of the FC. From the stand-
point ofthe convenience of compiling a program
in the algorithmic language MATLAB and deter-
mine the stability of a closed FC - AM system,
after changing the variables, the system of equa-
tions (9) can be written as:
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(10)

where al-\!bTT; a2-blTa\
a3=b!Ta; a4=1/Ta; a5=kp/Tp;
a6 =\/Tp; a]=I1/(T2+KksT));

ag = ksg{c)T, /(bTm(T2+B 4,));
a9 =ksq(ci)/(T2+ksTI)-
a\o = (\+ks)f(T2+ksTi);

Xj - or, X7 - M X3=Up.,

The program for determining the stability of
the closed-loop FC - AM system, written in the
algorithmic language MATLAB [6] on the basis
of equations (10), is shown in Figure 4.

In the program, on the basis ofthe system of
equations (lines 3, 4, ..., 7), the transfer function
of the closed system is calculated (transfer func-

tion WCline 20), using a special function MAT-

LAB solve, then the roots of the characteristic
equation of the transfer function are calculated

WZ. According to the roots of the characteristic
equation of the transfer function WZ( using a

special function MATLAB pole) determined by
the stability of the system. The roots of the char-

acteristic equation of the transfer function WZ
shown in figure 5. Since all the roots of the char-

acteristic equation of the transfer function WZ
systems are negative, than the system is stable.
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w Editor - C:\Program Files\MATLAB7I\work\USTOI| ZAMC-Stf" r
File Edit Text Cell Tools Debug Desktop Window Help o ?
0a 1+1ia si.ck

4
Os i|u«» » |s *f wwa s O
.t W | - ffo 4 |+ [fi x|
I - syms wl w2 w3 w4

2- clc

3- G=solve('(L/wl)*xl-al*x2=0",..

4 ra3*xl+ <l/w2)*x2-a2*x3=0",...

5 " <l/w3)*x3-a5*x4=Q", ...

6 rag*xl+a7*x2+(l/wd)*x4-a6*ur, ...
7 Tx 1,x2,%3 ,x4 1) ;

8

Gl=[S.x1];

9- Ta=0.05; a4=1/Ta; k=1/a4; Tp=0.M1; a6=1/Tp; c=1/a6;
10 a6=1/Tp; c=1/a6; Ks=0.1; TI=0.5; T2=0.6; e=1; A=2;
11 - q=<(2*tan(45))/pi)* (asin<e/A)+(e/A>*sqrt<l-(e/A)n2));
12 - a9=(Ks*q)/(Ks*TI+T2); z=1/a9;

13 - wli=tf<[1],[1 0]); w2=ti([k],[k U );

14 - w3=tf([c] . [c 1]).- wa=tf([z].[z 1]);

15 - b=25; Tm=0.2; al=1/(b*Tm) ; Ta=0.05; a2=b/Ta;
16 - a3=b/Ta; Kp=10; Tp=0.001; a5=Kp/Tp; Ks=0.2;
17 - T1=0.5; T2=0.6; a7=I/ (Ks*TI+T2) ;
18 - a8=(b*Ks*q*TI)/ (Tra* (Ks*TI+T2)) ;
19 - alo=(1+Ks)/ (Ks*TI+T2); u=5;
20 - Wec=eval(G I):
21 - Wz=minreal(Wc)
22 - p=pole(Wz)
23 - step(Wz,5)
24 - grid
25
script nm2 a3 |

Figure 4. Programfor determining the stability ofthe
FC -AM system

P =
1.0e+003 *
-1.0072
-0.0053 + 0.08441
-0.0053 0.08441
-0.0024

Figure 5. The roots ofthe characteristic equation

Figure 6. Block diagram o fthe FC - AM system, with replace-
ment o fthe saturation link

Definitions of stability of a FC - AM sys-
tem also will be considered, with nonlinear speed
feedback, using MATLAB, using symbolic vari-
ables. However, in order to use MATLAB to de-
termine the stability of the system using symbol-
ic variables, it is necessary, first of all, to replace
the non-linear link of the restriction type with
non-linear links - a multiplying link (with the

combined link inputs) and a link with an ideal re-
lay characteristic sign(x) . In this case, the block
diagram of the closed FC - AM system, (Figure
1), with the replacement of the non-linear link of
the system, is shown in Figure 6.

Transients of the speed and torque of the
motor ofthe FC - AM system, obtained accord-
ing to the block diagram of Figure 6, are shown
in Figure 7.

Figure 7. Transients ofspeed and momentofAM

Mathematical description of the dynamics
of transient processes of a closed nonlinear FC
- AM system, with Mc=0 looks:

where X =m- asynchronous motor angular

velocity; x2=M - electromagnetic moment of

the asynchronous motor; x3=UP- frequen-

cy converter output voltage; x4 =Upc - volt-
age at the output of the motor speed control-
ler; an=\/BTT (79-electromechanical time
constant); a2="b/Ta;a3=b/Ta;a4 = 1/ Ta;

as=kp/TP; a6=HTP\ a7-1/(12+£27]);
as ~ KK/(T2 +k2TXm a9 =(1 +k2)/(T2+k2TY ;;
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ki =ks =0,2; k2 =5,6; and setting effect (U z).

To confirm the correctness of replacing the
nonlinear link ofthe saturation type, we will com-
pile a program for solving the system of equa-
tions (11) in the MATLAB environment for the
above links in order to obtain graphs oftransients
of the speed and torque of an induction motor.
The program for solving the system of equations
(11) in MATLAB is shown in Figure 8.

In the program, the solution of the system
of equations (11) in the MATLAB environment
is carried out by the well-known Runge - Kutta
method (0deAS - line 4). The initial data of the
system is recorded in the program lines 9, 10,
e 12,

Figure 8. Theprogramfor solving the equations o fdynamics of
aclosed FC - AM

The equations of system (11) are written
in lines 13, 14, ..., 16. The output of the graphs
of speed and torque of the engine is carried out

by the function plot(x,y ). Graphs of transients
of the speed and moment (torque) of the asyn-
chronous motor, obtained as a result of solving
the system of equations (11), are shown in Fig-
ure 9.
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Figure 9. Graphs ofthe transition
process speed and moment o fAM

Comparing the graphs of speed and moment
of AM, obtained by structural modeling of tran-
sient processes of the system (Figure 7) with the
graphs of Figure 9, it can be noted that the graphs
are identical). In this regard, it is possible to de-
termine the stability of a closed FC - AM system
based on the mathematical model (differential
equations) given in Figure 8. However, to de-
termine the stability of the closed-loop FC - AM
system in the MATLAB environment, it is neces-
sary to convert the differential equations given in
the program of Figure 8 into the equation system
th in symbolic form. In this case, the differential
equations given in the program of Figure 8 will
have the following form:

x1- wlx2=0;
kD§ + (1/w2)x2- k3x3=0;
(1/w3)x3- k5x4 =0

(12)

k8esign(x12) + (1/w4)x4- k7u =0,

where kl =1/aA Kb=a2/a4;
k5 abla6; k2 =\/(kITl +T2)-

kg = lcLji W = ax!s\
w2 =1/(k2s +1); w3 = 1/(kds +1);
w4 = 1/(k6s +1); k2 =1/a4

On the basis of the system of equations (12)
in symbolic form, the compiled program for de-
termining the stability of a closed nonlinear FC
- AM system is shown in Figure 10. The program
is based on [6].
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Figure 10. Resilience Management Program

As a result of counting the program, the
roots of the characteristic equation of the transfer
function of the closed system of the inverter are
obtained with a negative real part. The numerical
values of the roots of the characteristic equation
of the system are:

p = 1.0e+003 * ( -1.0000 ,
-0.0106 , -0.0094).

In this regard, according to [7], the system is
stable. Graphs of the transients of the speed and

-0.0120,

torque of the induction motor, to confirm the sta-
bility of the system, are shown in Figure 11.

Picture 11. Graphs ofthe transients ofthe speed and torque of
the induction motor

Conclusion

1. The program for calculating the phase
trajectory of the nonlinear FC - AM system al-
lows determine the stability of the system only
when the system dynamics is described by a
third-order differential equation.

2. The phase trajectory of the control sys-
tem can be defined with many non-linearities
if there is a mathematical description of the
non-linear links of the system.

3. The stability of a closed FC - AM system
can be successfully determined using the pro-
gram for solving algebraic equations in symbol-
ic form in the MATLAB system.
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