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A b s tra c t:  The article provides a block diagram of a closed non-linear system “frequency converter - asyn­
chronous motor” in the MATLAB environment with a description o f the transfer functions o f the system. A 
mathematical description o f transient processes o f a closed system with a nonlinear link in feedback is given, 
a program for solving a system o f differential equations describing the dynamics o f transients o f a closed 
system is given. Comparisons of transients o f a linearized system with transients o f a nonlinear closed-loop 
“frequency converter - asynchronous motor” system are given. The algorithms for determining the stability of 
a nonlinear system using the phase trajectory method, the harmonic linearization method, and the method of 
solving nonlinear equations in symbolic form have been broken.
For each method, system stability determination programs are given. The source data for the open-loop system 
“frequency converter - asynchronous motor” is the same, for a non-linear feedback system different.
The results o f the stability study o f a closed system “frequency converter - asynchronous motor”, the study of 
the transient characteristics o f the system using the software environment MATLAB are given.

K e y w o r d s : frequency converter, asynchronous motor, stability, link with an ideal relay characteristic, feedback

MATLAB БАГДАРЛАМАСЫ АРЦЫЛЫ Т¥ЙЬЩТАЛГАН СЫЗЬЩТЫ ЕМЕС 
«ЖЙІЛІКТІ ТYРЛЕНДІРПШ -  АСИНХРОНДЫ ЩОЗГАЛТЩЫШТЫ» ЖУЙЕНІН

ОРНЫЩТЫЛЫГЫН ЗЕРТТЕУ

А ц д а т п а : Бул мащалада MATLAB багдарламасы арщылы туйыщталган сызыщты емес жйілікті mYp- 
лендіргіш -  асинхронды щозгалтщышты ЖYйеніц щурылымдыщ сулбасы мен беріліс фунщиясыныц 
жазылуы усынылган. Кері байланысты бейсызыщ буынымен жйілікті тYрлендіргіш -  асинхронды 
щозгалтщышты туйыщталган ЖYйеніц втпелі процестерініц математикалыщ жазылуы келтірілген. 
Жйілікті тYрлендіргіш -  асинхронды щозгалтщышты туйыщталган бейсызыщты ЖYйесініц втпелі 
процестерімен сызыщталган жуйеніц втпелі процестерін салыстырылды. Сызыщты емес жуйеніц 
орныщтылыщты аныщтауда фазалыщ траектория эдісі, гармоникалыщ сызыщталу эдісі жэне символ- 
ды тYрде сызыщты емес тецдеулерді шешу эдістерініц багдарламалары щарастырылды.
Эр эдіс Yшін ЖYйеніц орныщтылыгын аныщтаудыц багдарламасы болады. Жшлікті тYрлендіргіш -  
асинхронды щозгалтщышты ажыратылган ЖYйе Yшін бастапщы деректері бірдей, ал кері байланыс­
ты бейсызыщты буыны бар ЖYйелерде эртYрлі болып табылады.
Жшлікті тYрлендіргіш -  асинхронды щозгалтщышты туйыщталган ЖYйеніц орныщтылыгын растау 
Yшін MATLAB багдарламасы арщылы ЖYйеніц втпелі сипаттамасы зерттелінді.

TYMHdi с в зд е р : жшлікті тYрлендіргіш, асинхронды щозгалтщыш, орныщтылыщ, идеал релелік сипат- 
тамалы буын, кері байланыс
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ИССЛЕДОВАНИЕ УСТОЙЧИВОСТИ ЗАМКНУТОЙ НЕЛИНЕЙНОЙ СИСТЕМЫ  
“ПРЕОБРАЗОВАТЕЛЬ ЧАСТОТЫ - АСИНХРОННЫЙ ДВИГАТЕЛЬ”

С ПОМОЩЬЮ MATLAB

А н н о т а ц и я : В статье приводится структурная схема замкнутой нелинейной системы «преобразова­
тель частоты -  асинхронный двигатель» в среде MATLAB с описанием передаточных функций систе­
мы. Приводится математическое описание переходных процессов замкнутой системы с нелинейным 
звеном в обратной связи, приводится программа решения системы дифференциальных уравнений, 
описывающих динамику переходных процессов замкнутой системы. Приведены сравнения переход­
ных процессов линеаризованной системы с переходными процессами нелинейной замкнутой системой 
«преобразователь частоты -  асинхронный двигатель». Рассмотрены алгоритмы определения устой­
чивости нелинейной системы методом фазовой траектории, методом гармонической линеаризации и 
методом решения нелинейных уравнений в символьном виде.
Для каждого метода приведены программы определения устойчивости системы. Исходные данные 
для разомкнутой системы «преобразователь частоты -  асинхронный двигатель» одинаковые, для не­
линейного звена c обратной связью -  разные.
Приведены результаты исследования устойчивости замкнутой системы «преобразователь частоты -  
асинхронный двигатель», исследования переходных характеристик системы с помощью программной 
среды MATLAB.

К л ю ч е в ы е  сл о ва : преобразователь частоты, асинхронный двигатель, устойчивость, звено с идеаль­
ной релейной характеристикой, обратная связь

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 1 in 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 W1(s) = 1 /s и W2(s) = b ( Tas +1) , 
covered by speed feedback. The frequen­
cy converter is represented by the transfer

function W3 (s) =  kP (  TP s + 1) The speed
controller consists of a transfer function

W4(s) = (Tjs + 1)( T2s +1) and feedback circuits 
with a nonlinear limiting (saturation) type link,

Figure 1. Block diagram o f  the closed FC - A M  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 of rigidity 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 of the block diagram presented 
in Figure 1 in the MATLAB environment. The 
mathematical description of the transient dynam­
ics of a nonlinear closed system of the FC - AM 
system is written as follows:

dM
dt

(1)

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

M  -  electromagnetic moment of AM;
UP -  voltage at the output of the frequency 

converter (FC);

Tq -  electromagnetic time constant of AM;

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

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 , ,
---- -------- M ,
^  d;ni (2)

dM bkp b 1
----- = — - U p r------ 6)------M ,
dt Ta pc Ta Ta

where UPC -  voltage at the output of the speed

controller (РС). kP -  frequency converter trans­
mission coefficient.

Differential equation of the speed controller

for a given effect Uz = const, written in:

or

(T2 +ksT , ) - ^  = Uz - k sT , ^ ~  
dt dt

- k sq - ( l  + ks )-U P C

Otherwise

dUP C 1 кs 1\ dq
-Uz - ­

dt (7j +ks /\) (Тг + ks l \ ) dt
к ..  ( 1  +  f c j )

a 2 +ksTt) ' q
-UP C  •> (3)
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Where kS -  feedback ratio, q -  the characteris­
tic of the limitation type (saturation) is expressed

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

д при I X  |<  x c
q = ,

j i g n ( x )

time constant speed controller, when x = m 
looks:

(4)

(5)

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

(6)

where k Q = tg(a ) ■
The obtained equations (2) and equation (6), 

after changing the variables, can be written in the 
following form:

(7)

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. 0] 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)a j,
where

2к I------- ----7
q(a) = — -(arcsin ( b / A )  + ( b / A ) ^ j l  -  (b/ A)2 ) 

я
at A > b (8)

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

- Я л  ч  *  • ™ | s  | м f_ 4 * '  *  *  - 'I *  [7Г; £  ш ш в e[ET

1 f u n c t i o n  P R O G RAMMA
2 - СІС
3 - y0 =  [0 ;0 ;0] ;
4 - opt i o n s  = o d e s e t (TO u t p u t F c n ', Podephas3);
5 ~ [T,y] =  o d e l l 3 ( @ s y s t m , [0 0 . 5 ] , y 0 ,o p t i o n s ) ;
6 gr i d  on
7 f u n c t i o n  dy = systm(t,y)
8 - b = 2 5 ; Kp=1 0 ;  Ks=0.2; K q = tan(45);
9 - T a = 0 .05; T m = 0 .2; T l = 0 . 2 ;  T 2 =0.06;

10 - al=l/ (b*Tm) ; a2= (b*Kp) / Т а ; a3=b/Ta; a4=l/Ta;
11 - а 5 = 1 / ( K s * T l + T 2 ) ; а б = ( Ks*Kq*Tl)/ ( K s * T l + T 2 ) ;
12 - a 7 = K s / ( K s * T l + T 2 ) ; a 8 = ( 1 + K s ) / ( K s * T l + T 2 ) ; u=10;
13 dy = zeros (3,1) ;
14 d y  (1) = a l * y  (2) ;
15 - dy (2)=a2*y(3) -a3*y (1) -a4*y(2) ;
15 - if abs ( y ( l ) ) < = l  q = Kq*y (1) ;end;
17 - if abs( y ( l ) ) > l  q=2 * s i g n  (у (1) ) ;end;
18 dy (3) =a5 * u - a 6 - a 7 * q - a 8 * y  (3) ;
19 - end
20 - end

IPROGRAMMA I Ln 3 Col 14 | OVR

Figure 2. The program fo r  calculating the phase curve o f  a 
closed FC - A M  system
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Figure 3. Phase trajectory o f  a closed system o f  the FC - AM

where q(a) -  harmonic linearization coeffi­
cient, k y = 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)

d U  PC =  1 L r _  M  _

dt Ck s T1 + T2) z bTM- (k s Tl + T2)

k 5q(a) t _ (1 + ks )
(ksTl + T2) W (ksTl + T2) K '

where UP -  frequency converter output voltage;

TP -  the time constant of the FC. From the stand­
point of the 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:

(10)

where а1 - \!Ъ Т т; а2 - Ы Т а\ 

a3 = b!T a; а 4 = 1 /Г а; a5 =kp /Tp; 
a6 = \/T p ; a ] =l/(T2 +ksT1); 

ag = ksq{ci)T, /(bTm(T2 + В Д )) ;  

a 9 = ksq(ci)/(T2 + ksT1)- 
a\o = ( \+ ks)f(T2 + ksT]i);
Xj -  o r ,  x 7 -  M ; x3 = U p .,

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 of the system of 
equations (lines 3, 4, ..., 7), the transfer function 
of the closed system is calculated (transfer func­

tion WC line 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.

140



ИНФОКОММУНИКАЦИОННЫЕ СЕТИ И КИБЕРБЕЗОПАСНОСТЬ

Ш  E d ito r  - C : \P ro g ra m  Fi 1 e s \M A T L A B 7 l \ w o r k \ U S T O I  Z A M C - S t f "  т

File E d it T e x t  C ell T o o ls  D ebug  D e s k to p  W in d o w  He lp  •» ? 4
□ s i | u « » » | s  * f .  0 a l * l i a  si.ck ш  ш а  в  □

■*ffl tffl Щ  | -  ffo + | +  | f i  x  |

l -  s y m s  w l  w 2  w 3 w4

2 - c l c

3 - G = s o l v e ( ' ( 1 / w l ) * x l - a l * x 2 = 0 ' , . . .

4 r a 3 * x l +  < l / w 2 ) * x 2 ~ a 2 * x 3 = 0 ’ , . . .

5 ' < l / w 3 ) * x 3 ~ a 5 * x 4 = Q ’ , . . .

6 r a 8 * x l + a 7 * x 2 + ( l / w 4 ) * x 4 - a 6 * u r , . . .

7 T x l , x 2  , x3  , x 4  1 ) ;
8 - G l =  [ S . x l ] ;

9 -  T a = 0 . 0 5 ;  a 4 = l / T a ;  k = l / a 4 ;  Т р = 0 . М 1 ;  а б = 1 / Т р ;  с = 1 / а б ;

10 а б = 1 / Т р ;  с = 1 / а б  ;  K s = 0 . 1 ;  T l = 0 . 5  ;  Т 2 = 0 . 6 ;  е = 1 ; А = 2 ;

11 - q = < ( 2 * t a n ( 4 5 ) ) / р і ) * ( a s i n < e / A ) + ( е / А > * s q r t < 1 - ( е / А ) л 2 ) ) ;

12 -  a 9 = ( K s * q ) / ( K s * T l + T 2 ) ;  z = l / a 9 ;

13 - w l = t f < [ 1 ] , [ 1  0 ] ) ;  w 2 = t f ( [ k ] , [ k  И ) ;
14 -  w 3 = t f  ( [  с ]  , [ c  1 ] ) , -  w 4 = t f ( [ z ] , [ z  1 ] ) ;

15 - b = 2 5 ;  T m = 0 . 2 ;  a l = l / ( b * T m )  ;  T a = 0 . 0 5 ;  a 2 = b / T a ;
16 -  a 3 = b / T a ;  K p = 1 0 ;  T p = 0 . 0 0 1 ;  a 5 = K p / T p ;  K s = 0 . 2 ;

17 - T l = 0 . 5 ;  T 2 = 0 .6  ;  a 7 = l / ( K s * T l + T 2 )  ;

18 - a 8 = ( b * K s * q * T l ) / (Tra*  ( K s * T l + T 2 ) )  ;

19 -  a l 0 = ( l + K s ) / ( K s * T l + T 2 ) ;  u = 5 ;

20 -  W c = e v a l ( G l ) ;

21 - W z = m i n r e a l ( W c )

22 - p = p o l e ( W z )

23 -  s t e p ( W z , 5 )
24 -  g r i d

25
script Ln ,2 Col 34 |

Figure 4. Program fo r  determining the stability o f the 
FC - A M  system

P =
1 . 0 e + 0 0 3  *

- 1 . 0 0 7 2

- 0 . 0 0 5 3  + 0 . 0 8 4 4 І  

- 0 . 0 0 5 3  -  0 . 0 8 4 4 1  

- 0 . 0 0 2 4

Figure 5. The roots o f the characteristic equation

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 of the FC - AM system, obtained accord­
ing to the block diagram of Figure 6, are shown 
in Figure 7.

Figure 7. Transients o f  speed and moment o f  AM

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

Figure 6. Block diagram o f  the FC - A M  system, with replace­
ment o f  the 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

(11)

where Xj = rn -  asynchronous motor angular 

velocity; x2 = M  -  electromagnetic moment of

the asynchronous motor; x3 = UP -  frequen­
cy converter output voltage; x 4 = Upc -  volt­
age at the output of the motor speed control­

ler; ал =\/ЪТт (7̂ я -electromechanical time 

constant); a 2 = b / Ta; a3 = b / Ta; a 4 = 1/ Ta; 

as =kp /TP; a6 =HTP\ a7 - 1 / ( 1 2 + £ 27|); 

as ~ клк/(Т2 + к2Тх)■ a9 =(1 + k2)/(T2 + k2T{) ; ;
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ki = ks = 0,2 ; k 2 = 5,6 ; and setting effect ( U z ).

To confirm the correctness of replacing the 
nonlinear link of the 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 of transients 
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 (odeAS - line 4). The initial data of the 
system is recorded in the program lines 9, 10, 
..., 12.

Figure 9. Graphs o f  the transition 
process speed and moment o f  AM

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 -  w1 x2 = 0 ;

k1Xj + (1/w2)x2 - k3x3 = 0 ; (12)

(1 /w3)x3 - k5x4 = 0 ;

k8 • sign(x12) + (1/w4)x4 - k7u = 0 ,

Figure 8. The program fo r  solving the equations o f  dynamics o f  
a closed 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.

where k l = 1 / a A; къ = a2 /  a4; 

k5 a5I a 6; k2 = \ / ( k1Tl +T2)- 

kg = /cLji Wj = ax!s\  

w 2 = 1 / (k2s  +1); vt-3 = 1 / (k4s  +1); 

w4 = 1 /(k 6s  + 1); k 2 = 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 , -0.0120, 
-0.0106 , -0.0094).

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

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

Picture 11. Graphs o f the transients o f  the speed and torque o f  
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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