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ABSTRACT

The article examines the quality indicators of information support of the process of observing the flux linkage of the rotor of an
induction motor in vector control systems under the conditions of the action of parametric disturbances. This line of research is in-
tended to provide a solution to the problem of building a high-quality information control system for an asynchronous electric drive,
which eliminates the high sensitivity to deviations in the parameters of the control object during its operation. First of all, this refers
to temperature changes in the active resistances of the stator and rotor. The obtaining information about the rotor flux linkage is as-
signed to the observer, which consists of four circuits. In each of the four circuits of the observation system model, two correction
signals of the non-agreement of the stator currents of the asynchronous machine and the observer are introduced through the
weighting coefficients. The full vector of correcting feedbacks of the observation system contains in this case eight coefficients. The
application of the principles of modal control to determine their numerical values leads to unwieldy equations. The problem is solved
more elegant using the direct Lyapunov's method, which makes it possible to determine the possible structure of an observation in-
formation system that is stable under parametric disturbances. The numerical values of a part of the coefficients of correcting feed-
backs are obtained by the way of the analysis of the quadratic form of the total time-respect derivative of the Lyapunov's function of
the synthesized information system. To determine the optimal ranges of variation of the remaining coefficients, numerical methods
were used to calculate the roots of the characteristic equation of a closed-circuit observation system. Thus, the idea of the study is to
use the largest number of correcting feedbacks in the structure of the observation information system and to select their values using
the direct Lyapunov's method and numerical methods to ensure its low sensitivity to deviations of the parameters of an asynchronous
machine.
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INTRODUCTION bypass the computational difficulties of synthesizing
control systems by using inaccurate values of part of
the parameters of the control object and the sim-
plicity of the technical implementation of control-
lers.

Installing physical sensors in control systems
requires taking into account the additional dynamics
of the sensors themselves in the control object mod-
el, which can cause problems in the synthesis of
regulators due to an excessive increase of the order LITERATURE REVIEW
of the control object model. The use of observation
information systems (hereinafter: observers) allows
restoring state variables inaccessible for measure-
ment and eliminating the installation of additional
sensors, which contributes to improving the opera-
tional and cost characteristics of control systems.

The low sensitivity of observers to parametric
disturbances of control objects makes it possible to

The main disadvantage of vector control sys-
tems for AC electric drives is their sensitivity to var-
iations in the parameters of asynchronous machines
(AM) [1-2]. The main parametric disturbances in
such systems are changes in the active resistances of
the stator and rotor windings AM due to their heat-
ing [3-4] or inaccuracies in setting the parameters
[5-6]. Against this background, the conditions of

field orientation are violated, as a result of which the
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riorate, even loss of stability is possible, the effi-
ciency of the process of electromechanical energy
conversion [7-8] and the control accuracy [9-10]
decreases.

There is practically difficult to implement the
measurement of flux linkage in the gaps under the
AM phase windings using Hall sensors [11]. There-
fore, it is advisable to use information monitoring
systems, which make it possible to restore the val-
ues of the components of the rotor's flux linkage in
the axes o,p [12-13], [14] from readily available

measurement signals of phase voltages and currents
of the stator windings. The correcting feedbacks of
the observation process model allow increasing the
stability margin of the control system and its accu-
racy in the case of non-agreement of the parameters
of the observer and the asynchronous machine [13,
15].

A significant part of the algorithms for observ-
ing the flux linkage vector and identifying the active
resistance of the rotor under conditions of its uncer-
tainty do not have a rigorous theoretical justifica-
tion, and those that have been theoretically proven
are usually very complex [16-17].

In the article [18], using the well-known meth-
ods of the theory of observers and modal control,
the synthesis of the observer of the rotor flux link-
age as part of the AM vector control system was
accomplished. The operation of the control system
is investigated only with a unidirectional change in
one parameter, namely, the rotor resistance AM.
The synthesis problem was initially simplified by
decomposition of the mathematical model of the
observer into two subsystems of lower dimension,
which, with the simplification of the structure by
reducing the number of correcting feedbacks, simul-
taneously leads to the scalability of the AM rotor
flux linkage module when the electric drive control
system is closed by the feedback on the magnetic
flux calculated by such an observer.

In publications [19-20], using the Lyapunov
stability theorem, observers of the rotor flux linkage
are synthesized, which ensure the stability of vector
control systems for asynchronous electric drives,
however, it is noted that a change in the rotor re-
sistance under the temperature differential leads to a
significant observation error.

THE GOAL OF THE STUDY

The goal of the study is to improve the quality
indicators of the process of controlling the state var-
iables of asynchronous electric drive with vector
control by synthesis based on the direct Lyapunov
method of an observer of the rotor flux linkage with
a full vector of correcting feedbacks and to study the
qualitative indicators of the information system for
observing the rotor flux linkage, which has low sen-

sitivity to parametric disturbances in the form of
changes active resistances of the stator and rotor
windings of an induction machine.

RESEARCH RESULTS

Let us carry out the synthesis of a closed in-
formation system for observing the AM rotor flux
linkage, provided that the stator's voltages and cur-
rents are measured, as well as the angular speed of
the rotor rotation. The correcting feedbacks of the
observation system must ensure its stability under
coordinate disturbances acting on the AM. In the
article [18], from the AM equations in the u, v axes
[8], the equations of an open-loop observation sys-
tem of the rotor flux linkage in the axes o, were

obtained for the structure (¥, , 1, ):
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In a matrix form the system (1) is written as follows:

X _ A +BU, 2
dt
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The values of matrix (3) elements are:
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To ensure low sensitivity to coordinate pertur-
bations, observer (2) must be made closed, i.e. in-
troduce corrective feedbacks into its structure. Then
the dynamics of the observer will be described by a
system of differential equations [21]:

d i _
d—T:AX+BU +6(r, -1,), (5)

where G =} 92 92

g 31 g 32
Lg PYR PP J
of corrective feedbacks.
The equations (5) can be written as follows:

(gu gu)
} is the matrix of coefficients

Z—T:A)Z+BU rec(x-x), (6
where the matrix cz{(l) (1) 8 8} aligns the state

error vector X - X with the vector of error in deter-
mining currents Al =1,-1,.

Let us introduce the notation
-1, v, -v, V¥

sp B

=(al, al, av, av,)". (7)

sp ra

Then we subtract from the equations of the
electromagnetic processes of the engine the equa-
tions describing the estimate of the vector X:

ax _dX _de

a  dt dt
—AX +BU - AX —BU -GC(X - X )= (8)
=(A+6C)(Xx - X)=(A+GC)e.
Then we write down the positive definite quad-

ratic Lyapunov function for the observer synthe-
sized

V=ele=All, +AI5, +AV. +AV . (9)

Taking into account (8), we find the total time
derivative of this function

dv [deTj T(de]

—=|—le+e | —|=

dt [ dt dt
—e"(A+GC) e+e"(A+GCe= ,
=eT[(A+GC)T+(A+GC)]e=eTKe

where the matrix K =(A+GC)" +(A+GC) takes the
form

(10)

(‘2a11+2911 Opt0n  Bptayt0y A +0, )

K:} O+ 0y -2, +20;  -Axt0y Ay ta,tl, } (11)
Aptayt0y —azt0y - 2ay, — 8y tay,
L ay + 0y Ay tay t0, —ay T, - 2344 J

Equation (11) shows that the matrix K is symmet-
ric andk,, =k,, =—a,, +a,, =0. The matrix coeffi-

cients can be determined using the Sylvester criteri-
on [22]. In accordance with this criterion, for the
negative definiteness of the quadratic form, it is
necessary and sufficient that the angular minors of
an even order of its matrix must be positive, and of
an odd order must be negative.

According to Sylvester's criterion, the angular
first-order minor of this matrix must be less than
zero:

A, =-2a, +2g,, <0. (12)

This condition implies the requirement for the
coefficient gq; :

(13)

91 <y = gy =Nay,

where —o<n<1.
The second-order angular minor of the matrix
must be greater than zero:

A = _2a11+2na11 91, 79 _
? 912+ 9n —2ay, +29,, (14)
= 4(” _1)a11(g 22 _all)_(glz + 921)2 > 0.
The inequality (14) implies that
912 =021, (15)
4(” _1)a11(922 - an)> 0 = - (922 - an)> 0=
= 0 < = 0, =ha,; = 0§y =0y (16)

We substitute the values of the found coeffi-
cients into the matrix K and find the angular minor
of the third order

- zau + 2na11 0 A3t a3 T 0y
A, = 0 -2a,+2na, -—a,+g, |<0(17)
&3+ 85 + 0y — 83+ U - 2a33
or
2
4a121(n _1) (_ 2a33 +atay + 931)_ (18)

- 2a11 (n _1)(9 32 ~ 8y ) <0.

Let us assume that g, =a,;. Then inequality
(18) will be valid provided that

—2a,, +a,, +a, +0, <0. (29)

Based on the convenience of calculating the
fourth order minor, we can assume that
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0, =-a,, —ay, . In this case, an angular minor of the
fourth order is

-2a,, +2na,, 0 0 a,+0,
A - 0 -2a,, +2na,, 0 a,+a,+9, >0.(20)
0 0 -2a,, 0
Ay t0y Ay T, T, 0 - 2a44

Let us expand the determinant (20):

—2a,, +2na,, 0 a, + 0,
0 -2a,+2na, a, +a, +0,[<0.(21)
At 0n 8y t 8, 10, - 2a44

Based on inequality (21) assume that
(22)

Under condition (22), inequality (21) takes the
form

04 =81 =—85,= Uy =—0s-

2311 (1_ n)[4a11344 (n _1)+ (a24 +a, 04 )2 ]< 0 (23)
or
4a,a,,(n-1)+(ay +a, +9,,) <0. (24)

Let us accept the conditiong,, =-a,, —ay,,
under which inequality (24) is satisfied for all values
of the factor n possible by condition (13). It is nec-
essary to take into account the equalities a3 =ay,

andag;, =ay, , from which it follows that

(25)

Q42 =Us =853~ 85 -

The analysis performed according to Syl-
vester's criterion for the negative definiteness of the
guadratic form (10) made it possible to write down
the conditions, being guided by which we can find
the matrix of coefficients of correcting feedbacks:

(gn glz)( na,, 91 )

G:|921 92 i:I — 0w na, I’
9 9a — 83 A8y ax
Lgal gAZJ L —ay — a3 — a31J
—o<n<1. (26)

Four coefficients g;; are uniquely determined:

the coefficients g4, = g5; are constant numbers, and
the coefficients g, =-g5, are linearly dependent
on the rotor speed. When forming four more coeffi-
cients, it is necessary to select a factor (multiplier)
n from the specified range and the coefficientg,, .

Taking into account (1) — (5) and (26), the
equations of the observer of the rotor flux linkage
take the form

pY,, =-a;%¥, +a,l, —o¥, +

+ g31('m - Im)"'azsw(lw - ISﬁ)

ply, =-a,l,, +a,¥,, +a,0¥ ,+
—_ ’

+ gll(l sa Isa)+ glz(l sp Is,/f)Jr bllusa
PY¥,; =—a,V,; +a,l, +o¥, , -
_azsw(lsa - Isaz)Jr gAZ(Isﬂ - Isﬁ)

plsﬂ = 7322'55 +ay,V, -—azot, +

+ 921(f5a - IM)+ gzz(fsﬂ - Isﬂ)+ bzzusﬂ

, (27)

where a,, =3a, = L—mz
L.L, -L2
Taking into account (4), (13), (15), (16), (22)
and (25), system (27) can be written as follows:

dX

E=A1>Z+BU—Bllm—lesﬂ, (28)
where
(— a, +9y, g, a, _Ma)\
A =| 9, az_2 + 0, A0 Ay, }:

a3 +0s Ay ® — 853 -0

L —ayuo a;, 9, @ _a44J
((n _l)au 912 13 514ww

:| — O (n 1)a11 —apo Ay |
- a3 A0 —ag - k
L — a0 a,, @ - aMJ

vectors and matrices X, B, U are the same as in
expressions (3).

From (28), (29) it follows that the stator voltag-
es and currents are external influences for the ob-
server, and the angular velocity of the rotor is in-
cluded in the structure of the observer and changes
the numerical values of its parameters in transient
processes. The free motion of the observer is deter-
mined by the eigenvalues of the state matrix A,

which are the roots of the characteristic equation

|A, - 2E|=0. (30)

To select the coefficients g;, and n at differ-

ent rotor velocities from the range, for example,
-—0g < o < oy It is necessary to affix some values of

the coefficient g,, and plot the dependence of the

real parts of the roots of the characteristic equation
(30) on the factor n. Fig. 1 shows the dependences
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Re(A;)=f(n) at different velocities (o = w/w, ) and
coefficient g,, values. The calculations were carried

out for an asynchronous machine 4A132M4U3 with
the following technical data [23]: P, =11xW,

Ug) =380 V| Ny =1460 rpm .

From the graphs in Fig. 1 it follows that the ob-
server maintains stability in a wide range of rotor
rotation velocities, and the stability margin increases
when the speed changes from lower values to higher
ones. Additional calculations have shown that with a
stationary rotor, the observer is also stable, although
the stability margin is the smallest. The coefficient
g, Within the range of g, =a;; +100a,, practical-

ly does not affect the nature of the dependencies
Re(A1)=1(n) and with its further increase, the sta-

bility margin begins to decrease. Therefore, the
specified range is the most appropriate for choosing
a coefficientgy, . At g,, =a,; +100a,, the function

Re(A;)=f(n) reaches its lowest values in a fairly
wide interval of flatnessn = (-1000) +(-300), in

which the observer's stability margin is greatest and
remains practically unchanged. Thus, the analysis of
the roots of the characteristic equation (30) at differ-
ent velocities of rotation of the rotor and coefficients
of correcting feedbacks made it possible to deter-
mine the best (in terms of the observer stability
margin) intervals of the numerical values of those
coefficients of correcting feedbacks, which are not
fixed and must to be selected, for the adjusting of
the control system.

In the Matlab / Simulink package, the simula-
tion is performed of an asynchronous electric drive
with a control system which is vector-oriented bas-
ing on rotor flux linkage vector. An asynchronous
machine of the 4A132M4U3 type with the known
parameters of the equivalent circuit and the above
nominal data was simulated. The results of the study
of the dynamics of the electric drive are presented in
the form of transient processes in Fig. 2 and Fig. 3.
First, the AM is simultaneously excited and started
to a reduced speed. After the rotor magnetic flux
module has reached the nominal value, the engine
starts to accelerate to the nominal, followed by de-
celeration to a reduced speed. Transient processes
occur with a fan load on the shaft.

In the torque diagrams, the electromagnetic
torque of the motor M, is highlighted in blue, and

the load torque M, is highlighted in red, which var-
ies as a function of the speed according to the ex-
pression kg, + k;0?. The load moment is removed

and then applied again at the nominal rotation speed
in the time interval 0.9 s — 1.3 s for the purpose of
studying the properties of the flux linkage observer.

Re(A)

-2300
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-7300

-0t

-125-10%
a=-11

1510
DU e e 10 60 50 0
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-12.10%

-15.10°

-1360 b -1020 -630 -340 0

-2200

3300

-4400
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_6609444[) -3700 -2960 -210 -1480 -T40 0
C

Fig. 1. Dependencies of the smallest values of the real part of
the roots of characteristic equation (30) of the matrix A;
from the multiplier n under the correction coeffi-
cientsgq; and g,, for different coefficient g,, values:
a-gpp =aj3; b-0yp =100ay; ; c- g5, =1000ay,
Source: compiled by the author
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In the reactive power channel, the magnetic flux is
stabilized at the nominal level, and the rotor rotation
speed is controlled through the active power chan-
nel.

In the process of studying the influence of par-
ametric disturbances on the observer's accuracy, the
following parametric disturbances were initially set
in the AM mathematical model: the active resistance
of the rotor of an electric machine R, is 30 % more

(Fig. 2) and 30 % less (Fig. 3) the active resistance
of the rotor in the observer model R, , which is tak-

en equal to the nominal value of this parameter; the
active resistance of the stator of the machine R, is

20 % more (Fig. 2) and 20 % less (Fig. 3) the active
resistance of the stator in the observer's model Ry,

which is taken equal to the nominal value of this
parameter. As indicated in many literary sources, for
example [2-3], [4], [7], [13], [19-20], the observer
coordinates have the greatest sensitivity to the devi-
ation of active resistances R, and R, moreover,

the sensitivity to a deviation of R, is 3-4 times
greater than to the deviation of R, and is the high-

est in comparison with other parameters of the
equivalent circuit.
The matrix A; provides asymptotically stable

free motion for any values of the rotation speed o,
coefficient g,, and multiplier n from the range
specified in (29).

The vector control system with an open-
circuited observer (1) with the above mentioned suf-
ficiently large deviations of the active resistances of
the engine from the same observer's parameters -
ceases to function properly, passing into the oscilla-
tion mode of the support vector of the rotor's mag-
netic flux. Figure 4 shows the transient processes of
identification of the rotor flux linkage by an open-
circuited observer with an increase in the rotor re-
sistance by 30 %, and the stator resistance — by 20
%. The signal at the output of the open-circuited
observer is shown in red. The regulator of the rotor
flux linkage module tends to stabilize it, while the
actual flux linkage shown in blue differs significant-
ly from that identified by the observer, which leads
to a deterioration in the quality of control processes
and may even lead to a loss of stability of the vector
control system.

An observer with corrective feedback synthe-
sized within this study has a low sensitivity to par-
ametric disturbances of the engine in the real ranges
of their changes encountered in practical operation.
This property of the observer is demonstrated by the
transient processes in Fig. 2 and Fig.3 where the
number 1 denotes the real flux linkage ¥, of AM,

and the number 2 denotes the estimate of the flux
linkage W, , according to which the negative feed-

back on the flux linkage regulator is closed. It
should be noted that the observer better tracks the
flux linkage of the AM rotor with positive resistance
increments than with negative ones. To ensure the
same quality of the observer's work, which is shown
in Fig. 2 and Fig.3, it is necessary for the case of
negative increments of resistance to increase in
modulus the correction coefficientsgy;,g,, three

times compared to their values that were set when
studying the operation of the system with positive
increments of resistance.

Thus, the regulation and stabilization is carried out

for the flux linkage W, estimate, which is calculated

by the observer's information system. At the same
time, the real flux linkage ¥, of AM deviates from

the reference value of the estimate W, insignificant-

ly, despite the significant deviations of the active
resistances of the observer and the asynchronous
machine, different in sign. Therefore, from consid-
eration of the graphs of the rotor flux linkage modu-
lus under the numbers 1 and 2 in Fig. 2 and Fig.3, it
follows that the synthesized observer has asymptotic
stability with incomplete invariance to parametric
disturbances. The complete invariance to disturb-
ances in the active resistances of the stator and rotor
will be in the absence of a load on the AM shaft,
when the rotor currents are equal to zero in the ideal
idle mode. However, the stability in general (which
guarantees the direct Lyapunov method) is ob-
served, and the observation accuracy is ensured (un-
der parametric disturbances and the values of the
coefficients g;; of correcting feedbacks recom-

mended in the article) which is sufficient for the
operability of the vector control system in a wide
range of regulation of the rotor rotation velocity.
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Fig. 2. Transient processes in an asynchronous electric drive with an observer of flux linkage in the
vector control system within the case of positive increment of resistances of the stator and rotor

windings: 1 —flux linkage of asynchronous machine; 2 — flux linkage of observer
Source: compiled by the author
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Fig. 3. Transient processes in an asynchronous electric drive with an observer of flux linkage in the
vector control system within the case of negative increment of resistances of the stator and rotor

windings: 1 — flux linkage of asynchronous machine; 2 — flux linkage of observer

Source: compiled by the author
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CONCLUSIONS

¥, Vs In this study, the structure of the AM's rotor flux
1 linkage observer is determined and the values of the
/ correcting feedback coefficients desirable by the crite-
08 \_ o \Vi rion of the maximum observer stability margin are
/ found, for which the direct Lyapunov method is ap-

06 plied together with numerical methods. The operation
// of the observer of the rotor flux linkage as a part of the

04 vector field-oriented control system of an asynchro-
/ nous electric drive has been investigated. By the meth-
od of mathematical modeling, it has been proved that

t,s an observer with the proposed informational structure
0 : and selected numerical values of the feedback coeffi-
I ST cients has a low sensitivity to the inevitable multidirec-
tional deviations in the active resistances of the stator

0.2

Fig.4. Identification of flux linkage by an open- and rotor of the electric motor during operation, which
circuited observer increases the stability margin of control system and the
Source: compiled by the author range of regulation of the rotation speed of asynchro-

nous electric drives with vector control.
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AHOTANIA

VY cTarTi  OCHIKYIOThCS TTOKA3HUKH SIKOCTI iH(OpManiiHOI MiITPUMKH HPOIECY CIIOCTEPEKEHHS IIOTOKO3UCIIEHHS pOTOpa
ACHHXPOHHOTO JIBUTYHa B CHCTEMaxX BEKTOPHOTO KEpyBaHHS B YMOBax Jii mapaMeTpUIHHUX 30ypeHb. Takuil HanpsIMOK JOCTiIKeHb
NpHU3HAYeHHUIT po3B’sA3aTH 3aa4y OOYIOBH BHCOKOSKiCHOT iHOpMAILiHHOT CHCTEMU KepyBaHHS aCHHXPOHHOTO CJICKTPOIPHBOAY, B
SIKI JIIKBiIOBAaHO BUCOKY YyTJIHMBICTh 10 3MiH MapaMeTpiB 00 €KTy KepyBaHHs B mpolieci oro podotu. Ilepi 3a Bee, 1€ CTOCYEThCs
TEeMITepaTypHUX 3MiH aKTUBHUX OIMOPIB CTATOpa i POTOPA, SIKi CYTTEBO BILIMBAIOTH HA MOTOKO3YEILICHHS poTopy. OTpuManHs iH(Op-
Malii BiZTHOCHO NMOTOKO3YEIICHHS POTOPY NPH3HAYEHO Ha CIOCTEpirad, y CKJIaji SKOro YOTHPH KOHTYpH. Y KOXHHI 3 YOTHPHOX
KOHTYPIB CIOCTepirada 3 BUKOPHUCTaHHSM BaroBHX KOE(DII[iEHTIB BBOAATHCS J[Ba KOPUTYBAUILHUX CUTHAIH HEY3TOJUKEHOCTI CTPYMiB
CTaTOpa aCHHXPOHHOI MalllMHH i criocTepirada. [IoBHUI BEKTOp KOPUTYBAIFHUX 3BOPOTHHX 3B'SI3KIB CIIOCTEpirada MiCTHTh B TAKOMY
BUITAJIKy BiciM KoedimieHTiB. 3aCTOCYBaHHS IPUHIUITIB MOJAIBFHOTO YIIPABIIHHS ISl BU3HAUCHHS 1X YMCIIOBUX 3HAYEHb IIPUBOAUTH
JI0 TPOMI3AKUX PiBHSAHB. PO3B’SI3aHHA 3a7a4i CyTTEBO CHPOLIYETHCS HNIIIXOM BHKOPHCTAHHS IPSIMOTO MeTony JIsmyHoBa, sSIKUH J10-
3BOJISIE BU3HAYHUTH MOJKJIMBY CTPYKTYpY CHOCTepirada, CTifiKy IpH mapaMeTpHUIHHX 30ypeHHsX. UNCIoBi 3HaYeHHS JYacTHHU Koedi-
LIEHTIB KOPUTYBAJILHUX 3BOPOTHUX 3B'A3KiB OTPUMaHI HIIIXOM aHaji3y KBaapaTudHoi Gopmu moBHOI moxiaHoi ¢yHKii JIsmyHoBa
3a 4acoM CIIOCTepiraya, siKiii CHHTe3yeThesl. [l BU3HAYCHHs ONMTHMAJbHHUX ialMa30HiB 3MiHM KOE(II[i€HTIB, 110 3aTUIIMIKCS, 3a-
CTOCOBaHI YMCENbHI METOJHM OOYMCIICHHS KOPEHIB XapaKTEPUCTHYHOTO PIBHAHHS CHCTEMH CIIOCTEpiraya, 3aMKHEHOTO 3BOPOTHUMH
3B’s13kaMH. TakuM YUHOM, ifiest poOOTH TOIIITaE B TOMY, 100 B CTPYKTYpI CrocTepiraya BUKOPUCTOBYBATH HAHOIIbIIE YHCIIO KOPH-
T'YBaJBbHHUX 3BOPOTHHX 3B'A3KIB 1 Tak miJiOpaTy IX 3Ha4YEHHS i3 3aCTOCYBaHHAM IIPSIMOrO MeToxy JIAIyHOBa i UMCENEHHX METOIIB,
mo6 3abe3nedyBanacs HOro HU3bKa Iy TJIMBICTh IO 3MiH ITapaMeTPiB aCHHXPOHHOT MalllMHH.

Korouosi cioBa: indopmariiiina cucrema; crioctepirad IIOTOKO34EIUICHHST; TapaMeTpUIHi 30ypeHHsT; 3MiHa ITapaMeTpiB; HU3b-
Ka 9yTIUBICTh; QyHKIIs JISIyHOBa; KOPHTI'YBaJIbHI 3BOPOTHI 3B'13KH; KOE(DIII€HTH KOPEKIi
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