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STUDY OF THE INFLUENCE OF NONLINEARITIES ON PARAMETRIC
OSCILLATIONS OF ELECTROMECHATRONIC SYSTEMS

Rudniev Y.S., Romanchenko J.A.

JOCJAIKEHHA BIIMBY HEJTHIMHOCTEW HA IAPAMETPAYHI
KOJIMBAHHS B EJIEKTPOMEXATPOHHUX CUCTEMAX

Pyanes €.C., Pomanyenko F0.A.

In the article The analysis of parametric oscillations in
electromechatronic  systems and the influence of
nonlinearities on them caused by physical properties of
the elements and design features of the system.

It has been shown that Real electromechatronic systems
are characterized by the presence of various
nonlinearities. Factors that render a mechanical system
nonlinear include nonlinear forces arising during the
operation of such a system and its variable parameters.
It has been established that parametric oscillations,
caused by periodic or quasi-periodic changes in the
system's parameters over time, occupy a special place
among the dynamic phenomena occurring in
electromechatronic systems.

The article discusses the effect of parametric resonance,
which is a manifestation of dynamic instability in a
system, where small disturbances can lead to significant
changes in the system's motion. Consequently, any
random disturbance over a sufficiently long period of
time can lead to emergency consequences. Nonlinear
factors in a mechanical system with periodically
changing parameters manifest themselves primarily in
zones of parametric resonance.

The authors present the concept of self-oscillations,
which can occur in nonlinear systems in the absence of a
periodic disturbing force, and, as an example, consider
quasi-harmonic frictional self-oscillations. Suppressing
frictional self-oscillations is a crucial engineering
challenge, as they complicate the precise stopping of a
working element and disrupt the smoothness of its
movements.

A unified structural diagram for any type of
electromechanical electric drive system, its parameters,
and a mathematical model are provided.

The electromechanical system was simulated in the
MATLAB/Simulink environment in accordance with the
structural diagram with the given parameters.

The processes of development of self-oscillations in the
considered circuit at a given speed for three variants of
the studied load characteristics are obtained.

The dependences of the velocities of the first and second
masses, the elastic force and resistance on the second
mass, and the dynamic force on time are presented. It is
established that the implementation of computer -
integrated adaptive and robust control systems, taking
into account the presented studies of nonlinear effects
and parametric oscillations, ensures the coordination of
the dynamic modes of the electromechatronic system with
the requirements of a specific technological process. This
reduces the influence of unwanted oscillatory modes and
improves the stability and accuracy of actuator control.
Key words: parametric oscillations, electromechatronic
systems, nonlinearity, mathematical model, disturbance,
self-oscillation, synthesis, computer-integrated control
system, adaptive control, robust control.

Introduction. Modern electromechatronic
systems are complex dynamic objects combining
electrical, mechanical, electronic, and information
subsystems. They are widely used in automated
production facilities, robotic devices, electric
drives, precision positioning systems, and power
plants. The increasing level of integration and
complexity of the structures of such systems leads
to increased demands on the quality of their
dynamic characteristics, stability, and operational
reliability under variable loads and external
disturbances [1, 2].

Real electromechatronic  systems  are
characterized by the presence of various
nonlinearities, caused by the physical properties of
the elements and the design features of the system.
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Factors that render a mechanical system nonlinear
include nonlinear forces arising during the operation
of such a system and its variable parameters [3].

The nature of nonlinear forces can be different
[1]:

1)  restorative  forces when  elastic
characteristics deviate from Hooke’s law;

2) dissipative phenomena such as «dry»
(Coulomb) friction M, =—|M .| signe;

3) nonlinear forces associated with the design
features of the mechanical system (gaps, limiters,
clamps, stops, special couplings), in which the
transmitting moment depends on the magnitude of
the elastic deformation of the coupling elements —
M (A0);

4) forces arising in mechanisms with a
nonlinear position function, when linearization in
the vicinity of the current value of the rotation angle
is impossible due to large angular deviations of the
driving elements (systems with a clearly variable
gear ratio; for example, clutch slip).

These factors have a significant impact on the
dynamic behavior of the system and can lead to the
emergence of complex oscillatory modes.

Nonlinear characteristics of mechanical
systems are often deliberately used to achieve
desired dynamic  effects  (vibration-impact
mechanisms). However, nonlinearity often leads to
undesirable effects (impact phenomena in gaps,
frictional self-oscillations, and others) [4].

Parametric oscillations, caused by periodic or
quasi-periodic changes in system parameters over
time, occupy a special place among the dynamic
phenomena occurring in electromechatronic
systems. Such oscillations can arise as a result of
modulation of stiffness, mass, inductance, or other
parameters dependent on the operating mode or
external influences. Parametric resonances can
cause a sharp increase in oscillation amplitude, loss
of stability, and deterioration of the system's
performance [5].

The presence of nonlinearities significantly
complicates the analysis of parametric oscillations,
as it changes the conditions under which they arise,
creating additional instability zones and a variety of
motion modes. Nonlinear effects can both limit the
growth of oscillation amplitude and contribute to
the development of chaotic processes, which
negatively impacts control accuracy and the
durability of system components. Therefore, the use
of linear models is often insufficient to adequately
describe the real dynamics of electromechatronic
systems.

The objective to analyze and evaluate the
influence of nonlinear characteristics  of
electromechatronic system elements on the
conditions for the occurrence, development, and
parameters of parametric oscillations, as well as to
determine their impact on the dynamic stability and
operating modes of the system in order to improve
the modeling efficiency and reliable operation of
electromechatronic systems.

Research results. There are a significant
number of mechanisms with a nonlinear position
function P, which relates the output x and input ¢
coordinates: x = P(¢) . These include piston pumps

and compressors, guillotine shears, and others. In
these cases, it becomes necessary to detect, to a first
approximation, the distortions arising from drive
vibrations.

The initial data for constructing a mathematical
model of the system are the equations of motion and
dynamic characteristics of the engine:

2
sdo o d(9)
dt 2 do

= m, [I_Y(MJFEQZZ_A;[H'

After linearization in the vicinity of the current
phase angle and elementary transformations, we
obtain a second-order differential equation with
variable coefficients of this type [1, 2]:

=M -M_;

(M

2
627?+2n(t)c;—?+K2(t)m=W(t), @)
where 2n(t):i+2(o*§;
1 1 Jio, 3
K*(t)=— e WARE
(x) J*L/Teco* T 2" } 3

()=t Me M Jior o),
T, a2, 2 )

e

J'=dllde; J' =d*J]d¢" .

K*(f) can be considered as a variable «natural»
frequency, and W(¢) as a disturbance function.

Asterisks (*) correspond ¢=¢.=w. to the
average value of angular velocity o+ in steady-state
conditions. This is correct for small unevenness
coefficients, typical for many devices.

When J(¢)=const we have J'=J"=0 the

coefficients of equation (2) become constant.
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The solution of the homogeneous equation
according to (2) is proposed in [1, 2]:

d+2n(1)o+ K (1)o=0. 4)

By changing variables, we move on to a
differential equation in which the term containing
the first derivative of the coordinate is missing. For
this, we use the substitution

y= w-exp{j'n(t)dt} , (5)
Then
o= y-exp[—j‘n(t)dt}

o=( y—ny)exp{—j;n(t)dt} ©)

o= (nzy—2nj/—ﬁy+j})exp{—j‘n(t)dt:|

0
After substituting (6) into (4) we obtain
y+p'(t)y=0, (7

where  p?(1)=K(t)—n*(¢t)-n(t).
Moreover, in this class of problems p*/n” it

differs little from one.
According to the “conditional oscillator”
method, the solution is sought in the form [1, 2]

y=B(t)cos®d(r). (8)

Differentiating (8) twice, we obtain
j= (E - B®® )cos o(1) —(ZBCD + B('I'))sin(p(t) . (9)
Solution (8) is presented as a product of two
unknown functions, which gives the right to connect

these functions with one additional condition. If we
accept

2Bd')+B(.I'):O’ (10)
then the dependence (9) will look like this
j}:(é—Bd)z)cosd)(t). (11)

Next, we find the relationship between the
functions B, @ and the «natural» frequency p(¢). To
do this, it is sufficient to substitute (8) and (11) into
(7). From where

Qz—§=P2,

(12)
where Q=0

The additional condition (10) is a first-order
differential equation with separable variables with
respect to B and Q.

B __1d9 03

B 20

the solution of which is

B=4 <, , (14)

Q(1)

where B(0)=4; Q(0)=9Q,.

Now equation (3) takes the form
y=A 2, cosﬁQ(z)dﬁLa}. (15)
Q@) s

Here 4 and a are determined by the initial
conditions. After substituting (14) into (12) and
making some transformations, we obtain

Z-0,52° +2Q* =2p* (1), (16)

where Z=In(Q/Q.), Q.is a free parameter with

the dimension of frequency.

Differential equation (16) corresponds to a
certain oscillatory circuit (oscillator) with a «rigid»
nonlinear characteristic. The perturbation is a
function proportional to the square of the «natural»
frequency. Since the variable Z can only be
considered as an analogue of some deformation,
such an «oscillator» is called conditional. It is
sufficient to have a solution to the conditional
oscillator equation (16) for (15) to transform into a
calculated dependence determining the solution to
the homogeneous equation (7). To obtain a solution
to the original equation (4), it is necessary to address
the initial variable o, respectively, as in (5).
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o= Aexp{—j).n(t)dt\/% cos[lQ(t)dt+ a]ﬂ _

t
= Aexp{—jn(t)dt—O,S(Z—Zo)]
0
t
~COS[QOJ-eZ(')dt+a],

0

(17)

When |Z| <1 one can use the linearization of the

coefficients of equation (16). In this case, the latter
takes the form

Z+4p’z=2(p"-p?), (18)

where p. = Q. is the average value of the function
p(@).

It should be noted that, according to (17),
unlimited growth of @ will occur only due to the
exponential factor, which in turn can reach infinitely
large values at Z — . Since this effect is caused
not by an external force, but by changes in the
system's parameters, it is called parametric
resonance. Parametric resonance is a manifestation
of the dynamic instability of a system, when small
disturbances can lead to significant changes in the
system's motion. From (17), it follows that at, 4=0
respectively ©=0. However, sufficiently small
initial conditions, under which 4 #0, can t —> o be
obtained w— oo through an increasing exponential
factor. The practical importance of the concept of
dynamic instability follows, firstly, from the fact
that unstable motion is uncontrollable, meaning that
any random disturbance over a sufficiently long
period of time can lead to emergency consequences.
Moreover, the dynamic model is far from
completely equivalent to the physical original.
Deviations caused by these inaccuracies can be
viewed as disturbances, which, in the case of
instability, will lead to significant distortions of the
obtained solution.

The condition of dynamic stability is [1, 2]:

kz}n(l‘)dt>0,5|AZ , (19)

where AZ is the difference between the minima of
the function Z, separated by the period T (
T =2m/p.); \is the logarithmic decrement.

In the presence of a pulsation of the function
p’ () with frequency o:

p(1)=p! (1 —£COS m*t) , (20)

where ¢ is the pulsation depth,
then using (19), equation (18) can be represented in
the following form:

Z+4p2Z =2epl cosmt . 21
It is obvious that the «conditional oscillator»
resonates at ® =2p,, which corresponds to the

main parametric resonance. Its development in
accordance with (21) follows the law [1, 2]:

Z =-0,5p.tesin2p.t , (22)
Where
|Az|=|z(1,)-Z(1,)| = e, (23)
Where ¢ =n/4p.;t,=t,+T; T =2n/p. .
Substituting (23) into (19), we have:
A>0,5me, (24)
which is y = 2A equivalent to
Yy > TE (25)

Nonlinear factors in a mechanical system with
periodically  changing parameters manifest
themselves primarily in parametric resonance
zones. The critical oscillation frequency, around
which a region of dynamic instability forms, now
depends on the amplitude level of the oscillations.

Opp =§K(A0,A). (26)

Moreover, sufficient conditions (19) and (24)
of the dynamic stability of the system are also
functions of Ao, 4, since the logarithmic decrement
depends on the coefficient n(4,,4)[1, 2]

T

n=[n(4,4,t)dt.

In linear systems, all free oscillations are
damped by dissipation. Oscillations in steady-state
conditions can persist due to external periodic
influences (forces). In nonlinear systems, however,
established periodic oscillations can arise even in
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the absence of a periodic disturbing force. These are
called self-oscillations. In a self-oscillating
mechanical system, the action of dissipative forces
is compensated by an external energy source
controlled by nonlinear feedback loops dependent
on the system's oscillations. In all cases, the onset of
self-oscillatory conditions is preceded by a zone of
dynamic instability.

As an example, let's consider quasi-harmonic
frictional self-oscillations. They can be observed
during the movement of supports, tables along
sliding guides in metal-cutting workbenches, ingots
along the hearth of a heating furnace, etc.

A simplified dynamic model of such systems is
shown in Fig. 1, a. From element 1 moving at a
constant speed, ¥, > 0 motion is transmitted through

an elastic-dissipative element (Ci2, y2) to link 2,
which may have a speed ¥, > 0 different from V5. A
friction force F¢ is applied to link 2.

CIZ

Y, V

—_——

1 2

Yi2 F,

Vi

F.
b

Fig. 1. Dynamic model (a) and dependence of friction
force on speed (b) for mechanisms with «negative»
viscous friction [1]

The differential equation under the conditions
V>0 has the form:

d q

+B12 +C]2q— —F (V) (27)

where m is the mass of element 2, kg;
C12 — coefficient of rigidity of the kinematic
connection between 1 and 2, N/m;

Bi» — coefficient of equivalent linear
resistance (viscous friction, reflected by the
dissipation coefficient y2), Ns/m;

g — deformation of the elastic-dissipative
connection (drive), m.

Dividing both parts (27) by m, we have

d’q dq . 1
42 +Kig=——F.(V), (28
e P TR = R (), (28)
where 2n, =B, /m; K; =C,,/m.

The coefficient no can be considered as the
coefficient of harmonic linearization of the
dissipative forces of the drive, corresponding to the
dissipation coefficient yi2.

The sliding speed consists of two components:

Vo — speed set by the drive;

d o
_CtI — the speed caused by vibrations.

Let us expand Fc(V), which determines the
friction force, into a Taylor series in powers of ¢ [1,
2].

Fo(Vo+q)= Fog +hg+hg* +hig* s, (29)
where  F,=F(V,); h = 1' cfﬂi (V,), i=12,3.

To determine the coefficients /;, the static
characteristic of friction is used (Fig. 1, b), taking
into account (29), the differential equation (28)
based on the harmonic linearization method can be
represented as follows:

\|J:2n0§+1(2q+

Alren (4] o (4] .

After transformations, we have

2no+%(hl +%h3A2Q2j:0, (31)

Since the harmonic linearization coefficients
are functions of three variables 4, 4o, Q, then, taking
into account that Q=K the amplitude of

oscillations can be given as follows:

A=n. | Hmth
3hK,

(32)



38

BICHWK CXIOHOYKPATHCbKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 2 (300) 2026

The stability condition of this regime is
determined by the inequality [1, 2]

3

Since the left side of equation (31) is
proportional to n(A), then differentiating it with
respect to 4 and substituting it into (33), we obtain

an(A)
oA

>0,

Al

(33)

3
—Ah, >0
2m Iy ’

from which it is clear that 4, >0.

To obtain real values of 4 in (32) it is necessary
to require that A +2mn, <0, which can be achieved

for b <0 and || >2mn,.

Apparently, the first of these conditions
corresponds to a section F,(V)with a negative

slope, and the second to a violation of the conditions
of dynamic stability of the system at low oscillation
speeds (dq/dt).

In addition to the considered frictional self-
oscillations of the quasi-harmonic type, relaxation
self-oscillations can be excited in the system,
accompanied by stops in each oscillatory cycle.

Suppression of frictional self-oscillations is a
very important engineering task, since they make it
difficult to precisely stop the working element and
disrupt the smoothness of its movements [6, 7].

The structure of the mathematical model in the
MATLAB/Simulink package is built on the basis of
the model of a two-mass electromechanical system
(Fig. 2) with the addition of a structure for
implementing resistance on the second mass,
depending on the speed and the «stickingy effect [1,
2]. The parameters of the model presented in Fig. 3
are reduced to translational motion for ease of
consideration. Consequently, we have two masses
(m1, my), connected by a spring with stiffness Ci»
without internal losses, which move with velocities
V1 and V>, respectively. The driving force of the first
mass £ is formed by a structure reflecting the
electromechanical properties of the engine with the
stiffness of the mechanical characteristic y (the
electromagnetic time constant is assumed to be
zero). The output of the Integrator2 block is the
speed of the second mass. The logic for
implementing the «sticking» and «breakdown»
effects is discussed in detail in [8]. Thus, the
Integrator2 block has additional inputs (for setting
the initial conditions and the impulse for
establishing these conditions) and an information
output (at the top of the block), which has an output
signal V2. At the output of the Switch block, we
have the drag force F¢, which is either equal to the

Y

.p+]

.'I.IQ

C\,

P

O

- —
LT

M

Fa M M,

Fig. 2. Unified structural diagram of a two-mass electromechanical system [1, 2]
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Fig. 3. Mathematical model of a mechanical system for studying frictional self-oscillations [1]
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driving force (in the case when the second mass is
stationary, and the driving force F\, is less than the
shear force), or as a function of the velocity /> when
body 2 is moving. The switching signal is the signal
from the zero crossing block (Hit Crossing). The
switching level of the Switch block is set to 0.5. The
«shear» force of body 2 (Fs) is specified in the
Saturationl block. The dependence of the drag
force on the velocity F¢ (V) is specified analytically
in the Fen block

Consequently, when applying a driving force
Fiy at V> =0, we will have a signal equal to F, at
the output of the Switch block, while the dynamic
force F; (at the output of the Sum block) will be
zero, and body 2 will be motionless. When the force
F1» exceeds the value of the shear force Fg, at the
output of the Saturationl and Switch blocks we
have a force Fs< Fi,, and at the output Sum a
positive value of the dynamic force, under the action
of which body 2 will begin to move. When body 2
shifts, a signal will appear at the output of the Hit
Crossing block, which will reverse the signal from
the Product block to the Switch output — the
resistance force will be formed according to the
dependence specified in the Fen block. Similar
processes occur when body 2 comes to a stop.

%10
2 : : : : ; :
16F----F-- Laeeaees LR é ....... LSy WSS ey e
2 E
£ 1 ........ Ll i i L i o i ; ....... lececaas decennaa J4.1)
>
05 et e e ELEEL LS B -
0 H
0 05 1 15 2 25 3
2){103 FeiN x 10°

V2, mis

V2, mis

b 1D8

Fig. 4. Forms of the studied load characteristics

The model was wused to study an
electromechanical system with the following
parameters:

m, =0,1-10°kg; m, =0,5-10°kg;
C, =1-10"N/m; y=1,5-10" Ns/m.

Shear force F, =3-10°N.

The processes of development of self-
oscillations in the considered scheme were obtained
at a given speed of 1 mm/s for each of the load
characteristics (Fig. 4). Fig. 5 shows the velocities
of'the first and second masses, the elastic force (F12)
and the resistance force on the second mass (Fc2)
and the dynamic force F;.

The results of this study on the influence of
nonlinearities on parametric oscillations of
electromechatronic systems can be directly applied
in the synthesis and tuning of adaptive and robust
control systems. The identified patterns of
occurrence of parametric instability zones and the
conditions for the development of self-oscillatory
modes provide a theoretical basis for the
development of control laws aimed at actively
limiting oscillation amplitude and preventing the
loss of dynamic stability.

Within the framework of adaptive control,
modeling results can be used to develop algorithms
for automatically adjusting controller parameters,
taking into account the current system state, the
level of oscillations, and changes in mechanical
characteristics, particularly friction parameters and
the stiffness of elastic connections. This improves
control accuracy and reduces the system's
sensitivity to parametric disturbances.

The use of robust control based on the research
presented in this article ensures the continued
operability of electromechatronic systems under
parameter uncertainty and the presence of external
disturbances. Taking into account nonlinear effects
and parametric oscillations during the synthesis of
robust controllers allows for an expansion of the
dynamic stability range and increased system
reliability in boundary operating conditions.

Thus, the obtained results complement and
develop the provisions presented in the works of the
authors [9-10], and can be used as a methodological
basis for the synthesis of computer-integrated
adaptive and robust control systems for
electromechatronic  objects  with  increased
requirements for dynamic stability, accuracy and
operational reliability.
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Fig. 5, a. The process of development of self- Fig. 5, c. The process of development of self-
oscillations at the moment according to Fig. 4 (1) oscillations at the moment according to Fig. 4, (3)

Fig. 5, d. Limit mode of breakdown of self-oscillations
at V1 = 0.024 m/s and the moment of resistance
according to Fig. 4, (2)

Fig. 5, b. The process of development of self-
oscillations at the moment according to Fig. 4 (2)
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The implementation of computer-integrated
adaptive and robust control systems based on the
research into nonlinear effects and parametric
oscillations presented in this article ensures the
alignment of the dynamic modes of an
electromechatronic system with the requirements of
a specific technological process. This reduces the
impact of unwanted oscillatory modes, improves the
stability and control accuracy of actuators, and leads
to process optimization, reduced energy losses, and
increased overall efficiency of electromechatronic

systems.
Conclusions. This article examines the
influence of nonlinear characteristics  of

electromechatronic system elements on parametric
oscillations and their key dynamic parameters. The
analysis revealed that the presence of nonlinearities
(magnetic circuit saturation, backlash and dry
friction, elastic nonlinear characteristics, current
and voltage limitations) significantly alters the
conditions for the occurrence and development of
parametric resonance.

It has been established that parametric
oscillations are one of the most dangerous forms of
dynamic instability, as they develop due to periodic
or quasi-periodic changes in system parameters,
rather than as a result of an external disturbance.
Under such conditions, even small initial
disturbances or model inaccuracies can lead to an
exponential increase in oscillation amplitude and a
loss of system control.

Using the conditional oscillator method,
analytical relationships have been derived that allow
us to describe the development of parametric
resonance and formulate sufficient conditions for
dynamic stability, taking into account nonlinear
effects. It has been shown that nonlinearity can
either expand or contract the system's instability
regions, depending on their type and intensity.
Incorporating nonlinear factors into mathematical
models allows for more accurate predictions of the
actual operating modes of electromechatronic
systems, particularly under conditions of variable
power supply or load parameters.

The processes of development of self-
oscillations in the circuit at a given speed of 1 mm/s
for three types of load characteristics were obtained,
which made it possible to obtain the dependences of
the speeds of the first and second masses, the elastic
force and the resistance force on the second mass
and the dynamic force on time.

Special attention is given to the analysis of
frictional self-oscillations arising in systems with
negative effective viscous friction. It is shown that
such oscillations form after passing through a zone
of dynamic instability and can degrade positioning

accuracy, smoothness of motion, and the
operational reliability of electromechatronic
systems. The resulting analytical conditions for the
existence and stability of self-oscillatory modes are
consistent with the physical nature of sliding
friction processes.

A  mathematical model of a two-mass
electromechanical  system, implemented in
MATLAB/Simulink, allowed us to study the
development of self-oscillations for various load
characteristics. The modeling results confirmed the
significant influence of the shape of the drag force
characteristic on the dynamic behavior of the
system and demonstrated the possibility of both
persistent self-oscillations and their ultimate
breakdown modes.

The obtained results confirm the need to use
nonlinear models in the design and modernization
of control systems, as simplified linear approaches
can lead to underestimation of the risk of
undesirable resonant modes. The practical
significance of the study lies in the possibility of
targeted selection of system parameters and control
laws to improve dynamic stability, reliability, and
operational efficiency.

The authors' subsequent research will focus on
developing computer-integrated control systems for
electromechatronic systems capable of ensuring
stable operation under nonlinear conditions,
parametric  oscillations, and variable load
conditions. Integrating mathematical models of
nonlinear dynamics with real-time hardware and
software controls will improve the accuracy of
detecting and preventing hazardous resonant
modes.

A promising approach is the use of adaptive
and robust control, which ensures the system's
dynamic stability under parametric uncertainty,
external disturbances, and changes in the
characteristics  of  the  mechanical and
electromagnetic subsystems of an
electromechanical system. The combination of
adaptive algorithms and robust methods will allow
automatic reconfiguration of control laws and limit
the development of parametric and frictional self-
oscillations.
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Pynunes €. C., Pomanuenko FO. A. Jlocaigxenns
BILINBY HeJiiHiliHOCTeil HA napaMeTpu4Hi
KOJIMBAHHS B €J1eKTPOMEXaTPOHHMX cHCTeMaX.

B cmammi npedcmagnenuii ananiz napamempuinux
KOIUBAHb 8 eNeKMPOMEXAMPOHHUX CUCTNeMAax ma GNiue
Ha HUX HemiHIUHOCmel, 00YMOGIeHUX  (Di3UYHUMU
B1ACTMUBOCAMU  EIeMEHMI8 |  KOHCMPYKMUGHUMU
0COOIUBOCMAMU CUCTEMU.

Ilokazano, wo peanvui ereKmpomexampoHHi
cucmemu Xapaxmepusyomuocs HAAGHICMIO
pisHomanimuux — Heniniunocmeu. Daxmopamu,  wWo
pooaAmL  Mexauiuny cucmemy HeiHiUHoI0, MOJCYMb
Oymu HeniHiuHI cunu, SKi BUHUKAIOMb npu pobomi makoi
cucmemu, ma ii nepeminui napamempu. Bemanoeneno,
wo ocobauee micye ceped OUHAMIYHUX sGUlY, SKI

BUHUKAIOMb 8  eleKMPOMEXAmpPOHHUX — CUCMeMAXx,
3aUMarmb  NAPAMEmpuiHi  KOIUBAHHS, — 3VMOGNEHI
nepioouunoro  abo  KEA3INepioOUUHON  3MIHOK

napamempie cucmemu 6 4aci.

B cmammi posensinymo epexm napamempuunoco
PDE30HAHCY, WO € NposgOM OUHAMIYHOL Hecmitikocmi
cucmemu, KOIU Mani 30ypPeHHs MOJICYMb NPU3BECTU OO0
cymmesux sminenv pyxy cucmemu. Omoice 6y0b sike
8UNAOKo8e 30yPeHHst HA OOCMAMHbLO BEIUKOMY GIOPI3KY

yacy Mooice npuszgecmu 00 ABAPIUHUX  HACTIOKIS.

Heninitini  ¢paxmopu 6 mexauiuniti  cucmemi 3
napamempamu, — wWo — NePiOOUYHO  3MIHIOIOMbCS,
NpOAGNAIOMbCA, 8 OCHOBHOMY, 8 30HAX NAPAMEMPUYHUX
PE30HAHCIB.

Asmopamu nooano noHAMmMsA A8MOKONUBANb, U0
MOJCYMb  GUHUKAMU Y HEeNIMIUHUX Ccucmemax npu
giocymHnocmi nepioouunoi 30yprowyoi cuau ma, AK

NPUKNAO0,  PO32TAHYMO  KBA3I2APMOHIYHI  (OPUKYILIHI
A6MOKOAUEAHHA. Iooasnenns @puxyivinux
ABMOKOIUBANL €  OYJiCe  BAJCIUBOIO  IHICEHEPHOIO

3a0auero, OCKLIbKU OHU 3aMpPyOHSIIONb MOYHY 3VNUHKY
pobouo2o opeany ma NOpYULYIOmb NIAGHICMb 1020
nepemiujeHb.

Haseoeno ymighikosany cmpyxmyprny cxemy ons

0y0b-51K020  Muny — eneKmpoOMexamiyHoi  cucmemu
erexkmponpugooa, il napamempu, A  MAKOHC
MamemamuyHy Mooeb.

Bukonano  moodeniosanns  enekmpomexamiunoi

cucmemu 8 cepedosuwyi MATLAB/Simulink 6ionogiono
00 cmpyKkmypHOI cxemu i3 3a0AHUMU NAPAMEMPAMU.

Ompumano npoyecu po3eumKy asmMOKOIUBAHL Y
DPO32IAHYMIU cXemi npu 3a0aHil WeUOKoCmi 01 Mpbox
sapianmis 00CHIOHCeHUX Xapaxkmepucmux
HABAHMAICEHHS.

Haseoeno 3anesxcnocmi weuoxocmeil nepuioi ma
Opyeoi’ mac, npysicHoi cunu ma cuiu onopy Ha opyeii
maci i ounmamiynoi cuau 6i0 uacy. Bcmanoeneno, wo
peanizayis Komn 1omepHo-inmezposanux adanmuenux i
pobacmuux — cucmem  Kepysawus 3 YPAXY8AHHAM
HageOeHuUx  O0CNiOJCeHb — HeniHiiHux  egexmie i
napamempuyHux Koaueauwsb 3abe3neuye y3200CeHHs
OUHAMIYHUX PECUMIB eNeKMPOMEXAMPOHHOL cucmemu 3
BUMO2AMU KOHKPEMHO20 MeXHON02iuH020 npoyecy. Lle
00360/1€ 3MEHWUMU GNIUE HEeDANCAHUX KONUBATbHUX
peodicumie, nioguwumuy  cmadbilbHiCMb [ MOYHICMb
Kepy8aHHs BUKOHABUUMU MEXAHIZMAMU.

Kniouosi cnoea: napamempuuni
eIeKMmpoMexampoHHi cucmemu, HeNiHilHiCMb,
mMamemamuyHa Mooenb, 30VpeHHs, aA8MOKOIUBAHHS,
cunmes, KOoMN tomepHo-inmezposana cucmema
KepyeamHsa,  adanmueHe  Kepy8auHs,  pobacmmue
Kepy8aHHs.
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