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Abstract: A method of multiobjective synthesis for
nonlinear multi-mass electromechanical servo systems
with uncertain plant parameters based on feed-forward
robust stochastic anisotropic control to improve the
accuracy of such systems is developed. The method is
based on the choice of the robust control target vector
by solving the corresponding problem of multiobjective
nonlinear programming in which the components of the
target function vectors are direct quality indicators that
are specified to the system in various modes of its
operation. The calculation of the target function vector
componentrs and the constraints is algorithmic and is
related to the synthesis of anisotropic robust regulators
and to the modelling of a synthesized nonlinear system
for different operating modes of the system, with
different input signals and for various values of the plant
parameters. The components of the unknown vector are
the required weight matrices which form the target
vector of robust control. The synthesis of anisotropic
regulators is reduced to the solution of a system of four
related Riccati equations. The solution to the problem of
multiobjective nonlinear programming is based on
particle swarm optimization algorithms. The results of
theoretical and experimental research into the effecti-
veness of a two-mass nonlinear robust electromechanical
servo system with synthesized anisotropic robust
regulators are presented. The comparison of the dynamic
characteristics of the synthesized electromechanical
servo system showed that the application of synthesized
anisotropic robust regulators improves the parameters of
accuracy and reduces the sensitivity of the system to
changes in the plant parameters compared to the existing

system.
Key words: electromechanical servo systems, feed-
forward robust stochastic anisotropic regulator,

multiobjective synthesis, dynamic characteristics.

1. Introduction

At present, hydraulic systems used in aircrafts,
vehicles, guidance and stabilization of tank guns are
everywhere replaced by electrical systems [1-2].
Modern literature uses such expressions as “all-electric
aircraft” [3—6], “all-electric vehicle” [7], etc. This trend

is due to the creation of modern AC motors, in particular
synchronous motors with permanent magnets (PMSM),
as well as the achievements of modern power
electronics, with the use of which frequency converters
are implemented. In particular, for the purpose of
improving the accuracy of the control of the main
armament of the tanks “Leopard” 2A5/6, “Merkava”
Mk3, “Abrams” M1, modern AC electric drives are
being developed to replace the existing hydraulic ones
[8-10]. The scientific and industrial production unit
«VNII “Signal”» has developed and experimentally
studied 2ES58 Electric Drive of Gun and Turret
Stabilization System with an AC electric drive based on
PMSM and vector control (VC) to replace existing
hydraulic drives of main tank armament guidance and
stabilization systems [11-15]. Such an AC electric drive
can increase speed and acceleration of the tank turret and
gun compared to existing hydraulic drives resulting in
higher accuracy of the guidance and stabilization system.
Experimental studies of such AC electric drives designed
for controlling the turret and gun of the T-72 tank made
it possible to increase the speed of movement by up to
1.5 times (up to 45 degrees/sec), as well as to iincrease
the smoothness of drives at low speeds [12—13].

The American company “HR Textron”, the Israeli
company “Elbit” based on the developed system for the
tank “Merkava” Mk3, the European concern “EADS”,
and others offer an all-electric guidance and stabilization
system of the main armament (Electric Drive of Gun and
Turret Stabilization System) to modernize the Ukrainian
tanks T-64B (BM “Bulat”) [12, 16-19].

Note also that there is a constant increase in the
power of electrical systems. In particular, in the first tank
gun elevation axis guidance systems, the electric motor
power was 0.5 kW, and at present the electric motor
power has reached more than 10 kW [13]. In this case,
electrical systems have significant advantages over
hydraulic systems.

The electromechanical servo systems are required to
demonstrate high performance indicators in various
modes. Here are some of the requirements that are set for
the sytem of guidance and stabilization of the armament
of a lightly-armored vehicle [20]: time of response to a
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given angle of error; time of acceleration to the nominal
speed and time of deceleration to full stop; an error of
response to a harmonic signal of a specified amplitude
and frequency; a stabilization error when driving at the
given speed along a normalized path with a random
change in profile; maximum speed of guidance;
minimum speed of guidance; failure of guidance at
minimum speed. Naturally, all these requirements should
take into account the limitations of the voltage and
current of the anchor chain of the drive motor, as well as
the drive motor rate.

But the presence of elastic elements in the
electromechanical servo systems between the drive
motor and the operating element, the uncertainty of the
plant parameters [20-21], the change in mass-inertia
characteristics, complex kinematic schemes, unknown
external and internal disturbances do not allow us to
obtain potentially high dynamic characteristics inherent
in modern electromechanical systems with standard
regulators [22—23]. The use of state control by complex
electromechanical systems containing nonlinear and
elastic elements makes it possible to obtain the
acceptable quality indicators [24-26]. To reduce the
sensitivity of the synthesized systems to changing the
parameters and structure of the control object, as well as
to external influences, the robust control is used as the
state control [27].

Electromechanical servo systems are often installed
on a movable hull. These systems employ the classical
structure of the feed-forward regulators by means of
electric gyroscopic sensors of angles and angle rates that
are installed on the gun and on the hullin the elevation
and azimuth axes. However, the use of typical regulators
does not allow the accuracy of such a feed-forward
electromechanical servo system to be improved [20-21].

The characteristic operating modes of such
electromechanical servo systems are to respond to
random reference inputs and to compensate random
perturbation torques of a wide range of frequencies. This
is especially true for the servo systems installed on the
movable hull. The basis of a combat in modern
conditions is firing off at a high speed and maneuvering
movement of the machine, so all modern combat
vehicles are equipped with weapon stabilizers, which
allows the fire on the move. The probability of a target
destruction at maximum speeds, high maneuverability
and effective evasion of the machine from the enemy's
fire damage are largely determined by the accuracy of
maintaining a specified direction of the combat module
on the target with intense perturbations from the body of
the combat vehicle. The main perturbation of the combat
module is the unevenness of the road, which is random.
Figure 1 shows a fragment of the implementation of the
longitudinal profile of the road [21].
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Fig. 1. Longitudinal road profile.

The potential accuracy of such servo systems is
determined by the system error from external random
disturbances. One type of the robust state control is
anisotropic regulator [28]. Such regulators minimize
random external influences on the anisotropic norm of
the system error.

The purpose of the work is to develop a method of
multiobjective  synthesis of feed-forward robust
stochastic anisotropic control of nonlinear multi-mass
electromechanical servo systems with uncertain plant
parameters to improve the control accuracy.

2. Problem Statement

Consider the nonlinear model of a discrete system of
robust control of a multi-mass electromechanical servo
system with a state vector x; as a difference state
equation in the standard form

X+ :f(xk)uk’a)k’”k)’ (1)
where uy, is the control, ®; and #; are the vectors of
external signal and parametric perturbations [28], f'is the
nonlinear function. The components of the state vector
xk are the rates of the drive motor, gearbox and drive
mechanism, the elastic forces of high-speed and low-
speed shafts [20-21]. The control u; is represented by the
input voltages of drive motors frequency converters.

The components of the vector 7; of the external
parametric perturbations are the inertia moments of the
control object.

The components of the vector wk of the external
signal perturbations are the perturbation torques acting to
the control object, target angles and rates, measurement
noises of drive motor current, rate, angle, etc. [20-21].

Mathematical model (1) takes into account the
nonlinear dependence of friction on the shafts of the
drive motor, rotating parts and working gear element,
gaps between teeth gear, constraints of control signals,
motor current, motor torque and motor speed.

The main purpose of nonlinear multimass electro-
mechanical servo systems with uncertain parameters of
the control object is to maintain its angles and rate at the
reference levels.
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3. Synthesis Method

For the feed-forward robust stochastic anisotropic
control to be synthesized by initial nonlinear system (1),
we write the linear mathematical model of a multi-mass
electromechanical servo system with a state vector xk as
a control object of linear discrete robust control in the
standard form of a linear difference equation accepted in
the linear theory of robust control:

Xpy = Axy + By, + Byuy + B, (2)
where A4 represents the state matrix; B, stands for the
control matrix; By, B; are the matrices of external signal
and parametric perturbations.

The components of the measurement vector of linear
system (2)

Vi = Cox + Dy00, €)
are the directly measured speed of the drive motors
angles and speed of the control object (in the form of
signals obtained from angular electric gyroscopes and
high-speed electric gyroscopes mounted on the gun and
hull in horizontal and vertical planes.

An anisotropic regulator is accepted as a linear
discrete dynamic system [28] with a state vector &k,
which is given by the difference equation below:

$on = Zérk +By,. “4)

u, =C¢, %)
The input of this dynamic system (4) is the measured
variables vector yk, and its output is the control vector
uk of output system (2), and A , B , C are the
unknown matrices to be determined.
Synthesis of anisotropic regulators is related to the
minimization of the anisotropic norm of as target vector
of robust control

Zy = (C]xk +Dju, ) ) (6)
which is defined by the following expression [28]

A(6)= m2

Trace(LPLT + Z) ’

1
——In det 7
Snde ()

where P e R"" is the controllability gramian G which
satisfies the Lyapunov equation

P=(A+BL)P(A+BL) +BYB",

The matrices Y, , >, are determined by the

Riccati equation relative to the matrix R € R™"

R=A"RA+qC'C+IL"S L, (8)

where

L=Y(B"RA+¢D'C),

(1, -B"RB—qD'D) .

The central idea of the stochastic robust control
systems synthesis is related to the minimization of the
anisotropic norm of the system by the control vector u; ,
but the maximization of the same system norm by the
vector of external parametric perturbations . At the same
time, due to the introduction of Hamilton's function, the
norm of the vector of external influences with the minus
sign minimizes the system sensitivity to the change in
the parameters of the control object, and, therefore,
ensures the robustness of the system.

Such an approach to the optimization problem
corresponds to the games approach, when the first player
“control” minimizes the target function, and the second
player “external parametric perturbations” maximizes
the same target function. Moreover, since the source
system is described by a system of difference equa-
tions — a matrix equation of discrete state, and both
players use the same target function, then such a game is
called a differential game with zero sum.

The problem of anisotropic regulators synthesis
(4)—(5) is reduced to the solution of the system of four
related Riccati equations [28]: the first Riccati equation:

Y=A"YA+1'1L +0Q, 9)
where
L=I"F"YA,
H=r-F'YF,
the second Riccati equation
R=A"RA, +qCI'C +L"Y L, (10)
where
L=%(B)RA,+qD]C,),
-1
>(1,,~BLRB,)
the third Riccati equation
S = A4,SA}, + BBl —AOA", (11)
where
©=C,SClL,+DD" ,
A=(4,5C}, +BD" )6,
the fourth Riccati equation
T=A'TA,+CIC,—~N"PN, (12)
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where

¥ =B'TB,+D/,D

12 »
N=-¥"(B]T4,+D[,C,).

4. Robust control target vector choice

A synthesized system comprising nonlinear system
(1) closed by robust controller (3)-(4) has certain
dynamic characteristics that are determined by the model
of control system (1), parameters of measuring devices
(2), target vector (5).

The most important stage in the formalization of the
problem of optimal control is the choice of the quality
criterion, determined both by the functional purpose of
the unit and by the capabilities of the mathematical
apparatus used.

The problem of the reasonable choice of the quality
criterion, despite its relevance, is still unresolved. The
choice of the quality criterion is a very complex,
ambiguous and, often, contradictory task. It is known
[24] that any asymptotically stable control system even
with unsatisfactory quality of transient processes is
optimal in the sense of some criterion of this type.

From the engineering perspective, it seems natural to
establish the optimal criteria that take into account the
direct quality indicators for the process control,
including steady errors, regulation time, overshoot,
magnitude of oscillations, etc., which are physically the
most clear and have clear limits of permissible values,
and are based on a rich experience in the systems design.
However, the methods used in the design of control
systems more often involve indirect quality indicators,
which, are as a rule easier to calculate and are more
convenient in analytical research.

With this approach, the strategy that is best for one
of the players is at the same time the worst for the other
player. This is the so-called saddle point principle, which
corresponds to the condition of equilibrium: the
minimum guaranteed loss of the first player is equal to
the maximum guaranteed win of the second one, so,
none of the players is interested in changing the optimal
strategy of behaviour.

According to the modern concept of a guaranteed
result, a mathematical model of uncertainty has been
developed on the basis of the hypothesis of the “worst”
behaviour of perturbing factors [27]. The essence of this
hypothesis, overcoming the uncertainty in the problem of
control, consists in interpreting uncontrolled perturbing
factors as some hypothetical deterministic perturbation,
of which only the ranges of its change are known. This
perturbation is introduced into the dynamics model of

the control object with the assumption of its most
unfavorable (extreme) effect on the control process. In
other words, it is considered that those values are
realized in the apriori given range of perturbation
change, resulting in the lowest quality of the control
process.

It should be noted that the perturbation introduced
into the study admits a very broad interpretation and is
not a physical, but an abstract mathematical concept,
symbolizing the influence of disturbing factors. Thus,
not only the “external” perturbations applied to the
object from the side of the environment, but also all sorts
of “internal” perturbations (for example, noise, and
measurement errors) can be attributed to it. It is also
possible to include here uncertain factors related to the
inaccuracy of a mathematical description of the object:
unknown parameters of the object, unaccounted inertial
and nonlinear links, errors in linearization and
discretization of the object model.

For target vector (7) to be correctly defined, we
introduce the vector of unknown parameters

)(Z{C],DIZ}, the components of which are the

required weight matrices (C],DIZ), which form the

target vector zyof robust control (7). The vector target
function takes the following form

F(0)=[F(x).F(x)-Fo(x)] .

in which the components of the target function vector

(13)

F, ( ){) are direct quality indicators that are presented to

i
the system in various modes of its operation. These are
time of the first matching, time of regulation,
overshooting, etc. [20-21]. To calculate the target
function vector (10) and constraints on state variables
and control, initial nonlinear system (1)—(2) is modelled
by a closed synthesized anisotropic regulator (3)—(4) in
various operating modes, with different input signals and

for various values of the object parameters [20-21].

5. Solution algorithm

This multiobjective problem of nonlinear program-
ming (13) is solved on the basis of the multiswarm
algorithm of particle swam optimization (PSO) [29-30]
from Pareto optimal solutions [38] taking into account
the preference relations [31].

We used the PSO algorithm, in which the number of
swarms m is equal to the number of components of
target function vector (13).

The motion of i-th particle of j-th swarm is
described by the following expressions
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b (1) =, (1) ey (1)
' >X<H(pllJ(t) 811]( ) yl](t) ’ (14)
Ty (t)]+62jr2j(t)H(p2g'j(t)_
_821'1( ))[y]( ) 11 (t)]
xij(t+1)=xij(t)+vﬁ(t+1), (15)

where X; (t) and vy (t) are the position and velocity of
i-th particle of j-th swarm.

In (14), y; (t) and y; are the best local and global
positions of the i—th particle, found respectively by only
one i—th particle and all the particles of the j-th swarm.

Two independent random numbers r]J(t), rzj(t)
are in the range of [0,1.0], which determine the
stochastic components of the particles' velocity.

Positive constants ¢;; and ¢,; determine cognitive
and social weights of the particles' velocity components.
The values of these constants ¢;; and ¢, are chosen
taking into account the possible range of unknown
parameters of the vector y .

To fasten te process of finding a solution with small
increments of the change in the unknown parameters
vector y , the nonlinear search algoritm Cuckoo Search

of PSO [32] was used in (14).
The Heaviside function H is used as a function of

swithching particle’s motion to the local Vi (t) and
global y ! (t) optimum, respectively.

Switching the parameters of the cognitive p;; and

social p,; components of the particle’s velocity to the

local and global optimum is accepted in the form of
increments of changes in the unknown parameters of the
vector )y , when moving to local and global optimum,

respectively.
The andom numbers &, (t) ande,; (t) determine
the parameters of switching the particle motion to local

and global optimum, respectively. If py; <e,; (t) and
Daij <&z (t), then the velocity component vy (t) of

this i-th particle of the j-th swarm at the step ¢ does not
change, and the particle moves in the same direction as
at the previous optimization step.

To improve the quality of the solution finding

process, the inertia coefficients wy; are used in the range

of (0.5-0.9).

As the constraints in this problem, first of all, we
took into account the constraints on the motor voltage
and current. These limitations are due to technical
possibilities of the motor. In addition, there were set

some restrictions on the maximum particle’s velocities
vy (t) to achieve the desired accuracy of obtaining the
corresponding components of the vector solution, as well
as to improve the solution convergence.

To find a global
multiobjective problem of nonlinear programming (13)

solution to the original
while searching the optimal solutions of the local ones,

individual swarms exchange information among
themselves. In this case, to calculate the velocity of the
particles in one swarm, information on the global
optimum obtained by the particles of another swarm is
used. This makes it possible to isolate all potential Pareto

optimal solutions.

In this case, using the global solution X ; (t)

obtained by the j-th swarm as a global optimal solution
X, (t) of the k-th swarm is more preferable on the

basis of the preference relation [31].

In fact, with this approach the basic idea of the
method of successive narrowing the field of compromise
solutions is realized: from the initial set of possible
information about the relative

solutions, based on

importance of local solutions, all Pareto optimal
solutions that can not be selected according to the
available information on the pre-reverence relation.
Removal is carried out until the global optimal solution
is obtained. As a result of applying this approach, no
potentially optimal solution will be removed at each step
of the contraction. Note that the PSO algorithms using

art is the informed choice of their settings [30].

6. Computer simulation

Consider the research into dynamic characteristics of
a two-mass nonlinear electromechanical servo system
[21] with synthesized anisotropic regulators and its
sensitivity to object parameters change. Let us consider
the state variables of this two-mass electromechanical
servo system with synthesized anisotropic regulators at a
random change in the purturbation torques. Fig. 2 shows
the realization of random processes of changing the state
variables of the: a) angle and b) the rate with random
purturbation torques.
synthesized anisotropic regulators allows a 1.5-2.5 times

It is shown that using the

reduction in the error of compensation of random
external perturbation in comparison with the existing
system with typical regulators.
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O, rad

Fig. 2. Realization of random processes of the state variables
chanching with random disturbances torques:
a — angle$ b — rate.

In fact, the control system has nonlinear elements.
This, first and foremost, concerns the availability of dry
friction both in the propulsion motor and in the object of
control. In addition, the system has nonlinear
characteristics of the elements of elasticity between the
motor and control object. Consider the influence of these
elements on the dynamic characteristics of the system. In
this case, we will consider the dynamic characteristics of
the system for the three values of the moments of inertia
of the working mechanism — the nominal and the
moment of inertia, which are twice as great and little as
the nominal value. One of the tense criteria for synthesis
of a electromechanical servo system is the time of the
transient process in the mode of response to small
angles. As an example, Fig. 3 shows transient processes
of: the object angle in the mode of response to small
angles.

As can be seen from Fig. 3, the transient processes
do not change significantly when changing the moment
of inertia of the working mechanism and satisfy the
technical requirements of the system.

As a second example, consider the transient
processes of the state variables of this two-mass
electromechanical servo system with synthesized
anisotropic controllers when working out the system of
the given inconsistency of 0.1 rad. between the actual

and the given angular positions of the control object. In
Fig. 4 shows the transient processes of the angle a) and
the angle rate b) when working out the electromecha-
nical system of inconsistency 0,1 rad. Thus, employing
the synthesized anisotropic controllers resulted in 1,5-2
times reduction in the time of transient processes as
compared to the existing system with typical regulators.

;z.‘, sep
0.6 0.7 0.8 0.9

Fig. 3. Transient processes of the object angle in the mode of
response to small angles with an anisotropic regulator.

O, rad

03

02

0.1

1]

-0.1

02 -

-03

-04

-0.5

-0.6

-07

0 0s 1 1.5 2 25

Fig. 4. Transient processes of electromechanical system
response to inconsistency of 0,1 rad:
a) the angle, b) the angle rate.

In this way the comparison of the dynamic
characteristics of this two-mass electromechanical servo
system with synthesized anisotropic controllers showed
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that the use of synthesized anisotropic regulators allowed
a 1.5-2.5 times reduction in the error of compensation of
random external perturbation, a reduction in the time of
regulation, and the sensitivity of the system to
parameters change in comparison with the existing
system with typical regulators.

7. Experimental Researches

For the experimental researche to be carried out in
different operating modes, we have developed a model
of two-mass electromechanical servo system. Figure 5
shows the model of a two-mass electromechanical servo

system.

Fig. 5. Two-mass electromechanical servo system model.

The model consists of two electric machines, the
shafts of which are connected by an elastic element
whose parameters are chosen so that the natural
frequencies of the mechanical elastic vibrations of the
layout coincide with the experimentally obtained
oscillations of the real system.

The block-diagram of a two-mass electromechanical
system model is shown in Fig. 6.
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Fig. 6. Block-diagram of two-mass electromechanical
servo system model.

The mechanical part of the stand is made on the
basis of two identical motors of M1 and M2 types. The
M1 motor convertes electrical energy into mechanical,
and the M2 motor forms a load for M1. The shafts of the
motors are connected by an elastic transmission. The
system contains reference generators (RG) and
disturbances generators (DG). The external perturbation
torques are produced by the M2 motor.

The torques control system of the M2 contains a
torque regulator (TR), which generates a perturbation
torque. The TR contains feedback on the M2's current,
which is measured with a current sensor (CS).

o,,rad/sec
8 = T

Fig. 7. Experimental random processes of the M2 rate at
random external disturbance torques:
a — with typical regulators; b — with anisotropic regulators.

In a guidance mode, when the system responds to a
reference rate of the control object, the M1 is controlled
from the converter R1 by means of the rate regulator
(RR) from the rate sensors RS1 or RS2, which measure
M1’s rate or M2’s rate.

Consider the experimental research into the dynamic
characteristics of such a two-mass electromechanical
servo system model with synthesized anisotropic regu-
lators. Fig. 7 shows the experimental random processes
of the M2's rate with a) typical and b) anisotropic
regulators at random torques of external disturbances.

As can be seen from these Figures, the maximum
rate of M2 with a typical regulator is 4 sec”!, whereas an
anisotropic regulator provides the maximum rate of
1.8 sec’'. Thus, the use of an anisotropic regulator can
provide more than 2 times reduction in the control error.
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®,,rad /sec

Fig. 8. Transient processes of M2’s rate:
a — with typical regulators; b — with anisotropic regulators.

Fig. 8 shows experimental transient processes of the
M2 rate: a) with a typical regulator and b) with an
anisotropic regulator.

The comparison of these transient processes shows
that synthesized anisotropic regulators enabled us to
shorten the time of the first matching of the transient
process of a two-mass electromechanical servo system
model from 0.5 sec for a system with typical regulators
to 0.25 sec for a system with anisotropic regulators at
almost the same values of overregulation, that improves
the rate control system accuracy by 2 times.

8. Conclusions

1. It is the first time when a method of multiob-
jective synthesis of feed-forward robust anisotropic
control by nonlinear multimass electromechanical servo

systems with parametric uncertainty is developed. The
method is based on the solution of the multiobjective
problem of nonlinear programming, in which the vector's
components of the target function are direct quality
indicators of the system in various modes of its
operation.

2. The calculation of the vectors of the target
function and constraints is algorithmic and is associated
with synthesis of anisotropic robust regulators and
modelling of the synthesized nonlinear system for its
various operating modes, with different input signals and
for various values of the object parameters. The
synthesis of anisotropic robust regulators and anisotropic
robust observers is reduced to the solution of the system
of four related Riccati equations.

3. The computer and experimental results of the
analysis of dynamic characteristics of a synthesized two-
mass electromechanical servo system showed that the
use of synthesized nonlinear robust regulators resulted in
a 1.7 times' reduction in the error of stabilization of a
given angular position of a plant, a 1,8-2 times reduction
in the time of response to the initial angular misalig-
nment of 0.1 rad between the gun and target directions, a
20 % reduction in the system sensitivity to the para-
meters changes in comparison with the existing system
with a standard proportional-differential regulator.
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EJIEKTPOMEXAHIYHA CJIIAKYIOYA
CHUCTEMA I3 AHI3OTPONIIMHUM
PET'YJIATOPOM

Bopuc Ky3unenos, Irop boBayii, Tersina Hikitina,
Bauepiii Kosiomiens, bopuc Koonnsancbxuii

Po3pobiieHo MeTox GaraToKpUTEpiaIbHOrO CHHTE3Y Helli-
HiHUX 0araToMacoBHUX €JICKTPOMEXaHIYHHUX CIIIKYHUHX CHC-
TEM i3 MapaMeTpUYHOI0 HEBU3HAYEHICTIO HAa OCHOBI KOMOi-
HOBAaHOTO  pOOACTHOrO  CTOXACTUYHOIO  aHi30TpPOIIHHOro
YIpPaBIiHHS 1 HiJBUIICHHS TOYHOCTI TakuX cucreM. Metox
3aCHOBAaHMI Ha BHOOpPI BEKTOpa METH POOACTHOI'O YIPaBIIiHHS
[UISIXOM BUPIIICHHS BIANOBIAHOI 3amadi OaraToKpUTepiaib-
HOTO HEJIIHIHHOrO IpOrpaMyBaHHs, B sIKii KOMIIOHCHTaMH
BEKTOpa LUIBOBOI (DYHKLIT € NpsMi MOKa3HUKM SIKOCTI, TaKi SIK
4ac IEpIIOro Y3rOMKEHHs, 4ac PErylrOBaHHs, IMepeperylro-
BaHH NEPEXiIHUX NPOLECIB, AUCIIEPCis TIOMUIIKH CIIiIKyBaHHS
abo craOimizarii mpy BiINpaIfoBaHHI BHIAJKOBHX 33Ja0YHX,
abo KOMIIeHcalii BUIQAKOBHX 30YypIOIOYMX BIUIMBIB 1 T.II.
Ipudomy, i BUMOrHU Ipe] sBISIOThCS NPH poOOTI CHCTEMH B
pi3HMX pexuMax i B yMOBaX 3MiHHM IapaMeTpiB, a MOXJIMBO i
CTpYKTYpH ii 00’ekra ynpasiiHHsA. OOYHCICHHS KOMIIOHEHT
BEKTOpa IUILOBOI (hyHKHIi 1 OOMEXEHb Mae aaropUTMiYHUHA
Xapakrep i 0B’ sA3aHe 3 CHHTE30M aHI30TPOIHUX PEryJIsATOpIB 1
MOJICITIOBAaHHSIM CUHTE30BaHOI HEJIIHIHHOI CHCTEMH ISl Pi3HUX
PEXUMIB POOOTH CUCTEMH, IIPU Pi3HHUX BXIJHUX CUTHANIAX 1 JUIs
pi3HMX 3HaueHb napamerpiB 00’ekra ympasiiHHi. KoMnoneH-
TaMH BEKTOpa HEBIJOMHUX IApaMeTPiB € IIyKaHi BaroBi Mar-
pHIIi, 32 JIONIOMOTrOK0 SIKUX (POPMYETHCS BEKTOP METH pobact-
Horo ympaBiiHHiA. CHHTE3 aHI30TPONIHHUX pPEryJsATOpiB
3BOAMTBCA [0 BHUPIMIEHHA CHCTEMM YOTHPBOX I10B’SI3aHHX
piBHAHb Pukkatu a4 MiHIMi3amii aHi30TpOMiIHHOI HOpMHU
BEKTOpPa METH CTOXAaCTHYHOro pobacTHOro ympasiiHHA. Pi-
ILICHHS 3aBJJaHHs 0araTOKpUTEPialIbHOrO HEJIiHIHHOrO Iporpa-
MYBaHHS 3aCHOBaHE Ha aJrOPUTMAax ONTHMI3allil pOEM YacTOK.
HaBeznieHO pe3yabTaTH TEOPETHUHUX 1 EKCIIEPUMEHTANIbHUX
JIOCHII/KEHb HEJIIHIHHOI po0acTHOi J1BOX MAacoBOI €JICKTpO-
MEXaHIYHOI CIIJKYIOUOi CUCTEMH 3 CHHTE30BaHHMH aHi30TpO-
nmiitHuMK  perynstopamu. [lokazaHo, IO 3aCTOCYBaHHSI CHH-
TE30BAHHUX aHI30TPONINHUX PErylsATopiB IBOX MACOBOI €JIEKT-
POMEXaHIYHOI CHIJKYUOl CHCTEMH A€ 3MOTY 3MEHIIUTH
MOMUJIKY KOMIIEHCALli1 BUITAJKOBOI'O 30BHILIIHBOIO 30ypeHHS B
1,5-2 pasu, 3MEHIINTH Yac PEryIroBaHHS B 5 pa3iB Ta 3HU3UTH
YyTJIMBICT CUCTEMHU JI0 3MiHH ITapaMeTpiB 00'eKTa yrpaBIIiHHS
MOPiBHAHO i3 ICHYIOUOK CHUCTEMOI 3 THUIIOBUMH pEry-
JISITOpPaMHU.
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