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A multicriteria parametric optimization of nonlinear robust con-
trol with two degrees of freedom by a discrete-continuous plant
has been developed to increase accuracy and reduce sensitivity to
uncertain plant parameters. Such plants are mounted on a moving
base, on which sensors for angles, angular velocities and angular
accelerations are installed. To increase the accuracy of control,
systems with two degrees of freedom, which include control with
feedback and a closed-loop, and with direct connections and
open-loop control of the setting and disturbing effects, are used.
The multicriteria optimization of nonlinear robust control with
two degrees of freedom by a discrete-continuous plant is reduced
to the solution of the Hamilton-Jacobi-Isaacs equations. The ro-
bust control target vector is calculated as a solution of a zero-sum
antagonistic vector game. The vector payoffs of this game are
direct indexes performance vector presented in the system in dif-
ferent modes of its operation. The calculation of the vector payoffs
of this game is related to the simulation of the synthesized nonlin-
ear system for different operating modes of the system, input sig-
nals and values of the plant parameters. The solutions of this vec-
tor game are calculated on the basis of the system of Pareto-
optimal solutions, taking into account the binary relations of pref-
erences, on the basis of the stochastic metaheuristic of Ar-
chimedes optimization algorithm by several swarms. Thanks to
the synthesis of nonlinear robust control with two degrees of free-
dom by a discrete-continuous object, it is shown that the use of
synthesized controllers made it possible to increase the accuracy
of control of an electromechanical system with distributed pa-
rameters of the mechanical part to reduce the time of transient
processes by 1.5-2 times, reduce dispersion of errors by 1.3 times
and reduce the sensitivity of the system to changes in the plant
parameters in comparison with typical controllers used in existing
systems. Further improvement of control accuracy is restrained
by energy limitations of executive mechanisms and information
limitations of measuring devices.

Keywords: discrete-continuous plant, nonlinear robust control,
Hamilton-Jacobi-Isaacs equation, multicriteria parametric opti-
mization, stochastic metaheuristic optimization algorithm.

Management of many technical plants and technological processes is carried out with the help of elon-

gated constructions connecting the actuator with the working body. In particular, this applies to large antenna
structures, solar arrays and spatially distributed antenna arrays, spaceships, crane booms, anthropomorphic robot
arms, gun barrels, etc. During operation, torsional, longitudinal or transverse oscillations occur in such structures
relative to the initial position. When controlling such an extended plant, it is necessary to take into account its
own mechanical oscillations caused by the elastic properties of these extended control objects, and the control
objects themselves are not perceived as electromechanical systems with distributed parameters of the mechanical
part of the plant. At the same time, it was assumed that the mathematical model of the control object is known
precisely. One of the central ideas of the modem theory of automatic control is the approach related to the con-
trol with the help of a single controller, not of one system with a clearly defined model, but of a whole class of
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systems, parameters, and possibly structures that can change during operation. This direction is currently devel-
oping intensively and has gained recognition as independent one, getting named as robust control.

The central problem of modern theory and practice of automatic control is the creation of systems
capable of ensuring high accuracy of control under intense setting and disturbing effects of a wide range of
frequencies [1-3]. The synthesis of control systems with two degrees of freedom, which combine the princi-
ples of open-loop and closed-loop control, allows, in a number of practical cases, to obtain an accuracy that
is unattainable in feedback systems [4—5].

When working in different modes, various requirements are put forward to the multi-mass monitor-
ing systems under development [6]. One of the main ones is the requirement for the stability of the synthe-
sized system, that is, the ability of the system to support the technical requirements put forward to it when
the parameters of the control object and external effects change within certain limits [7].

For such systems, in most practical cases, it is impossible to satisfy the technical requirements for
the system with the help of typical proportional-integral-differential controllers, which necessitates the use of
more complex controllers and modern methods of their synthesis [8]. One of the approaches to the problem
of parametric synthesis is the optimization of system parameters, the structure of which is determined by
solving the problem of optimal synthesis [9—10].

In the last decade, there have been developed methods to minimize the H,, is a norm, which serves as
an effective indicator of the system's response to various types of actions in the presence of uncertainty in the
description of the control object. In this regard, the development of a methodology for the synthesis of robust
control systems for discrete-continuous objects for operation in the entire range of changes in the parameters
of the control object with the help of one central controller designed for one set of parameters is an urgent
task, which determined the direction of this research.

Such objects are installed on a moving base, on which sensors of angles, angular velocities and an-
gular accelerations are mounted. To improve the accuracy of existing systems, control with two degrees of
freedom is implemented, including closed-loop feedback control and closed-loop feedforward control by re-
sistances and disturbances [9-10]. However, existing control systems use typical controllers, which limit the
further improvement of the accuracy of such system.

The aim of the work is to develop a method of multicriteria parametric optimization of robust con-
trol with two degrees of freedom by a discrete-continuous plant to increase control accuracy and reduce sen-
sitivity to plant parameters uncertainty.

Mathematical models of a discrete-continuous object
Let’s consider the mathematical
model of the object in the form of a rigid body | ||
and an elastic element, as shown in Fig. 1. | =%
The control of the object is driven by a syn-
chronous motor with permanent magnets. On
the basis of the sensors, the control of the fre-
quency converter is created with the help of | —,
the controller to work on the given angular
position or angular velocity of the object.

Converter
frequency

CONTROLER

Sensors

Fig. 1. Scheme of a discrete-continuous object

In addition to rotation around the axis, the plant performs elastic oscillations. Through o(¢), we de-
note the angle of rotation of a rigid body in the inertial coordinate system, y(x, ) is the deviation of points of
the rod from the undeformed state. The control is carried out with the help of the moment M.(¢), applied to
the main rigid body. Disturbing moment M,(f) and the moment of friction M) act relative to the axis of ro-
tation of the rigid module, and Fy(x, f) — the distributive force, which acts along the length of the elastic ele-
ment. Then the equation of motion relative to the axis can be written in the following form [11-14]:

r+l

R j ()T e ()01, )00, 0). m
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This equation describes the free motion of a discrete-continuous plant, in which /. is a characteristic
of a discrete-continuous object as a rigid body, and m;(x) also characterizes the mutual effect of the move-
ments of the rigid module and the oscillations of the elastic elements. Function y(x, t) satisfies the equation
of oscillations of an elastic beam

14 7o) @y&ﬂ 8y&0 (0_

()2 ()P gy ) PH ey ()P ), ®
where El(x) is the is the flexural rigidity of the plant; & is the internal damping coefficient of the plant mate-
rial; Fy(x, f) is the external disturbance, distributed along the length of the barrel, caused by vertical oscilla-
tions of the axis of the plant when the latter moves over rough terrain.

Let's introduce the function y(x, ) in the form of the following decomposition

)= Y ). ®

where n is the number of accounted forms of elastic oscillations of the plant. Then we obtain the following
equations describing the motion of a discrete-continuous object under the action of control moment M(%),
disturbing moment M,(f) and turning friction moment M(f), as well as the force distributed along the length
of the plant Fy(x, f), caused by vertical oscillations of the plant

r+l

I, d;(fz(t) 1 jml (), (o) = M (0)+ M, ()= M, (0); 4

m1<x>";f§”+m<x>i”zly,.(x>%(f)+Ez<x>gy1V rseey O ). o

Control accuracy is largely determined only by the first form of elastic oscillations. Considering only
the first basic form of elastic oscillations, let's represent the function y(x, ) in the form

yxr) =1y (¥ e). (6)
Then the dynamics equations (4)—(6) of the motion of a discrete-continuous object will take the form
d’olt d’T,(t
1 LA IOy (e, o), 0 o
d*olt d’T,
T o T g 40D )= 1) ®)
dt dar’
The disturbing moment is determined by the followmg ratio:
M, =po0,(t), ©)

where | is the constant coefficient determined experimentally; w,(?) is the angular velocity of the plant in
the vertical plane.

The second type of external disturbances is associated with accelerations of the plant relative to its
vertical axis. These accelerations, being applied to the distributed masses of the plant, cause its elastic oscil-
lations. The distributed forces applied to the tool and included in the equations of its bending oscillations are
determined by the following relation

d*z(t
Fy(x,2)=m(s) 5), (10)
dt
2
where m(x) is the mass per unit length of the plant; dzz(t) is the acceleration of the object relative to its ver-
t
tical axis.
Then we get
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3 dzz(t)r” 3 d*z(r)
fol)==2 j )y (xhdy =k, == (11)

We will form random changes of the disturbing moment M(¢) and disturbing force f(¢) from uncor-
related sources of random signals, such as white noise of unit intensities, using shaping filters with transfer
functions of oscillatory links.

K, o2,
w,(p)=———%——; (12)
p + ZEJd(Ddrp + (Ddr

K .o
Wilp)=— e =, (13)
P +28,0,pt oy
where o, 0, are resonant frequencies of natural undamped oscillations; &, & are damping coefficients; Ky, K,
are gain coefficients of shaping filters.
The executive drive is a cir- K
cuit of direct torque control of a syn- aN TKi |
. pt+28,T.p+1

chronous motor, the equation of dy-
namics of which is written in the form

T2 p* +28,T,p+1 > (14)
where T, &,, K, are time constant,
damping coefficient and gain of the
direct torque control circuit of the
synchronous motor, respectively.

On the basis of the obtained
equations (7)—(14), a scheme of the
mathematical model of the plant with
distributed parameters of the me-
chanical part is shown in Fig. 2.

Wf (p)=

Fig. 2. Scheme of the mathematical model of the control system

Uncertainties of mathematical models of tracking systems

The central problem of the modern theory and practice of robust control is the design of systems ca-
pable of functioning effectively in conditions of uncertainty of the parameters of the plant model (1), and
possibly also in the structure of the plant models, disturbing effects and measurement noises [1-3]. In the
considered electromechanical tracking systems, the plant’s moment of inertia changes most significantly dur-
ing operation [4—5]. At the current stage of the development of the theory of automatic control systems, there
is a need to search for such control in conditions of incomplete, unclear and imprecise knowledge of the
characteristics of the control object and the environment in which this object functions, since the practice of
designing and operating control systems objects showed that systems synthesized according to the criteria of
modular and symmetric optima, as well as the quadratic quality criterion, are sensitive to changes in the pa-
rameters of the control object, characteristics of input and disturbing effects, to changes in the structure and
parameters of the object model control, which is used in control loops [6—8]. Such systems may lose both
optimality and performance if information about the object and operating environment is known with some
degree of certainty or uncertainty [1].

Mathematical models of tracking systems

The accuracy improvement of electromechanical control systems is often held back by the imperfec-
tion of mechanical transmissions from the actuator to the working mechanism [1-3]. This manifests itself
primarily when the bandwidth of the system increases, when the frequencies of the transmission's own me-
chanical oscillations, together with the drive and the working mechanism, fall into the range of operating
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frequencies of the control systems [4—5]. At the same time, it is necessary to take into account the presence
of elastic elements between the shafts of the executive motor, gearbox and working mechanism, and instead
of a single-mass model of the engine — working mechanism, — use two-, three-, and sometimes even multi-
mass models [1]. The operating conditions of electromechanical systems are also complicated by the pres-
ence of a nonlinear dependence of the moment (force) of friction on the sliding speed of the working mecha-
nism relative to the processed material. This dependence is often manifested in many operating modes of
electromechanical systems at low (creeping) speeds of the working body movement. Moreover, for some
mechanisms this mode is the one that works, and for others — emergency mode is the one that works [10].

The real kinematic scheme of electromechanical tracking systems contains elastic elements (ele-
ments of finite rigidity) [1-3]. The presence of elastic elements complicates the calculation scheme of the
mechanical part of the system, turning it into a multi-mass one. Research has shown that with sufficient ac-
curacy for practical calculations, the mechanical part of the system can be represented as a two-mass system.

Let’s write down the electromechanical tracking system taking into account the models of executive
motors and sensors as plant of the robust control system (1)—(14) with the state vector x(¢) in the standard
form of the state equation

dx(r)

= f(x(@),u(t), o)), (14)

where u(?) is the control; w(f) and n(¢) are vectors of the external signal and parametric disturbances; f'is the
nonlinear function.

The mathematical model (14) takes into account nonlinear frictional dependences on the shafts of the
drive motor, rotating parts of the gearbox and plant, the gap between the teeth of the driving and driven
gears, control restrictions, current, torque and motor rate, as well as the moment of inertia of the plant.

The measured output vector of the output system

9(0) =Y (x(t),0(t),u(t)) (15)

is formed by various sensors that measured the angle, rate and acceleration of the plant [3].
Let's introduce the robust control target vector

z(x(0),u(t), ()= Z(x(t),u().n()), (16)

where Z is the nonlinear function.
We will form control u(¢) in the form of nonlinear feedbacks

u(t) = R(y()) (17)
with a typical proportional-integral controller or by the full state vector of a nonlinear plant (14)
dylt
%= G, u(0),0(0), (1)), (18)

which restores the full state vector x(7) of the original plant (14) from the measured output vector y(¢) in (15).

Note that with the help of the observer (18) according to the measured output vector y(¢) of the origi-
nal system (15), in addition to the state vector of the original object (15), the state variables of the vectors of
controlling and disturbing effects on the system, as well as the vector of parametric effects, are also restored.

The solution to the problem of parametric design of an electromechanical tracking system are matri-
ces G={G;} and R={R;}, which are used to parameterize the controller's nonlinear functions R and the ob-
server G in (17) and (18).

The situation becomes even more complicated when the presence of elastic elements is combined
with the operation of the system in the falling section of the external friction characteristic, which can lead to
the occurrence of sustained or even divergent mechanical oscillations [ 1-3].

Technical requirements for tracking systems

Different requirements are put forward to the operation of the control system in different modes [1-3].
As a rule, certain limitations are imposed on the quality of transient processes - the time of the first agreement,
the time of regulation, over-regulation, etc. Of course, there is a limit to the maximum variance of the tracking
or stabilization error when compensating for random disturbances, and constraints on the state and control vari-
ables must usually be met. Another requirement for control systems is to limit the errors of setting or compen-
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sating disturbing effects in the form of harmonic signals. One can set an input signal of one frequency or sev-
eral characteristic operating frequencies, as well as a range of operating frequencies in which certain require-
ments must be met. Finally, for high-precision tracking systems, the characteristic mode of operation is the de-
velopment of low speeds or small displacements. For this mode, smooth motion is usually specified in the form
of appropriate criteria. The reason for the smooth motion of the working body at low speeds is the presence of
nonlinearities of the dry friction type in drives, working bodies and elastic elements between the executive mo-
tor and the working body, which leads to jerky oscillations of the moving parts of the drive and the working
body, which is accompanied by stops and disruptions of the moving parts in relation to the position of the stops.

Multipurpose parametric design

Usually, tracking systems are installed on a moving base. For such systems, there are separate meas-
uring systems, which are used to measure setting and disturbing effects. The development of control systems
with two degrees of freedom, which combine the principles of open-loop and closed-loop control, in a num-
ber of practical cases allows to obtain an accuracy that is unattainable in systems with feedback.

With this approach, information on supporting and disturbing effects is used to form control to ob-
tain a minimum of errors in working out the system of interference and compensation of the interfering ac-
tion. In this case, the conditions of invariance with regard to the determining and disturbing effects are re-
duced to the minimization of the norms of the transfer functions of the system error in accordance with the
setting and disturbing effects.

To determine the robust controller with the target vector (16), the Hamiltonian function is considered

H(x(t),u(t),n(t)) =+, (x(0),u(®), () f (x(0),u(®),n(0)) + zT(x@),u(r),n(t))—y%nT(t)n(t) :

where V, are partial derivatives with respect to the state vector x(f) of the infinite-horizon performance func-
tional (Lyapunov function); v is the weighting coefficient that determines the degree of conservatism of the
synthesized robust controller.

Necessary conditions for the extremum of the Hamiltonian function both in the control vector u, and
in the external disturbance vector n are these equations

H,(x(0)." (x(6).m" (x(1)))=0: (19)
H, (x(0),u” (x(e), 0" (x(1))) = 0, (20)

which are the Hamilton-Jacobi-Isaacs equations.

The solution of the system of Hamilton-Jacobi-Isaacs equations is carried out iteratively so that the
first approximation is found in the form of solutions of two Riccati equations, which corresponds to the stan-
dard two Riccati approach to the synthesis of linear robust control. The synthesis of a nonlinear robust con-
troller is reduced to the determination of nonlinear functions R and G by minimizing the norm of the target
vector (16) by the control vector u(f) and maximizing the same norm by the object uncertainty vector for the
worst case. The nonlinear functions R and G are determined from the solutions of the Hamilton-Jacobi-Isaacs
equations (19)—(20).

The dynamic characteristics of the synthesized system, which includes a nonlinear plant (14), that is
closed by a nonlinear robust controller (17) and a nonlinear robust observer (18), are determined by the con-
trol system model of the system, the parameters of the measuring devices and the target vector (16). To cor-
rectly determine the target vector (16), we introduce a vector of unknown parameters, which are parametriza-
tion matrices of the nonlinear target vector function (16). We introduce multicriteria games with a game pay-
off vector — this is a direct index performance vector that is pre-sent to the system [1].

J(R,G)=[/,(R,G.n).J,(R,G).... ], (RG], (21)

in which the components J(R, G, 1) of the game payoff vector J(R, G, 1) are individual quality criteria im-
posed on the operation of the system in different modes of operation. The first player is the parameter vector
of R and G controllers and the synthesized system, and its strategy is to minimize the payoff vector of the
game. The second player is the vector of uncertainties 1 of the system plant model (1) and its strategy is to
maximize the same payoff vector of the game.
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The payoff vector of the game (21) is calculated by modeling the original nonlinear system (14),
closed by the synthesized nonlinear controller (17)—(18) in different modes of operation with different input
signals and for different values of system parameters. In such two degrees of freedom, the nonlinear robust
control of the discrete-continuous closed-loop feedback of the plant is calculated on the basis of the state
vector of the plant, and the direct control of the open-loop is calculated on the basis of the reference vector
and the state vector of the disturbance models. In addition, nonlinear stable feedback and direct control are
calculated simultaneously based on the solutions of the Hamilton-Jacobi-Isaacs equations (19)—(20).

From an engineering point of view, the problem of parametric optimization of controllers is of great
practical importance, when the basic structure of the control system remains constant, and some vector pa-
rameters, and possibly the structure of the controller, change and thus counteract the change in the parame-
ters of the external effects of the model (14) of the plant [1]. Using this approach, it is possible to synthesize
quite good controllers that differ slightly from the optimal ones. However, their technical implementation
can be significantly simplified. Such controllers have other common properties, for example, they are less
sensitive (robust) to changes in parameters, structure of the plant and input signals.

The dynamic characteristics of the developed electromechanical tracking system, including a nonlin-
ear object (14), which is closed by a robust proportional-differential controller (17) or a state controller (18),
are determined by the control system model of the system (14), as well as the parameters of the measuring
devices (15). Then the problem of multicriteria parametric design of a reliable electromechanical tracking
system can be formulated in the form of vector game solutions (21).

Calculation of vector game solutions based on an optimization algorithm

Solutions of this vector game (21) from Pareto-optimal solutions [6] are calculated on the basis of
the multi-swarm stochastic metaheuristic Archimedes optimization algorithm [15]. Currently, multi-agent
methods of stochastic optimization, which use only the location speed of swarm particles, have become the
most common. In fact, these algorithms are a first-order random search algorithm, since the search uses only
the velocity of the particle — the first-order derivative of the scalar objective function or the gradient of the
vector objective function [1]. When finding derivatives in deterministic methods, this algorithm is usually
called gradient descent.

Recently, not only the speed, but also the acceleration of the change of the objective function has
been used to increase the search speed. In this case, the acceleration of the swarm particles is found as
changes in velocities at neighboring iterations.

Special non-linear algorithms of stochastic multi-agent optimization were used to find the solution of
multicriteria games from Pareto-optimal solutions taking into account preference relations.

v (D) =w v, () +cn (OH (P — &, (O () = x,(D]+ ¢y 15, (OVH (Py; — 85 (O (6) = x5 (D]
ty (1) = wt () + €y 71 (O H (pyy =&, ()2 ()= 85 ()] + €373 (O (pa; = &, (D125 () = 8(D)];
X (D) = x; () + v, (E+1)
8;(t+1)=8,(t)+u;(t+1).

The use of the Archimedes algorithm [15] to solve the considered multicriteria parametric optimiza-
tion made it possible to significantly reduce the time of calculating the solution of the vector game due to the
fact that the calculation of the components of the game's payoff vector is related to the modeling of the sys-
tem's operation in different operating modes and under various external effects, and therefore requires sig-
nificant computing resources.

Results of computer simulation
Let’s now consider the dynamic characteristics of the synthesized robust control systems of the elec-
tromechanical system with distributed parameters of the mechanical part of the plant. Fig. 3 shows the tran-
sient processes of plant state variables during processing by the mismatch Ap=0.1, as well as the following
plant state variables: a) the angle ¢(¢) of deviation between the axis of the plant and the given direction, and
do(t) dT, (1)
dt dt

b) its derivative ; ¢) the value of the function Ty(¢) and d) its derivative in the representation of
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the function y(x, #), which characterizes the deviation of the axis point of the plant from its state, which is not
M (1)
e
Let’s now consider the implementation of the state variables of the robust control system of the dis-
crete-continuous control object under random disturbances. Fig. 4 shows the implementations of the follow-
ing plant state variables: a) the angle @(¢) of deviation between the axis of the object and the given direction,

and b) its derivative d(flit) ; ¢) the value of the function 7y(¢) and d) its derivative %
tion of the function y(x, ), which characterizes the deviation of the axis point of the plant from its state,
which is not deformed; ¢) control moment M.(¢) and f) its derivative dﬁi;t(t) .

A computer study of the dynamic characteristics of synthesized robust electromechanical control
systems with distributed parameters of the mechanical part of the plant has been carried out. First of all, the
effect of the parameters of the electromechanical system with distributed parameters of the mechanical part
of the control object on the dynamic characteristics of robust control systems was analyzed. It was estab-
lished that with the help of synthesized robust controllers for improved mathematical models, it is possible to
reduce the time of transient processes by 1.5-2 times compared to a system with typical controllers. Accord-
ing to the results of the simulation of the synthesized system, it is shown that with the help of synthesized
stochastic robust controllers, it was possible to increase the accuracy of controlling the electromechanical
system with distributed parameters of the mechanical part and reduce the dispersion error by 1.3 times in
comparison with the typical controllers used in existing systems, with random external effects. Further im-
provement of stabilization accuracy is restrained by energy limitations of executive mechanisms and infor-

mation limitations of measuring devices.

deformed; e) control moment M(f) and f) its derivative

in the representa-

q:‘:,.r?d 1, 581 )

=2 5 \/ E E t.s

M, N-m-10™

L e e

T, g10° M,
o T

Fig. 3. Transient processes of plant state variables during processing by the mismatch system Ap=0.1

ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2023, vol. 26, no. 3 49




I[MPUKIIAIHA MATEMATHKA

:: /\ Tt [\ il i ‘V'\\ f\
1 \ AN AT ALY B A IR A
NN RV ATRIR
02 U \ ‘ | \IF | : |
0.4 : d
’ doidt, rad/s 10 _‘n‘(:‘\-'-m-l[]_1
TS v ; A
ANNENINE AWINA g
; ARAWAN! N \WARVAR 117
ot nY VIRV, o !
z Y VY ..U U v
a V e A wE ¢ w5 2 28 9 25 4 k;.??—ﬁ
e
1 aM. /3t N-m-107
T I
NS AR ANSVART A A
RERVANTAV MRITATRN
1 I AR
| I
| kinT
. 0.5 1.5 ;‘.5 35 4E

Fig. 4. Implementation of the state variables of the robust control system of the discrete-continuous control plant
under random disturbances

Conclusions

1. The method of multicriteria parametric optimization of nonlinear robust control with two degrees
of freedom by a discrete-continuous plant to increase accuracy and reduce sensitivity to uncertain parameters
of the control plant has been developed.

2. The multicriteria synthesis of nonlinear robust control with two degrees of freedom by a discrete-
continuous plant is reduced to the solution of the Hamilton-Jacobi-Isaacs equations. The robust control target
vector is chosen as a solution of a zero-sum antagonistic vector game. The vector payoffs of this game are
vectors of direct indicators of quality, which are the requirements for the operation of the system in different
modes. The calculation of the vector payoffs of this game is related to the modeling of the synthesized
nonlinear system for different operating modes of the system with different input signals and plant parameter
values. The solutions of this vector game are calculated based on the multi-swarm stochastic metaheuristic
Archimedes optimization algorithm.

3. As a result of the synthesis of nonlinear robust control with two degrees of freedom by a discrete-
continuous object, it is shown that the use of synthesized controllers made it possible to increase control accu-
racy and reduce the sensitivity of the system to changes in the object parameters compared to existing systems.
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I[MPUKIIAIHA MATEMATHKA

BararokpurepiajibHa napaMeTpUYHA ONTUMI3allisi PO0ACTHOI0 KEPYBAHHA 3 IBOMA CTYNEHAMH
CBO0OIH AMCKPETHO-KOHTHHYAJIbHUM 00’ €KTOM

'B. I. Ky3nenos, ' I. B. Bosxyii, ' O. B. Bosiomxo, > T. B. Hikitina, > B. b. Ko6nasincbkuii

'TacTuryT npo6nem MaumHOGYayBaHHs iM. A. M. ITinroporo HAH Vkpainu
61046, Ykpaina, M. Xapkis, By. [loxkapcekoro, 2/10

? HaBuanpHO-HayKoBHil mpodeciiiHo-nenaroriunmii incrutyr YIITA
84511, m. baxmyrt, Byn. HocakoBa, 9 a

Po3pobreno bazamoxpumepianvhy napamempuyny ONMumMizayiio HeIiHIHO20 POOACMHO20 KepySanHs 3 060Md
cmyneHsamMu c80000U OUCKPEMHO-KOHMUHYAIbHUM 00 €KMOM 051 NIOGUUEHHST MOYHOCME | 3HUMCEHHS YWYMAU8OCmi 00
HegusHayeHux napamempié 06 ’ekma. Taxi 06 exmu po3miugeni Ha pyXomiti OCHOGI, HA 5Kl 6CMAHOGNEHI OaMYUKU K)-
mig, Kymogux wieuoxocmeil i Kymosux npuckopemv. [[na nioguiyents mouyHoCmi Kepy8aHHs SUKOPUCMOBYIOMbCS CUC-
memu i3 0goma cmyneHsmu c60000u, AKi GKIIOUAIOMb KEPYBAHHS I3 360POMHUM 36 SI3KOM | 3aMKHYMUM KOHMYPOM 1 i3
NPAMUMU 36 SAZKAMU | POIIMKHEHUMU KOHMYPAMU KEePYBAHHS NO 3A0al0yomy ma 30ypioiouomy enausam. bacamoxpume-
pianbua onmumizayis HeiHitiHo20 poOACTNHOZ0 KepYB8anHs 3 0860MA CMYNEHAMU C80000U OUCKPEMHO-KOHMUHYATbHUM
00’exmom 38edena 00 piwenus pisHans I aminemona-Axo6i-Atizexca. Bekmop yini pobacmuoeo kepysanus o6uucio-
€mbCsl y 6uensi piuleHHs AHMA2OHICMUYHOL eKIMOPHOI 2pu 3 HYIb06010 CyMoi0. BexmopHhi suepawii yiei epu — ye npsmi
BUMO2U, AKI BUCYBAIOMbC 00 CUCIEMU 8 PISHUX pedcumax ii pobomu. PospaxyHox eexmopHux eucpauiie yici epu
nos s13anull i3 MOOEOBAHHIM CUHME308aHOI HENIHIIHOL cucmemuy OJisi PI3HUX PeXCcUMie pobomu cucmemu, 6XIOHUX cue-
Hanie i 3nayenv napamempie 06’ ckma. Piwenns yici eexmopnoi epu pospaxosylomscs Ha ochogi cucmemu Ilapemo-
ONMUMANLHUX DIUEeHb 3 YPAXYBAHHAM OIHAPHUX BIOHOWEHb nepesaz HA OCHOBI CMOXACUYHO20 MEeMAespUCMULHO20
aneopummy Apximeda onmumizayii Kitbkoma posmu. 3a80Ku CUHmMe3y HENHIUH020 POOACIHO20 KEPYSAHHS 3 080MA
cmynensamu c60600u OUCKPEMHO-KOHMUHYATbHUM 00 €EKMOM NOKA3AHO, W0 GUKOPUCAHHS CUHIME308AHUX Pe2YNAMOpI6
00360aUN0 NIOBUWUMU MOYHICIb KEPYBAHHS eIEKMPOMEXAHIYHOI CUCMEMOTO 3 POZNOOLIEHUMU NAPAMEMPaAMU MeXaHi-
uHOI yacmunu 0N 3MeHUuleHHs uacy nepexionux npoyecie 6 1,5-2 pasu, 3menwumu oucnepcito nomuiox 6 1,3 pasu i
SBHUSUMU YYMAUGICMb cucmemMu 00 3MiHU napamempie 00 €Kma 6 NOPIGHAHHI 3 MUNOBUMU Pe2YNAMOPAMU, SIKI 8UKOPU-
cmogyiomuvcsi 8 icHylouux cucmemax. Ilodanvuie niosuweHHs moYHOCMI KepyBaHH CIMPUMYEMbCS eHePLeMUYHUMU 00-
MENHCEHHAMU BUKOHABYUX MEXAHIZMIG U IHOPMAYIHUMU 0OMENCEHHAMU GUMIPIOBANbHUX NPUNLAOIS.

Knrouosi cnosa: ouckpemuo-KoHmuHyanoHull 00’exm, Heniniline pobacmue KepyeanHsi, pieHsantus I amitomona-
Akobi-Aiizexca, bazamokpumepianbha NapamempuyHa ONMuMizayis, CMOXACMUYHUL MEeMAespUCTNUYHUL A2OPUTIM
onmumizayii.
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