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The method of accuracy improving and uncertain plant parameters sensitivity reducing based on multiobjective synthe-
sis of two degree of freedom nonlinear robust control by discrete-continuous plant is developed. Synthesis of nonlinear
robust regulators and nonlinear robust observers reduces to Hamilton-Jacobi-Isaacs equations solution. The robust
control target vector is choiced by multicriterion nonlinear programming problem solution in which the objective func-
tion vectors is direct indexes performance vector that are presented to the system in various modes of its operation. The
robust control target vector calculated by synthesized nonlinear robust control system modeling for various modes of
system operation with different input signals and for various plant parameters values. The dynamic characteristics
modeling end experimental researching results of a synthesized nonlinear electromechanical servo system for system
operation various modes with different input signals and for plant parameters various values are given. References 8,
figure 1.
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Introduction. Large space structures — solar panels and spatially distributed antenna arrays of space
vehicles, booms of cranes, hands of anthropomorphic robots, gun barrels are discrete-continuous plants
(DCP) [1]. When control such plants, it is necessary to take into account the intrinsic mechanical vibrations
caused by the elastic properties of these extended plants, which limits the high accuracy that modern elec-
tromechanical systems have with standard regulators [2—4]. For such plants sufficiently stringent require-
ments are for the index performances set in various modes. Often such plants are mounted on a moving base,
on which angles, angular rates and angular accelerations sensors are mounted [1]. To improve the existing
systems accuracy two degree of freedom (TDOF) control including closed-loop feed back control and open-
loop feed forward control by references and the disturbances are implemented [5]. However, in the existing
TDOF control using typical regulators, which limit the further accuracy improving of such system.

The goal of this work is to improve the control accuracy and reduce the plant parameters uncertain
sensitivity based on multiobjective synthesis of two degree of freedom nonlinear robust control by discrete-
continuous plants.

Problem statement. Consider the DCP mathematical model in solid body and elastic element form.
Denote the angle ¢(¢) for solid body and the deviation y(x, ) of the points of the rod from its undeformed
state. The torques applied to the solid body equals the actuator torque T4(¢) plus the disturbances torque Tp(?)
minus the turnnion friction torque Tx(f). The disturbances torque Tp(?) acts relative to plant as solid body,
and the distributed forces F(x, f) acts along the length of the DCP as elastic element.

The equations of plant movement can be written as follows:
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where Jy¢ is the inertia moment of solid body plant; m;(x) is the mass of the rod, which is connected with the
running weight of the rod m(x) in the ratio m;(x) = m(x)(x + r), in which 7 is the distance of the point of at-
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tachment of the rod to the solid body plant, E/(x) and £ is the DCP distributed rigidity and internal damping
coefficient.

We introduce the external disturbances models with the state vectors x,(2), the components of which
are reference and the disturbances torque, that acts on the plant, and them derivatives. We write the mathe-
matical models of external disturbances in the following form:

dxét—(t) = fa (g (0,0,@,1,0), ya () =Y, (x, (1), 0, ()., ()} (3)

where @,(f), na(f) are external signal and parametric perturbations vectors [6]; f; is a nonlinear functions.

Measured external disturbances models output vector are references plant angular position, angular
rate and angular acceleration are measured by sensors mounted on measuring systems, as well as the angles,
angular rates and angular accelerations are measured by moving base mounted sensors.

Method of synthesis. We introduce the extended system with the state vector x(?) of the extended
system, including the plant state vector x,(?) and the disturbances state vector x4(?). Then we write the ex-
tended system state equatic()n) and output equation in the standard form

dx(t
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where m46(7), Nac(?) are the vectors of the external signal and parametric perturbations [6]; f4c, iS a nonlinear
functions. Initial plant model includes DCP model taking into account the finite number of elastic oscillation
forms in (1)—(2) and drive motors model [1], moving base suspension effects. Measured output vector of the
initial system is formed by different sensors which measured the plant angular, rate and acceleration [1].

Then the task of nonlinear TDOF robust regulator synthesis is the determination of such regulator [6]
which, based on the measured output (4) are formed the control u(t) by the dynamic system is described by
the difference state equation and output equation

dfi—f’) = G(x(0).u(®), @(0.7(0), y(O)  u(®) = R(x(1), y(1)). 5)
where G and R are nonlinear functions.

We introduce the robust control target vector

(1), u(®),7(0)) = Z(x(1) u(®),7(1)), (©6)
where Z is nonlinear function.

Then the synthesis of the nonlinear robust regulator is reduced to determining the nonlinear functions
R by minimizing target vector norm (6) on control vector u(?) and maximization of the same norm on plant
uncertain vector 1(#) for the worst case disturbance. Nonlinear functions G and R are determined from of the
Hamilton-Jacobi-Isaacs equations solutions [6, 7].

Dynamic characteristics of synthesized system including a nonlinear plant (4) is closed by a nonlinear
robust controller and nonlinear robust observer (5) are determined by the control system model of the system,
the measuring devices parameters and the target vector (6). For the correct definition of the target vector (6), we
introduce the unknown parameters vector which is nonlinear target vector function (6) parameterization matri-
ces. We introduce the objective function vector are direct index performance vector that are presented to the
system [1]. The index performance vector calculated by modeling of the initial nonlinear system (4), is closed
by synthesized nonlinear regulator (5) in various operation modes with different input signals and for plant pa-
rameters values various [1]. This multiobjective nonlinear programming problem is solved based on multi-
swarm stochastic multi-agent optimization algorithms from Pareto optimal solutions [8].

In such TDOF nonlinear robust control by DCP closed loop feed back control is calculated based on
plant state vector, but open-loop feed forward control is calculated based on reference and disturbance mod-
els state vector. Moreover, nonlinear robust feed back and feed forward control are calculated simultaneously
based on the Hamilton-Jacobi-Isaacs equations solutions [6, 7].

Implementation example. As an example of the implementation of synthesized robust control by
DCP we consider T-64BM tank 2A46-2 gun stabilization system. This system is designed to guide for given
angular positions and contains from two angular position servo systems in elevation and azimuth axis [1].
The system is mounted on the moving base. Closed -loop feed back control is implemented using electric gy-
roscopic sensors are mounted on the plant in elevation and azimuth axis. This sensors are measured plant an-
gular positions, plant angular rate and plant angular acceleration in elevation and azimuth axis. So the output
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vector (3) components are the plant angles, angular rates and angular acceleration in elevation and azimuth
axis are measured by electric gyroscopic sensors are mounted on plant in elevation and azimuth axis.

To improve the servo system accuracy two degree of freedom control [5] is implemented. Open-loop
feed forward control by reference is realized by means of electric gyroscopic sensors are mounted on meas-
uring systems in elevation and azimuth axis. Open -loop control by disturbance is realized by electric gyro-
scopic sensors are mounted on the moving base in three planes.

The angular positions references are determined by the separate optical or radio technical measuring
systems in elevation and azimuth axis. This measuring systems are mounted on a gyro-stabilized platform. In
addition to the references plant angular positions, these measuring systems also are measured the angular rate
and angular acceleration of changes in the references plant angular position by electric gyroscopic sensors
are mounted on these measuring systems. The output vector components (3) are the references plant angular
position, the angular rate and angular acceleration of changes in the references plant angular position are
measured by electric gyroscopic sensors are mounted on this measuring systems.

On the moving base are mounted electric gyroscopic sensors of angles, angular rates and angular ac-
celerations in three base rotation axis. The output vector (3) components are the angles, angular rates and an-
gular acceleration in three base rotation axis are measured by electric gyroscopic sensors are mounted on
moving base. In addition, linear accelerometers are measured the acceleration of the moving base in three
axes also are mounted on the moving base. These accelerometers are used to evaluate the distributed forces
F(x, t) in (1) are acted along the length of the plant as elastic element in elevation and azimuth axes.

The control u(z) in (3) is the input of the drive motors frequency converters are powered by a syn-
chronous motors with permanent magnets and with direct actuator torques TA(t) control in (1) in elevation
and azimuth axis.

Computer simulation results. Comprehensive research of dynamic characteristics and sensitivity to
the plant parameters change of the electromechanical system with DCP for T-64BM tank 2A46-2 gun stabi-
lization system with synthesized nonlinear robust regulators are developed. The basis of combat in modern
conditions is firing off at a high speed and maneuvering movement of the tank. This operation mode deter-
mines potential accuracy of the tank weapon stabilization systems while firing on the move. On Figure are
shown state variables random processes implementation of the synthesized electromechanical tank gun stabi-
lization systems in the azimuth axis when the tank is moved at a speed of 8 m*s™' along the standard tank
route. On Figure are shown: a) the of plant and the given direction deviation angle ¢(¢) and b) its derivative
do(f)/dt. As can be seen from this figure, the error of stabilization of a given angle of a tank gun is about
0.3 mrad, which is about 1.7 times less than the error of a system with a typical proportional-differential con-
troller [1] and iscorresponded to the modern tank weapons stabilization system accuracy.

During the simulation of the dynamic characteristics of the synthesized electromechanical tank ar-
mament stabilization systems, it was found that the use of nonlinear robust control made it possible to reduce
more then 1.8 times the time spent on working out the initial angular mismatch of 0.1 rad between gun and
targets directions. When the plant inertia moment was changed by 30 %, the mining time was changed by
less than 10 % while maintaining the level of overregulation, while in the system with a typical regulator, the
mining time was changed to 30 % with a significant change in the system overshoot. Thus, the use of nonlin-
ear robust controllers also made it possible to reduce the sensitivity of the system to plant parameters
changes as compared to the existing system.

Experimental researches results. Experimental researches of T-64BM tank 2A46-2 gun electrome-
chanical servo system as DCP with TDOF nonlinear robust controller in different operating modes are de-
veloped. At the beginning the experimental researches of the dynamic characteristics of gun as DCP of ro-
bust control are carried out. To measure the deformations of the tank gun barrel caused by elastic vibrations
of the barrel strain gages are glued to the barrel of the tank gun at a distance of 0.8 m, 2.3 m and 3.8 m from
the gun trunnions axis. Based on these experimental researches, the mathematical model of gun as DCP of
robust control (1)-(2) was refined. In particular the experimentally determined resonant frequency of the T-
64BM tank 2A46-2 gun barrel elastic vibrations is 10.14 Hz. Experimental research of gun electromechani-
cal servo system confirmed the correctness of computer simulation results.

Based on the analysis of experimental researches and computer simulation results of dynamic char-
acteristics of the synthesized electromechanical tank armament stabilization systems as a DCP are shown
that the use of synthesized nonlinear robust regulators made it possible to reduce by 1.7 times the error of
stabilization of a given angular position of a tank gun when the tank is moved along the standard tank route,
reduce by 1.8-2 times the time spent working off the initial angular misalignment of 0.1 rad between the gun
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and target directions, reduce by 20 % the system sensitivity to plant parameters changes in comparison with
the existing system with standard proportional-differential regulator.

It is shown that experimental and calculated dynamic characteristics does not exceed on 20 %.

Conclusions. For the first time the method of multiobjective synthesis of two degree of freedom
nonlinear robust control by discrete-continuous plant to accuracy improving and to uncertain plant parame-
ters sensitivity reducing is developed.

The multiobjective synthesis of two degree of freedom nonlinear robust control by discrete-
continuous plant is reduced to Hamilton-Jacobi-Isaacs equations solution. The robust control target vector is
choice by multicriterion nonlinear programming problem solution. The objective function vectors are direct
indexes performance vector that are presented to the system in various modes of its operation. The calcula-
tion of the robust control target vector associated to synthesized nonlinear system modeling for system op-
eration various modes with different input signals and for the plant parameters various values.

As a result of synthesis of two degree of freedom nonlinear robust control by discrete-continuous
plant are showed that the use of synthesized controllers allowed to improve the control accuracy and to re-
duce the sensitivity of the system to plant parameters changes in comparison with the existing systems.

Field experimental researches of two degree of freedom nonlinear robust control by electromechani-
cal servo system are shown that experimental and calculated dynamic characteristics does not exceed on
20 %.
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Po3pobreno memoo niosuujents moyHocmi ma 3MeHuWeHHs Yymaueocmi 00 HegU3HAYeHOCI napamempis 00 ’ckmy Ke-
PYBAHHA HA OCHOBI 6A2AMOKPUMEPIANbHO20 CUHME3Y HENIHIH020 pOOACHO20 KEPYBAHHA 3 080MA CIMYNEHAMU C8000-
OU OUCKPEMHO-KOHMUHYANbHUM 00 €kmom KepyeanHs. Cunme3s HeniHiliHUX poOACHUX pe2yIAMOopie ma HeNiHIlIHUX po-
bacmuux cnocmepieauie 3600umsbcsi 00 po3e8 a3anua pisHansv I aminomona-Axobi-Atizexca. Bexmop memu pobacmuozo
KepyBaHHsl 6UHAUAEMbCS HA OCHOGI pileHHs 3a80aHHs. 6A2amMOKPUMEPIANbHO20 HENIHIIHO20 NPOSPAMYBANHS, 6EKMO-
POM Yinbosoi QYHKYIT AKOI € npsiMi NOKAZHUKU SIKOCMI, W0 Npeo S8II0mbCsl 00 CUCMeMU Y PIZHUX pexcumax il pobomu.
Ls sexmopna yinbosa GyHKyis 00HUUCTIOEMbCS NIO YAC MOOENIOBAHHS CUHME308AHOI CUCMEMU 8 DIZHUX PENCUMAX PO-
bomu 3 pizHUMU GXIOHUMU CUSHATIAMY MA OIA PI3HUX 3HAYEHb napamempis 00 ’ckmy Kepyeanus. Hasedeno pesyiomamu
MOOENOBAHHS MA eKCNePUMEHMANbHUX 00CTIOdCeHb skazanol cucmemu. biom. 8, puc. 1.

Kntrouosi cnosa: nUCKpeTHO-KOHTHHYAILHUH 00’€KT KepyBaHHS, HElliHiifHe poOacTHE KepyBaHH:S, MOICIIOBAHHS JIU-
HaMIYHUX XapaKTePUCTUK, EKCIIEPUMEHTAIIBHI TOCIKSHHS JHHAMIYHAX XapaKTePUCTHK.
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Paspaboman memood noguviuienus mouHOCMu U CHUNCEHUsL YY8CMBUMENbHOCMU K HeOnpeoeieHHOCIU Napamempos 00b-
eKma YnpasiieHus Ha OCHO8e MHO2OKPUMEPUANbHO20 CUHME3Ad HeTUHEUH020 pobacmHo20 Ynpasienus ¢ 08yMs cmene-
HAMU C80000bl OUCKPEMHO-KOHMUHYANbHbIM 00bekmom ynpaegienus. Cunmes HelUHEUHbIX POOACTHBIX Pe2yisimopos U
HeTUHelHbIX poOACmHbIX Habooamenell céo0umcs K pewenuto ypagnenuil I amuromona-Arobu-Aiizexca. Bexmop yenu
pobacmno20 ynpasienus onpedensencs Ha OCHO8e PeuleHUsi MHOZOKPUMEPUATbHOU 3a0a4ll HeTUHEUH020 NPOZPAMMU-
PoBanus, 8 KOMOpoU 6eKMOPHAs yenesas (YHKYUs AGIAEMCS BeKMOPOM NOKA3ameell Kaiecmsd, npedvaeisiemMblX K
cucmeme 8 pA3HbIX pedcumMax ee pabomei. Jma 6eKMopHas Yeaeas QYHKYUs blHUCTAEMC NPU MOOETUPOBAHUU CUH-
Me3UpPOBAHHOU HENUHEUHOU POOACMHOU CUCmeMbl OJis PA3HBIX PENCUMO8 PAOOMbL ¢ PA3IULHBIMU 6XOOHBIMU CUSHANAMU
U O pa3TUYHBIX 3HAYEHUL napamempos obvekma ynpagierus. I[lpusedensvl pe3ynomamsvl MOOEIUPOBAHUS U IKCNEPU-
MEHMANbHBIX UCCIe008AHULU OUHAMUYECKUX XAPAKMePUCMUK YKA3aHHOU cucmemsl. bubm. 8, puc. 1.

Kntrouegvle cnosa: TICKpeTHO-KOHTUHYANBHBIA OOBEKT YIIPABICHUS, HETMHEHHOE poOaCcCTHOE YIIpaBICHHUE, MOICIHPO-
BaHHUE JUHAMUYECKUX XapaKTEPUCTHK, IKCIIEPIMEHTAIbHBIC CCIEIOBAHNS TUHAMIYECKIX XapaKTEPUCTHK.
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