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IMPROVING OF ELECTROMECHANICAL SERVO SYSTEMS ACCURACY

Aim. Improving of accuracy parameters and reducing of sensitivity to changes of plant parameters of nonlinear robust
electromechanical servo systems of guidance and stabilization of lightly armored vehicle weapons based on multiobjective
synthesis. Methodology. The method of multicriterion synthesis of nonlinear robust controllers for controlling by nonlinear
multimass electromechanical servo systems with parametric uncertainty based on the choice of the target vector of robust control
by solving the corresponding multicriterion nonlinear programming problem in which the calculation of the vectors of the
objective function and constraints is algorithmic and associated with synthesis of nonlinear robust controllers and modeling of
the synthesized system for various modes of operation of the system, with different input signals and for various values of the
plant parameters. Synthesis of nonlinear robust controllers and non-linear robust observers reduces to solving the system of
Hamilton-Jacobi-Isaacs equations. Results. The results of the synthesis of a nonlinear robust electromechanical servo system for
the guidance and stabilization of lightly armored vehicle weapons are presented. Comparison of the dynamic characteristics of
the synthesized servo electromechanical system showed that the use of synthesized nonlinear robust controllers allowed to
improve the accuracy parameters and reduce the sensitivity of the system to changes of plant parameters in comparison with the
existing system. Originality. For the first time carried out the multiobjective synthesis of nonlinear robust electromechanical servo
systems of guidance and stabilization of lightly armored vehicle weapons. Practical value. Practical recommendations are given
on reasonable choice of the gain matrix for the nonlinear feedbacks of the regulator and the nonlinear observer of the servo
electromechanical system, which allows improving the dynamic characteristics and reducing the sensitivity of the system to plant
parameters changing in comparison with the existing system. References 12, figures 1.

Key words: electromechanical servo systems of guidance and stabilization of lightly armored vehicle weapon, nonlinear robust
system, multiobjective synthesis, dynamic characteristics.

ILlens. Ilosvuuenue napamempos mMOYHOCHU U YMEHblUUEHUE YYBCMEUIMETbHOCHU CUCMEMbl K UMEHEHUAM RAPAMEmpPOs
00beKma ynpagnenus HeaUHenHol pPoOdAcmHOll INEKMPOMEXAHUUECKOU Ccledaujeil CUCmemMbl HAGeOeHUA U CMAadunu3ayuu
6OOpYICEHUA  T1e2KOOPOHUPOBAHHON MAWIUKBL HA OCHO6e MHO20Kpumepuanvhozo cunmesa. Memodonozus. Memoo
MHO20KPUMEPUATbHO20 CUHME3A HETUHEIIHBIX POGACMHBIX PezYlamopos 0/ YRPAGieHus HeAUHEUHbIMU MHOZ0OMACCOBbIMU
INEKMPOMEXAHUYECKUMU CAEOAUUMU CUCHEMAMU C NAPAMEMPUYECKON HeOnpedeleHHOCbI0 OCHO8AH HA 6blOOpe 8eKmopa
yenu poOACMHOZO YNPAGNEHUsT NYyMeM peuwleHuss COOMEemcmeylowell 3a0auu  MHOZOKPUMEPUAIbHOZ0 HETUHEHUHO20
HPOZPAMMUDPOGAHUSl, 6 KOMOPOU GbIYUC/IEHUE GEKMOPO8 UeNe6oll (YHKUUU U O2PAHUYEHUI HOCUM ANZOpUMMUYECKUL
Xapakmep u CéA3aHO ¢ CUHME3IOM HeUHENUHbIX POOACIMHBIX PECYIAMOPOG U MOOETUPOBAHUEM CUHMEIUPOGANHOU CUCHEMbL 0/1A
PA3IUUHBIX PENHCUMOE PAOOmMbBL CUCMEMbl, NPU PAZIUUHBIX 6XOOHBIX CUCHANAX U ONA PA3TUYHBIX 3HAYEHUI NaApamempos
oovexma ynpaenenus. Cunme3s HeIUHEIHBIX POOACHHBIX Pe2YNIAMOPO8 U HETUHEUHBIX POOACMHBIX HabaI00ameneil c600Umcs K
peutenuro cucmemwl ypasnenuii Iamunomona — HAxoou — Aiizexca. Pesynomamol. Ilpueooamcsa pe3ynomamol cunmesa
HeNUHEeNHOol pPOoOACMHOU  INNEKMPOMEXAHUYECKOU  cledaulell  CUCMeEMbl HAGEOeHUA U CMAOUIUZAUUU  BOOPYHCEHUA
1e2KOOPOHUPOBAHHON  MAWIUHBL. Cpasnenue  OUHAMUYECKUX  XAPAKMEPUCMUK  CUHME3UPOGAHHOU  cledauieil
NEKMPOMEXAHUYECKOU CUCIEMbl NOKA3A10, YMO RPUMEHEHUe CUHME3UPOGAHHLIX HENUHEHHbIX POOACMHBIX Peyisamopos
N0360]151€M NOGLICUNb NAPAMEMPL MOYHOCIU U CHUUMb YYECHEUMETbHOCHb CUCEMbL K USMEHEHUIO RAPAMEMPO8 00beKma
YRpAaenenus no CpagHeHuio ¢ cyujecmeylouwjeil cucmemoui. Opuzunanvnocms. Bnepevie npogeden mmnozoxpumepuanvhbiii
cunme3s HeNUHENHOU POOACMHOU INIeKMPOMEXAHUUECKOU cNedauell cucmemvl HAGEOCHUA U CHMAOUNUIAUUU BOODPYIHCEHUS
nezkooponuposannoti mawunst. Ipakmuueckan uyennocms. Ilpusoosames npakmuueckue pekomeHoayuu no 0060CHOBAHHOMY
6b100pY mampuy Koduuyuenmos ycuneHus HeIUHEUHBIX OOPAMHBIX CGA3CU PeyIAmopa U HEeIUHEHHO020 Hadawoamens
cneoauieli INeKMpPOMEXanu4ecKol cucmemsl, 4Ymo NO360JsAem YIYYuiums OUHAMUYECKUE XAPAKMEPUCIMUKU U CHU3UMD
Y4YECMEUMENbHOCID CUCHIEMbL K U3MEHEHUIO NAPAMEMPO8 0GbeKma yRpasienus no CPAGHEHUIO ¢ CYUeCmeyIouieil CUCIeMOll.
bu6n. 12, puc. 1.

Kniouesvie  crnosa:  3lieKTpoMexaHH4yecKasi — cjeasimjas  cucreMa
JIerKOOPOHMPOBAHHON MAaIIMHBI, HeJHHeiiHasi podacTHasi cucTeMa,
XapaKTepPUCTHKH.

HaBeJleHUsT W CTadWJIu3anuu
MHOTOKPHTEPUAJbHBIH CHHTE3,

BOOPY:KEeHHS
JMHAMMYECKHe

Introduction. Lightly armored wheeled and tracked
vehicles produced in Ukraine have high tactical and
technical characteristics and successfully compete with
foreign weapons [1]. The basis of combat in modern
conditions is firing off at a high speed and maneuvering
movement of the machine, so all modern lightly armored
vehicles in the world equipped with weapons stabilizers,
allowing to guide the target fire on the move. The
probability of fire engagement of the target at maximum
speeds, high maneuverability and effective evasion of the
machine against the enemy's fire damage is largely
determined by the accuracy of maintaining the specified
direction of the combat module on the target with intense
perturbations on the machine's side. Increasing the

accuracy has an important economic component. For
example, the practice of using the Protector combat
module in Kongsberg's Crows 1l version based on actual
operation data in 2007 made it possible to reduce the
consumption of 12.7-mm cartridges by 70 % due to a
sharp increase in the accuracy of the hit from the first
shot. Therefore, the issues of further improving the
accuracy of weapons stabilization are an urgent problem,
both in the development of new weapons systems and in
the modernization of existing systems in service.

To systems of guidance and stabilization of lightly
armored vehicles weapons, sufficiently stringent
requirements are set for the performance indicators in
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various modes. We bring a part of such requirements for
the light-armored vehicle presented to the guidance and
stabilization system [1]: time of working out of a given
angle of error; acceleration time to rated speed and
deceleration time to full stop; an error in working out a
harmonic signal of a specified amplitude and frequency;
stabilization error when moving along a normalized path
with a random profile change with a given speed;
maximum speed of guidance; minimum speed of
guidance; failure of guidance at minimum speed.
Naturally, this should take into account the voltage and
current limitations of the anchor chain of the drive motor,
as well as the speed of rotation of the drive motor.

The goal of this work is to improve of the accuracy
parameters and reduce of sensitivity to changes of plant
parameters for electromechanical servo system guidance
and stabilization of lightly armored vehicle weapons
based on multiobjective synthesis of nonlinear robust
control.

Problem statement. Stabilizers of armored vehicles
weapons in a vertical and horizontal plane are built
according to the same type of scheme [1-4]. With the help
of an optical sight, the sight mirror is mounted in the
direction of the target, respectively in the horizontal and
vertical planes. The specified direction is compared with
the actual direction of the armament block and the
voltages proportional to the discrepancy signals between
the specified directions of the shot lines and the axis of
the bore channel are fed to the inputs of the turret drives
in the horizontal guidance channel and the arming unit in
the vertical guidance channel. In addition, the absolute
speed of rotation of the turret in the horizontal plane and
the combat module in the vertical plane are measured
with the aid of gyroscopic angular velocity sensors
mounted on the arms block and used to develop control.

The turret in the horizontal plane and the combat
module in the vertical plane are driven by DC motors
driven from permanent magnets, whose armature circuits
are powered by pulse-width converters. The rotational
speed of the motors that drive the turret and the combat
module is measured using tachogenerators. The currents
of the motor armature anchors are measured by shunts
included in the motor armature circuits, converted and
also used for control purposes

The presence in the electromechanical servo systems
of elastic elements between the drive motor and the
operating element, the uncertainty of the parameters of
the control objects, the change in mass-inertial
characteristics, complex cinematic schemes, unknown
external and internal disturbances do not allow to obtain
potentially high dynamic characteristics inherent in
modern electromechanical systems with standard
regulators [2, 3]. The use of state control by complex
electromechanical systems containing nonlinear and
elastic elements allows obtaining acceptable quality
indicators. To reduce the sensitivity of synthesized
systems to changing the parameters and structure of the
control object and external influences, robust control is
used as the state control. Consider the design of such
system.

Let us consider the nonlinear model of a discrete
plant of robust control of a multimass system with a state

vector x; in the form of a difference state equation in the
standard form

Xpat = S (st @1 ) M
where u; is the control vector, @, and 7, are the vectors of
the external signal and parametric perturbations [5, 6], f'is
a nonlinear function.

The mathematical model (1) takes into account the
nonlinear frictional dependencies on the shafts of the
drive motor, the rotating parts of the reducer and the
operating element, the play between the teeth of the
driving and driven gears, the control constraints, current,
torque and engine speed, as well as the moment of inertia
of the plant.

Method of synthesis. The task of synthesis is the
determination of such a regulator [7, 8] which, based on
the measured output of the initial system

Vi =Y(xg, 0, up) )
forming control u; using a dynamic system described by
the difference state equation and output

3
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where i is the order of the forms G; and U..
The synthesis of the regulator (4) is reduced to
determining the matrix of the forms of the regulator gain
U; by minimizing the norm of the target vector

3)

4
2o wiesmic)= D Zilwe e 1) ®)
i=2
on control vector of u;, and maximization of the same
norm on a of plant uncertain vector 7, for the worst case
disturbance.

The synthesis of the observer (3) is reduced to
determining the observer gain coefficients G; by
minimization of the error vector of the recovery of the
state vector x; of the initial system and maximization of
the same norm of the error vector along the plant
uncertainty vector 7, and the vector of external signal
influences @y, which also corresponds to the worst case
disturbance.

Matrices of the regulator U; and observer G; gain
coefficients are found from approximate solutions of the
Hamilton-Jacobi-Isaacs equations [7, 8], in which the
matrices of linear forms being found from the four Riccati
equations solutions. This approach corresponds to the
standard 4-Riccati approach to the synthesis of linear
robust or anisotropic regulators [9].

To determine the regulator (4) for plant (1) with
target vector (5) consider Hamiltonian function

H (oo uge 1) = 2w i )+
T
+ V¢ (oot ) (o 11 )
where V, are partial derivatives with respect to the state

vector x; of the infinite-horizon performance functional
(Lyapunov function)

(6)
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To determine the robust regulator (4) it is necessary
to find the minimum norm of the target vector (5) along
the control vector u; and the maximum of this norm in
the external perturbations vector 7, which reduces to
solving the minimax extremal problem of Hamiltonian
function [7]
H*(xk):minmax{H(xk,uk,iyk)}. (8)
u, dy
The necessary conditions for the extremum of the
Hamiltonian function (8) both in the control vector u; and
in the external perturbation vector 7, are these equations

Hy b (e br™ ()= 0 ©)

Hy e (e )y ()= 0, (10)
which are Hamilton-Jacobi-Isaacs equations. Here H, and
H,, are the partial derivatives of the Hamiltonian function
with respect to the control vector u; and with respect to
the external perturbations vector 7.

Note that these equations (9) — (10) are also
necessary conditions for optimizing a dynamic game, in
which the first player —the regulator which minimizes the
target vector, and the second player — external
disturbances which maximizes the same target vector.

The difficulty of obtaining a nonlinear discrete
control law is due to the fact that the difference Hamilton-
Jacobi-Isaacs equations (9) — (10) is a nonlinear algebraic
equation, while the Hamilton-Jacobi-Isaacs equations for
a continuous system is a partial differential equation.
Therefore, the difference  Hamilton-Jacobi-Isaacs
equations is not a quadratic equations in the control and
perturbation.

In this paper we use an approximate solution of the
Hamilton-Jacobi-Isaacs equation (9) — (10) assuming the
analytical dependences of the nonlinearities of the
original system (1), (2), (5) in the form of the
corresponding series [8]. Then the linear approximation of
the Hamilton-Jacobi-Isaac equation (9), (10) are the
algebraic Riccati equations

P=ATPA+R-|4"PB ATPE|..

-1
1+8'PB BTPE BTpal- (D
| ETp4a  ETPE-4%1| |ETP4

Here, the matrices A and B in (11) are the
corresponding matrices of the linear system obtained by
linearizing the original nonlinear system (1), (2), (5).

Similarly matrices of the observer G; gain
coefficients (3) are found from approximate solutions of
the Hamilton-Jacobi-Isaacs equations type (9) — (10).

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, so that none of
the players is interested in changing the optimal strategy
of behavior.

According to the modern concept of guaranteed
result, a mathematical model of uncertainty is constructed
on the basis of the hypothesis of the «worst» behavior of
perturbing factors. The essence of this hypothesis,
overcoming the uncertainty in the control problem,
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 model of the dynamics of the
control object with the assumption of its most unfavorable
(extreme) effect on the control process. In other words, it
is considered that in the a priori a given range of
perturbation change, those values are realized that ensure
the lowest quality of the control process.

It should be noted that the perturbation introduced
into the study admits a very broad interpretation and does
not appear as a physical, but as 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 «internaly disturbances (for example, noise and
measurement errors) can be attributed to it. It is also
possible to include here also uncertain factors related to
the inaccuracy of the mathematical description of the
object: unknown parameters of the object, unaccounted
inertial and nonlinear links, errors in linearization and
discretization of the object model.

Robust control target vector choice. A synthesized
system including a nonlinear plant (1) that is closed by a
robust controller (3) — (4) has certain dynamic
characteristics that are determined by the control system
model of the system (1), the parameters of the measuring
devices (2), the 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 control object and by the capabilities of the
mathematical apparatus used.

The problem of a 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 [7]
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 point of view, it seems natural
to construct optimal criteria that directly take into account
the direct indicators of the quality of the management
process, such as steady errors, regulation time, overshoot,
magnitude of oscillations, etc., which are physically most
clear and have clear limits of permissible values, based on
a rich experience in the design of systems. However, in
methods of designing control systems, indirect quality
indicators are more widely used, which, as a rule, are
easier to calculate and more convenient in analytical
research.

For the correct definition of the target vector (7), we
introduce the vector of the unknown parameters y =
= {Z(xy, uy, 1)}, the components of which are the
required weight matrices of the norm Z(x;, u, m). We
introduce the vector target function
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F(z)=[F(x).F(2)-F (2)] (10)

in which the components of the vector target function
Fi(y) are direct quality indicators that are presented to the
system in various modes of its operation such as the time
of the first matching, the time of regulation, overshooting,
etc. To calculate the vectors objective function (10) and
constraints on state variables and control, the initial
nonlinear system (1), (2) is modeled by a closed
synthesized nonlinear regulator (3), (4) in various modes
of operation, with different input signals and for various
values of the plant parameters [10, 11]. This
multiobjective nonlinear programming problem is solved
on the basis of multi-swarm stochastic multi-agent
optimization algorithms [12].

Computer simulation results. We present the
results of research of dynamic characteristics and
sensitivity to the plant parameters change of a nonlinear
two-mass electromechanical servo system of lightly
armored vehicle weapons [1] with synthesized nonlinear
robust regulators. In the existing system, PD regulators
are used, which are realized with the aid of a gyroscopic
angle sensor and a gyroscopic angular velocity sensor.
The introduction of the integral control law leads to the
emergence of undamped oscillations in the mode of
working out the given angles of the combat module
position, due to the presence of dry friction on the shafts
of the drive motor and the working member. With the
help of robust controllers it was possible to ensure a stable
operation of the system taking into account all the
essential nonlinearities inherent in the elements of this
system when two integrating links are introduced into the
control loop.

As an example, Fig.1 shows the transient processes of
state variables: a) the combat module angle; ) the combat
module speed; ¢) the elasticity moment and ) motor speed
in the guidance mode with a low speed 0.5 grad/s in the
synthesized system. As can be seen from Fig.1,b and
Fig.1,d, the drive motor and the combat module are
moving in a «stick-slipy mode. As can be seen from
Fig.1,a, the established error in the processing of the
linearly changing driving force of the gun barrel angle of
the combat module of a lightly armored machine is
practically zero.

Such system with second-order astatism, taking into
account all the non-linearities and the moment of inertia
of the working element that changes during operation,
made it possible to improve the smoothness of the motion
of the control object by more than 3.7 times when
hovering at low speeds. We note that this indicator largely
determines the potential accuracy of the operation of the
electromechanical servo system in one of the most
important modes of its operation.

The use of synthesized nonlinear robust controllers
has also made it possible to reduce the time of transient
processes in the regime of working out small angles by
more than 5.3 times in comparison with the existing
system. Moreover, when the moment of inertia of the
working mechanism changes within the given limits, the
transient processes change insignificantly and satisfy the
technical requirements imposed on the system.
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Fig. 1. Transient processes of state variables:
a) the combat module angle and ») combat module speed;
¢) elasticity moment and d) the motor rotation speed in the
guidance mode at a rate of 0.5 grad/s

The synthesized system also allowed to increase the
accuracy of working out harmonic influences of a given
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range of frequencies in 2.7 — 3.3 times, which increased
the efficiency of the system installed on a mobile base
moving along an uneven road at a given speed and given
parameters of road irregularities.

Experimental researches results. For carrying out
of experimental researches the model of a two-mass
electromechanical system is developed. The layout
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.
Experimental research of model of electromechanical
servo system confirmed the correctness of computer
simulation results and experimental research.

Conclusions.

1. For the first time the multiobjective synthesis of
nonlinear robust regulators for controlling by non-linear
multi-mass electromechanical servo systems of lightly
armored vehicles weapons with parametric uncertainty
based on the choice of the target vector of robust control by
solving the corresponding multiobjective nonlinear
programming problem. Calculation of the vectors of the
objective  function and constraints of nonlinear
programming problem are algorithmic character and are
connected with synthesis of nonlinear robust controllers
and modeling of the synthesized system for various
operating modes of the system, with different input signals
and for different values of the plant parameters is given.

2. Synthesis of nonlinear robust regulators and
nonlinear robust observers reduces to solving the system
of Hamilton-Jacobi-Isaacs equations.

3. Based on the analysis of the dynamic characteristics
of the synthesized servo electromechanical system of
lightly armored vehicles weapons have shown that the use
of synthesized nonlinear robust controllers has allowed to
improve the accuracy parameters and to reduce the
sensitivity to plant parameters changes in comparison
with the existing system.

4. Further increase of accuracy can be obtained by
restoring, with the observer of plant parametric
uncertainty vector and of external signal disturbances
vector and basis on their design of feed forward control
system. In addition, to further improve accuracy, it is
expedient to replace the DC drive motor with a high-
torque motor and realize a gearless drive with separate
stabilization of the aiming and aiming lines.
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