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Abstract—The article focuses on problems of development of the robust systems for control of platforms
motion. The main goal is to consider structure and features of data ware, hardware, and software
necessary for the efficient modelling of inertially stabilized platforms with payload assigned for operation
on moving vehicles of the wide class. To solve this problem methods of robust parametrical optimization
and robust structural synthesis are used. The proposed approaches to modelling of inertially stabilized
platforms are based on MATLAB. The analysis of appropriate software tools is represented. The
advantages of MATLAB are described. The basic stages of the robust control system modelling are given.

The list of models necessary for the design of the robust inertially platforms is represented. The model of
the stabilization plant was developed. The model includes models of the actuator and the measuring
system. The basic features of modelling of the robust inertially stabilized platforms are given. The results
of modelling are shown. The results have been obtained in conditions of parametrical uncertainty. The
presented example was based on the inertially stabilized platform assigned for the ground moving vehicle
operated in difficult conditions of the real operation accompanied with parametrical disturbances.

Proposed ways to modelling of inertially stabilized platforms allow us to decrease time and cost losses of
design. The presented results can be useful for inertially stabilized platforms operated on moving objects

of the wide class.

Index Terms—Inertially stabilized platforms; modelling; robustness; Simulink; stabilization.

I. INTRODUCTION

Nowadays the inertially stabilized platforms are
widely used for stabilization of navigation sensors,
photo and video cameras, antennas, telescopes, and
weapon systems operated at moving vehicles of the
various types. Requirements to systems of control of
platform angular motion depend on an application
area. At the same time, these platforms have a
common goal such as control of the line-of-sight of
the equipment mounted at a vehicle [1]. The
equipment stabilized by means of control systems
can be used at the ground vehicles, unmanned aerial
vehicles, aircraft, spacecraft, and ships for solving
different problems such as tracking, mapping, and
imaging.

In accordance with the generally accepted
terminology, the gimbal represents a mechanism,
which is used for control by the inertial orientation
of the measuring axes of devices mounted at the
platform [1]. The appropriate control system is
believed to be included in the concept of the
inertially stabilized platforms. These systems are
usually integrated into stabilization, tracking or
pointing system.

The inertially stabilized platforms
solving important problems such as:

1) stabilization of payload during angular motion
of a moving vehicle in conditions of parametrical
uncertainty;

provide

2) pointing line-of-sight of the observation
devices to the given reference point;

3) tracking a given reference point by means of
keeping a constant orientation of a line-of-sight in
the given direction.

The wide area of application of the inertially
stabilized platforms and the new achievements in
inertial sensor technologies makes new researches in
this area necessary for instrument making.

Operation of the inertially stabilized platforms is
implemented under influence of parametrical and
coordinate disturbances. To provide accuracy of
stabilization and tracking processes is possible using
robust control. Design of robust control systems
requires the development of mathematical models
and modelling.

Modelling is an effective tool for researching
complex control systems. Using modelling it is
possible to estimate the quality of the control
processes under the influence of reference and
disturbing signals and also changing of dynamic
objects characteristics. Such an approach to design
of control systems allows accelerating the design
time. In contrast to the mode of real operation,
modelling provides more information about the
operation of system components in different modes.
Moreover, modelling gives possibilities to imitate
faults and difficult situations of system operation.
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II. REVIEW OF LITERATURE

General principles of development of the
inertially stabilized platforms are represented in [1].
Essentials of the robust control are given in [3].
Principles of design of robust control systems are
given in many textbooks, for example, [2]. Usage of
MATLAB in the automated designed procedures of
the robust control systems is represented in [4].

The algorithm of the robust parametrical
optimization of the inertially stabilized platform for
the moving ground vehicle is given in [5]. The
principles of the robust structural synthesis of the
inertially stabilized platforms are described in [6].
Features of stabilized platform modelling require
further research.

III. PROBLEM STATEMENT

The process of design of the robust inertially
stabilized platforms of the general type is illustrated
by the block-scheme in Fig. 1. The basic stages of
the design of the robust inertially stabilized
platforms including robust parametrical optimization
and robust structural synthesis are shown here.

The role and place of modelling in the process of
design of the robust inertially stabilized platform is
of great importance. The goal of the research is to
describe the features of this process. For this, it is
necessary to choose tools for modelling, to develop
mathematical model and to carry out modelling of
the inertially stabilized platform.

The system of desigr
of the robust ISP

The parametrical
optimization of the robust

The parametrical
optimization of the robust
for moving

Modelling of ISP obtained
as result of robust
parametrical optimization

continuous ISP for moving discrete ISP
vehicles vehicles
4 \ 5

A\ 6 A\

The structural synthesis of
the robust one-degree-of-
freedom controller for ISP

The structural synthesis of
the robust two-degree-of-
freedom controller for ISP

Modelling of ISP obtained as
result of the robust structural
synthesis

Subsystems |

Fig. 1. Block-scheme of the algorithm of design of the robust inertially stabilized platform: ISP is the inertially
stabilized platform

IV. CHOICE OF SOFTWARE FOR MODEL
DEVELOPMENT

The design of robust systems requires the
implementation of large amount of transformations
of matrix transfer functions that describe the system.
Nowadays, it is possible to overcome these
difficulties by using software that allows you to
automate complex functional and analytical
transformations, such as Maple, MathCAD,
SCILAB, and MATLAB. MATLAB is especially
convenient among the listed computing systems. It
contains specialized software packages for the
design of optimal, robust control and stabilization
systems. The design of control systems is greatly
simplified when wusing additional specialized
toolboxes of the MATLAB system [7].

This way, the Control System Toolbox
application suite is designed to simulate, analyze,
and synthesize complex control systems. The
advantages of this toolbox include the possibility to
use traditional frequency methods of creating control
systems based on transfer functions. Also, it allows
using the modern theory of control based on the

representation of models in the state space. The tools
provide creating optimal design procedures for both
continuous and discrete systems. The Control
System Toolbox contains a large number of
software-implemented algorithms for analyzing and
synthesizing control systems. In addition, it has a
custom environment, as it allows you to use original
own-development algorithms.

The Optimization Toolbox has the option of
choosing an optimization method that takes into
account the specifics of a problem and provides the
opportunity to obtain the optimal solution. For the
robust synthesis of the inertially stabilized platforms,
it is most appropriate to use the Nelder—Mead
method or the genetic algorithm.

Robust Control Toolbox is a powerful tool for
designing robust systems, which provides the
complex calculations required for the structural
synthesis of controllers based on the optimization
criteria that are based on H-norms of the sensitivity
functions.

Finally, for the analysis of the synthesized
system, it is expedient to use models that take into
account all the typical nonlinearities inherent in real
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systems. The results of modelling with the use of
such mathematical descriptions should confirm the
effectiveness of the optimization. The MATLAB
software has ample opportunities for creating such
models based on the use of the Simulink.

The MATLAB software provides the combined
use of Control System Toolbox, Robust Control
Toolbox, and Simulink, which extends the
capabilities of each one and improves the
effectiveness of procedures assigned for the optimal
design of robust stabilization systems.

To develop the optimal design procedure, you
need to choose an optimization method. The most
common methods of optimization that have program
implementation in the MATLAB are the golden
section method, the quadratic approximation
method, the Nelder—-Mead method, the fastest
descent method, and genetic algorithms [8].

The golden section method is used to minimize
within a given interval, with the objective function
to be unimodal. The essence of the method of
quadratic approximation consists in approximating
the objective function by a quadratic function. The
Nelder-Mead method [8] is used to minimize the
multi-objective objective function when methods of
the golden section and quadratic approximation
cannot be used. The algorithm of the Nelder—Mead
method is implemented in the MATLAB system by
the built-in fminsearch function, which allows
minimizing the multi-variable objective function.
The fastest descent method provides the search for
an n-dimensional objective function in the direction
of a negative gradient [8].

All of the above optimization methods are
effective in finding a minimum if their initial
conditions are sufficiently close to him. In addition,
the optimization point, which is the result of the
method, may be one of the local minima, but not the
global minimum. In the general case, it is necessary
to change the initial conditions and determine the
global among the obtained local minima. This task is
very complex in terms of computational cost since
there is no systematic approach to determining the
sequence of the corresponding initial conditions that
lead to finding all local minima, among which it is
possible to determine the global minimum.

The genetic algorithm is a method of controlled
random search, which is based on the modelling of
evolution-selection processes in the direction of
survival of the best [8]. Genetic operators have been
dealing with individuals in a population for several
generations with a view to substantially improving
them. Individuals from possible solutions are often
equated with chromosomes and represented by
binary strings. The genetic algorithm allows

searching the global minimum, even when the
objective function has several extremes, including
local maxima and minima.

The task of the optimal design of any system is
characterized by the presence of constraints on
design parameters. In this case, the most well-known
approaches to determining such constraints are the
method of indeterminate Lagrange multipliers and
the method of penalty functions [8]. The method of
indeterminate Lagrange multipliers is very effective
if the constraints are given in the form of equalities.
More practical significance is given to the method of
penalty functions, which can be used for a wide
range of optimization tasks, including constraints in
the form of both equality and inequalities. This
method is effective for optimization problems with
fuzzy and free constraints. The method of penalty
functions is realized in two stages [8]. In the first
stage, a new objective function is defined with the
inclusion of such components, which are defined by
large values in violation of the given constraints,
while the implementation of permissible constraints
will not affect the appearance of the original
objective function. At the second stage, the search
for the extremum of a new objective function is
carried out using the method of unconditional
optimization.

Gradient methods cannot be used for solving
problems of optimization of systems of the specified
type. The most expedient is to use the Nelder—Mead
method or genetic algorithm. The kind of the penalty
function and the weighting coefficients are
determined depending on the features of the
designed system.

V. DEVELOPMENT OF MATHEMATICAL MODEL

Mathematical models of a stabilization system
can be represented by the hierarchical structure
consisting of two levels. Such a structure is shown in
Fig. 2. The first level corresponds to models of
stabilization systems and the second level — to
mathematical models of the system’s devices.

SSM
AM MSM

Fig. 2. The hierarchical structure of mathematical models:
SSM is the stabilization system model; PM is the plant
model; AM is the actuator model; MSM is the measuring
system model; CM is the controller model

PM CM

There are three basic methods, which are the
most convenient for the development of
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mathematical models of control systems. These
methods are based on transfer functions and
frequency characteristics, variables in the state
space, and structure-topological connections [9].

The mathematical model of an inertially
stabilized platform includes mathematical models of
separate devices taking into consideration structural
connections. It 1is convenient to represent
mathematical descriptions of separate devices as
state space models and transfer functions. Such an
approach provides the representation of the model of
the stabilization system in the form of the structural
scheme. In this case, it is convenient to implement
the optimal design of stabilized platforms, for
example, by means of the robust parametric
optimization and robust structural synthesis. It
should be noted that modern software tools provide
the possibility to formalize representation of the
structural connections between units of the general
mathematical model. Modelling of complex control
systems requires using mathematical models of
different typical disturbances.

So, modelling of the robust inertially stabilized
platforms in conditions of uncertainty can be
successfully done by means of the following stages.

1) Development of the full mathematical
descriptions of the control system components
including stabilization plant, controller, actuator, the
measuring system based on the principles of
operation. This model takes into consideration
nonlinearities inherent in real operating systems.

2) Development of the full mathematical model
of the stabilization system using models of
components. The structural connections are also
taking into consideration.

3) Development of the models of different
disturbances.

4) Linearization of the model of the control
system and its components. Such an approach
provides a representation of models in the state
space and in the form of transfer functions.

5) Modelling during carrying out procedures of
the robust parametrical optimization and robust
structural synthesis.

6) Modelling for checking results of optimal
control system synthesis.

All the models it is convenient to realize in
MATLAB software. The mathematical models
taking into account nonlinearities can be developed
by Simulink.

Development of the mathematical model of the
inertially stabilized platform can be considered on
the example of the two-axial stabilization system
assigned for operation on the ground moving object.

The dynamics and kinematics of the platform can
be described by Euler’s equations. The appropriate

full relationships and sequence of platform rotations
in the space for the two-axis platform with payload
are represented in [10]. In accordance with [10], the
mathematical model of the platform with payload
can be represented in the following form
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where o, B are the angles of the platform rotations;

o, , o, are the platform angular rates in the
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angular rates of the motors mounted at the axes x,
y; a,, B, are the rotation angles of the motors
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presence of the drive hysteresis; M M are

frex ? frey



74 ISSN 1990-5548 Electronics and Control Systems 2019. N 2(60): 70-76

of motors
is the

constant of the load moment at the motor shaft; R

the nominal dry friction moments
mounted at the gimbals axes x, y; ¢

m

is the resistance of the motor armature winding; U

o

Uy are the armature voltages of motors; n, is the

reducer gear ratio; 7, is the time constant of the

arm
motor armature circuit; kpy,, is the transfer constant
of the linearized pulse-width-modulator; U,,, is
the voltage at the pulse-width-modulator input; c,,
is the coefficient of proportionality between the
motor angular rate and the electromotive force; v is
the relative damping coefficient; 7, is the time
constant of the rate gyro, k. is the transfer constant

of the rate gyro.
In the represented set of the nonlinear equations

(1) the angles o, , B, may be defined in accordance

with the expressions, which take into consideration
the drive hysteresis

a, =a,/n,,if[a,/n,-a|205A,

4

B, =B, /n,,if |B,/n,—B[>0.5A,
B, =B.if |, /n,—B|<0.5A,

a, =a,if [a, /n, —a[<0.5A,

2

where A is the experimentally determined value.

For further researches, it is necessary to
implement linearization of the equations (1) relative
to the nominal values of the phase coordinates. Such
linearization must include the following steps:

1) linearization of the expressions determining
friction and unbalanced moments of motor and
stabilization plant;
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2) neglect drive hysteresis described by the
expressions (2);

3) neglect rate gyros errors;

4) assumption of the smallness of the platform
turn angles for linearization of the trigonometric
functions.

After the above-listed transformations the set of
equations (1) may be converted to the linearized form
and represented in the state space by the quadruple of
matrices A, B, C,D.

It should be noted, that the modelling during
optimal system design is implemented based on the
state-space model. And the check of results of the
synthesized system simulation is carried out by
means of the nonlinear model, which can be
developed based on the set of equations (1).

VI. MODELLING EXPERIMENT

The results of modelling stabilization processes
in the vertical plane taking into account the
parametrical disturbances are represented in Fig. 3.
The results of modelling stabilization processes in
the horizontal plane taking into account the
parametrical disturbances are given in Fig. 4.
Transient processes of angular rates of the two-axis
inertially stabilized platform were obtained for the
different values of the inertia and of the coefficient
of rigidity between the actuator and the platform.
These parameters were changed in the wide range
(£50%). The modelling was carried out in
conditions of the change of unbalanced moment
(£ 20%) for every channel. Results of modelling
prove the possibility of keeping accuracy in

conditions of the parametrical and coordinate
disturbances.
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Fig. 3. Angular rates for changing moments of inertia (a) and coefficient of rigidity (b) in the vertical plane
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Fig. 4.

VII. CONCLUSIONS

The mathematical model of the two-axial
inertially stabilized platform assigned for operation
on the ground vehicle was developed. The features
of modelling during the design of the robust inertially
stabilized platforms are described. The modelling of
the system for both the horizontal and the vertical
channels in conditions of the parametrical and
coordinate disturbances has been carried out. The
obtained results prove the possibility to provide the
accuracy and stability of the stabilized platform
functioning at the ground vehicle in the difficult
conditions of the real operation.
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Cymenko Ousibra AngpiiBna. Mone/roBaHHsl podacTHUX iHepuiaIbHUX cTa0lIi30BaHUX MIaTHOPM

VY cTarTi pO3MISHYTO OCHOBHI MpoOJieMH pPO3pOOKHM POOACTHUX CHUCTEM YIPaBIiHHSA pyxXxoM IuatdopM. ['ogoBHOIO
METOI0 € pO3MIIsA[ CTPYKTYpH Ta OCOOJMBOCTEH ajropuTMIYHOrO, amapaTtHOro i TPOrpaMHOro 3abe3reyeHHs,
HEOoOXiMHOro /st e(EKTUBHOrO MOJENIOBAHHS IHEpLiaNbHUX CTa0UIi30BaHUMX IUIATQPOPM 3 HABAHTAXKEHHSM,
MIPU3HAYEHUM JIJIs eKCIUTyaTanii Ha 00’ekTax muMpokoro kiacy. s po3B’s3aHHs i€l MpoOiIeMH BHKOPHCTOBYIOTHCS
METOAM pOOACTHOI MapaMETPUYHOI ONTHMI3alii i POOACTHOrO CTPYKTYPHOTO CHHTE3y. 3alpoIlOHOBaHI MiAXOOHM 10
MOJICTTIOBaHHI 1HEpLialIbHUX cTaliTi3oBaHuX MmiaTdopM 3acHoBYroThCs Ha cucteMi MATLAB. IlpeacraBneno anami3
BIJIMOBITHOTO IporpaMHoro 3a0esnedyeHHs. OnmcaHo mnepeBarn oOuucIoBasibHOrO cepenopuma  MATLAB.
[lpuBeneHO OCHOBHI €Tarmy MOJETIOBaHHS pPOOACTHUX CHUCTEM KepyBaHHsS. lIpencraBieHO mepemik MojeneH,
HEeOoOXiTHUX JJIsl TIPOEKTYBaHHS iHepIiadbHuX crabimizoBaHux miatdopM. Po3pobieHo mMonens 00’exTa crabimizaii,
sKa MICTHUTh MOJEJl BHUKOHABYOI'O MEXaHI3My Ta BUMIpPIOBaJBbHOI CUCTEeMH. I[IpHBEsEHO OCHOBHI OCOOJIHMBOCTI
MOJICTTIOBaHHSI iHepIiaJbHUX cTadinizoBaHux Iwiatdopm. [lokaszaHo pe3ynbTaTH MOJENIOBAHHS, OTPHMaHI B YMOBax
napameTpuydHoi HeBU3HaueHocTi. [IpencraBienuii NpyukiIaa 3aCHOBAaHO Ha iHEpLiaIbHUX CTa0lli3oBaHuX miatdopMax,
MPU3HAYEHUX JUIS HA3€MHHUX PYyXOMHX 00’€KTiB, siKi (DYHKI[IOHYIOTH B CKJIaJHHX YMOBAaX peaJbHOI eKCILTyaTallii, mo
CYNPOBO/IKYIOTECS MapaMETPUYHUMK 30ypeHHsSMHU. 3amnponoHOBaHI IIXOAW [0 MOJCTIOBAHHS IHEpIiaJbHUX
cTabinizoBaHuX IIaT(hOpM J03BOJSIOTH 3MEHIIIUTH Yac i BATPATH HAa MPOEKTyBaHHS. [IpencraBieHi pe3ynbTaTd MOXYTh
OyTH KOPHCHHMH Ul iHEpUiajJbHUX CTaO0iIi30BaHMX ILIATGOPM, EKCIUTyaTOBAaHMX Ha PYXOMHX 00’€KTax IIHUPOKOro
KJacy.

KurouoBi citoBa: iHepirianbHi cTadiTizoBaHi miatGopMu; MOICIIOBAHHS; poOacTHICTh; Simulink; cTadimi3arris.
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Cymenko Osbra Anapeesna. MojeJupoBanne podacTHbIX HHEPUHUAIBHBIX CTAOMIN3UPOBAHHBIX MJIATH)OPM

B crathe paccMaTpuBaroTCsi OCHOBHBIE TIPOOJIEMBI pa3paOOTKK poOaCTHBIX CHCTEM YIIPABIICHUS! JBIKEHUEM ILTATHOPM.
'nmaBHOW UENbIO SBISETCS PACCMOTPEHHE CTPYKTYPhl M OCOOEHHOCTEHW alrOpUTMHUYECKOro, amnmnapaTHOro |
NpOrpaMMHOr0  o0ecriedeHusi,  HeoOxoauMoro  miusd  3(P(EeKTHBHOrO  MOAEIMPOBAHUS  HHEPLUHUAIBHBIX
CTaOMJIM3UPOBAHHBIX IUIAT(GOPM C HArpy3KOH, NMpeaHa3HAuYeHHOW ISl SKCIUTyaTallMk Ha 00BEKTax IIMPOKOro Kiacca.
Jlis pereHust 3TOH MPOOIEMBI HCIIONB3YIOTCS METOABI poOacTHOM MapaMeTpHYecKOd ONTUMH3ALUH U POOACTHOTO
CTpYKTypHOro cuHTe3a. [IpemokeHHbIe MOaX0/bl K MOAEITHPOBAHNIO HHEPIUAIBHBIX CTaOMIM3UPOBAHHBIX IUTaT(hopM
ocHoBbiBatoTcst Ha cucteme MATLAB. IlpencraBieH aHaau3 COOTBETCTBYIOIIETO MPOIPAMMHOIO OOECIICUCHUS.
Onucanbl npeuMylecTBa BbeluucauTeNnbHOM cpensl MATLAB. IlpuBeneHbl OCHOBHBIE 3Tambl MOJEIHPOBAHUS
pOOacTHBIX cHUCTEM ymIpaBieHHs. lIpencraBieH IepedeHb Mojeliell, HEOOXOAMMBIX Ul IPOEKTHPOBAHHMS
WHEpUUAJBHBIX CTaOMIN3UpOBaHHBIX IuaTdopM. Paspaborana monmens o0beKTa CTAOWIM3ALMM, KOTOpas BKIIOYAET
MOJICTTM  WCIIOJTHUTEILHOTO MEXaHW3Ma M HM3MEPUTEIbHOHW CHUCTeMBl. [IpHBeAeHBI OCHOBHBIE OCOOEHHOCTH
MOJICTIMPOBAHMSl ~MHEPIUAIBHBIX cTaOwin3upoBaHHbIX Iwiatdopm. IlokazaHbl pe3ynbTaThl  MOJIEIHPOBAHUS,
MONyYeHHbIE B YCIOBUSX IApaMETPUYEcKOW HeompeneneHHOCTH. [IpeicTaBieHHBII TpUMEpP OCHOBaH Ha
WHEPUHUAJIBHBIX CTA0MIM3UPOBAHHBIX IUIaT(OpMax, MpeAHa3HAYeHHBIX U1l HA3eMHBIX MOJIBIKHBIX 00BEKTOB, KOTOPhIE
(YHKIIMOHUPYIOT B CJIOXKHBIX YCIOBHSX peajbHOW OKCIUTyaTallld, CONPOBOXIAIOUIMXCS MapaMeTpUUECKUMU
BO3MYIIEHUSAMH. [Ipe/yioKeHHblE TMOAXOAbl K MOJEIUPOBAHUIO WHEPHHANBHBIX CTAOWIN3UPOBAHHBIX IUTaT(opM
TIO3BOJISIIOT YMEHBIIUTH BPEMs U 3aTpaThl Ha MIpOeKTUpoBaHue. [IpencTaBieHHbIe pe3ynbTaThl MOTYT OBITh MOJIE3HBIMHU
JUTSE MTHEPIMATIBbHBIX CTA0MIM3UPOBAHHBIX TUIATQOPM, SKCILTyaTUPYEMBIX Ha MOJBIKHBIX 00BEKTaX MIMPOKOro Kilacca.
KnarwoueBble ciioBa: nHepUUaibHbIE CTAOMIM3UPOBAaHHBIE IUIATGOPMBL;, MOJEIMpOBaHUE; podacTHOCTh; Simulink;
CTaOMIIM3aLIHSL.

Cymenko Osibra AngapeeBHa. orcid.org/ 0000-0002-8837-1521

Jlokrop TexHnueckux Hayk. [Ipodeccop.

Kadenpa aspoxocmudeckux cucreM yrpapieHus, DakyqbTeT adpOHABUTAIMHU, JJIEKTPOHUKU M TEJIEKOMMYHHKAIHH,
HarmonaneHbIi aBHaninoHHBIN yHUBEpcUTeT, Kues, Ykpauna.

Ob6pa3oBanue: KueBckuii moauTeXHuIeckuii HHCTUTYT, Kues, YkpauHa, (1980).

HampaBnenue Hay4HOH JAEATEIBHOCTH: CHCTEMBI CTaOWIM3alMKd WH()OPMAIMOHHO-U3MEPUTENBHBIX YCTPOMCTB,
SKCILTYaTUPYEMBIX Ha MOJBIKHBIX 00BEKTaX HIMPOKOTo Kilacca.

KonmuectBo nmyomiukarwii: 250.

E-mail: sushoa@ukr.net



