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Abstract—The paper deals with parametrical synthesis of robust system assigned for stabilization of
aircraft equipment. The mathematical model of the stabilization plant is represented. The algorithm of
parametrical synthesis of robust system is given. Features of the optimization procedure including choice
of programming tools are reprsented. The optimization criterion of parametrical synthesis of robust system
is shown. Criteria of performance of the synthesied system including stabilization errors are analysed.
Features of simulation tests are discussed. Results of synthesied system simulation are represented. The
obtained results can be useful for moving vehicles of the wide class.
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I. INTRODUCTION

There are two known approaches to synthesis of
optimal control systems. The first approach to
synthesis of optimal multi-dimensional control systems
uses optimization based on methods of calculus of
variations [1]. It is known that using principles of
optimality for design of multi-dimensional systems of
the higher order is accompanied with computational
constraints. The second approach is based on the
previous definition of dynamic properties of the
close-loop system and taking into consideration
restrictions on the appropriate design parameters [2].

Complex multi-contour control systems are
characterized by both global and local extremums.
The cause of arising local extremums is presence of
bounded restrictions in the space of design
parameters. Such a situation requires repeated
optimization procedure depending on analysis of
obtained results. Obviously, analysis of results of
optimization requires using a model that presents
functioning of real system in the full measure.

Creation of high precision control systems
operating under influence of parametric and
coordinate disturbances is an important problem of
design of modern control systems. Many classical
approaches to synthesis of control systems in general
and stabilization systems in particular use supposition
that a system’s parameters are known. Taking into
consideration real conditions of control systems
functioning it is necessary to consider the possibility
of parameters changing in some range. A system is
believed to be robust if it is characterized by
sufficient level of stability and characteristics of for
some range of a system’s parameters changing and
external disturbances.

II. ANALYSIS OF LAST PUBLICATIONS

Nowadays the great quantity of scientific papers
deals with design of robust systems. The basic
statement that determined arising of the theory of
robustness is Kharitonov theorem, which firstly has
been formulated in [3]. There are three basic
directions of development of the theory of robustness
[4]. The first approach is grounded in [5]. The
concept of multi-dimensional stability threshold has
been introduced in this paper. The second approach is
presented in [6], where the concept of the structured
singular number is represented. The third approach
has been considered in [7] in details. It is based on the
linear matrix nonequalities. Fundamentals of the third
approach are grounded on the basic concepts of
theory of stability developed by A. M. Lyapunov.
The main goal of this method is an analytic search of
linear controllers able to provide extremum of some
given optimization functional. The optimization
process is implemented on the set of permissible set
of the linear controllers with the fixed or arbitrary
structure. One of basic concepts, on which methods
of analysis of the robust stability are based, uses a
concept of the Nyquist criterion. It is known that the
theorem of the small gain is based on this criterion.

It should be noted that most of above listed
methods is oriented on linear systems. In many cases,
results of synthesis based on application of the
linearized model coincide with results obtained by
means of more accurate and complex nonlinear
model. Moreover, development of the model similar
to a real system is sufficiently complex that can lead
to errors comparable with linearization errors.
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The first method of A. M. Lyapunov can be
accepted as the theoretical basis of system synthesis.
In accordance with such an approach stability of a
nonlinear system can be researched by the first linear
approximation under condition of smooth linear
characteristic [1].

It should be noted that the well developed MatLab
toolboxes (Control System, Robust System) are
assigned for operation with linear time-invariant
models. This requires to satisfy technical
requirements to a system with some margin taking
into consideration unsuspected errors.

III PROBLEM STATEMENT

The main goal of the paper is determination of
basic approaches to developing an algorithm of
parametrical synthesis of stabilization system.

The most important characteristic of a system of
the researched class is stability to external
disturbances, which can vary in a wide range.
Synthesis of control systems, which are stable to
disturbances, requires implementation of some stages.

1) Problem statement of the optimal synthesis.

2) Development of the full mathematical model
taking into consideration all the non-linearities
inherent to real systems.

3) Development of the linearized mathematical
model in the state space.

4) Analysis of requirements given to a system and
forming of the appropriate objective and penalty
functions.

5) Development of a technique for reprersentation
of the external disturbances taking into consideration
features of motion of the moving vehicle, on which
the researched stabilization system is mounted.

6) Choice of the optimization method.

7) Development of the algorithm of the synthesis
of robust system directed on the modern automated
means of the optimal synthesis of control systems.

8) Simulation and analysis of the obtained results.

Synthesis of robust systems can be based on
minimization of the H_-norm of the matrix transfer
function of the close-loop system. Another approach
is based on minimization of the H,-norm of the

matrix transfer function of the close-loop system,
which characterizes its accuracy. From the point of
implementation of the calculating algorithms, the

H _ - optimization is the more complex in comparison
with the H,- optimization due to the necessity to use
the search procedure. Methods of the synthesis based
on minimization of the H,-norm provide the high
accuracy of the synthesized system. Unfortunately,

the system keeps sensitivity both to the external
disturbances and to the parametric disturbances of the
plant under conditions of this method using.
Application of the H_-norm allows achieving a

system’s stability to external disturbances in
conditions of structured and unstructured parametric
uncertainty. Optimization by means of each of
considered approaches has its own advantages. And
optimization by means of the mixed -criterion
provides combination of these advantages. In this
case, the synthesized system will be characterized by
the optimal quality in conditions of the possibility of
its functioning under influence of disturbances.
Features of design of robust stabilization systems,
namely, H,, H, and mixed H,/H , -optimization
and their comparative analysis are presented in [8].

IV. MATHEMATICAL MODEL OF PLANT

Development of a procedure of the robust
parametric synthesis requires using a set of models
with different properties, which are defined by the
goal of the design phase.

A feature of the researched system is application
of the model of the plant and the motor united by the
elastic connection. This model can be represented
similar to results represented in [9]:
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where J, is the moment of inertia of the platform
with payload; ¢, is the angle of the platform; M , is

the nominal moment of friction in bearings of the
platform gimbals; M, , is the unbalance moment;

unb

7. is the reducer rigidity; n, is the gear-ratio of the

”

reducer; J,, is the moment of inertia of the rotor; ¢,

Iz

is an angle of the motor rotation; M . is the nominal

Srm
moment of friction of the motor; 7, is the constant of
moment of loading on the motor shaft; R, is the
resistance of motor armature windings; U is the
voltage of the motor armature circuit; U, is the
voltage at the output of the pulse duration modulator
(PDM); c, is the constant of electromotive force.

Based on (1) the appropriate and results of [10],
the linearized model becomes
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where f o /., are coefficients of moments of friction

of the platform and motor respectively. The most
important feature of this model is change of nonlinear
moments of friction with linear dependences.

The represented model (2) can be transformed to
the general representation of models in the state
space.

X = Ax + Bu,
_ A3)

y=Cx+Du,
where X is the vector of state variables; u is the
vector of controls; A,B,C,D are matrices, which
characterize features of the system and controls; y is

the vector of observations.

For the researched model (2), vectors of state

variables, controls and quadruple of the state space
matrices (3) look like [10]
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Basic components of stabilization system are control
unit, which carries out functions of signal processing
and forming of control signals,
pulse-duration-modulator and amplifier of voltage.
Usually the control unit includes filters of high and
low frequencies. The full description of PDW is
nonlinear. Therefore linearization is necessary in this
case. Models of other units include nonlinear
elements too and need linearization respectively. The
feature of the researched system is application of
two-degree-of freedom controller. In this case, both
control by an error and control by the disturbance are
used [11]. To implement such a control law it is
necessary to use signals proportional to current and
voltage of the motor armature.

V. ALGORITHM OF ROBUST SYSTEM SYNTHESIS

To calculate indices of quality of robust control
system is possible based on H,-norm of the transfer
function of the close-loop system. A measure of
robustness that is stability to both parametric and
coordinate disturbances is the H_-norm. In other
words, the H_-norm is an efficient index of reaction
of a system on coordinate disturbances under
conditions of uncertainty in the mathematical
description of a system. The H,- norm is a
characteristic of the function of sensitivity of a
system S(s).The H_-norm is a characteristic of the
function of complementary sensitivity 7(s). These
functions are connected by  relationship
S(s)+T(s)=1. This allows achieving a compromise

between the quality and robustness of a system [12].
Therefore synthesis of the system it is convenient to
carry out on the basis of the complex criterion
including the H, and H_ -norms with weighting
coefficients. Changing these coefficients it is possible
to achieve a compromise between performance and
robustness of the system. As robustness is a measure
is a measure of parametric uncertainty of a system, it

must H_ -norms of the nominal and parametrically
disturbed systems. And H, -norms in the complex
criterion can include appropriate norms of the

deterministic and stochastic systems. Then the
complex criterion can be described by the expression
[13]
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disturbed and parametrically disturbed models of the
system.

To implement the calculating procedure of the
optimal synthesis it is necessary to choose an
optimization method, define constraints by the design
parameters and optimization criterion.

It is convenient to choose optimization methods
based on MatLab, which nowadays is the most
widespread tool of design of modern control systems
including stabilization systems. Review of such
optimization methods is represented in [14].

To solve optimization problems with nonstrict
constraints, the method of penalty functions is widely
used. Usually, this method is implemented in two
stages.

At the first stage the objective function is formed.
Such a function includes components, which are
forfeited by great values during violation of the given
constraints.

At the second stage a new objective function is
minimized by means of a method, which is used for
solving optimization problems without constraints. It
should be noted that gradient methods can not be used
in this situation. Therefore it is convenient to use
genetic algorithms.

Procedures of parametric and
structural-parametric optimal synthesis of robust
systems for aircraft control based on the mixed

H,/H_- approach are grounded in [13].

Development of appropriate procedures for systems
of aircraft equipment stabilization requires further
development.

Synthesis of stabilization system is convenient to
create by means of toolboxes Control Toolbox and
Robust Control Toolbox, which include a great
number of functions providing analysis and optimal
synthesis of control systems in general and
stabilization systems in particular.

At that it is possible to design digital optimal
controllers of a continuous system that is one of the
most important problems of the modern instrument
making industry taking into consideration the fast
development of computer engineering.

To analyze results of the synthesized system it is
convenient to wuse models, which take into
consideration all the typical non-linearities inherent
to real systems. MatLab has wide possibilities for
creation such models based on toolbox Simulink.

An algorithm of synthesis of the robust system for
stabilization of aircraft equipment includes following
stages.

1) Creation of the mathematical model of the
two-mass system “plant — motor” as a whole unit with

parts united by the elastic connection taking into
consideration reducer rigidity.

2) Choice of a controller based on experimental
researches and theoretical approaches to design of
controllers of the considered kind.

3) Development of the stabilization system
including the two-mass model of the plant, and
models of measuring instrument, controller and
additional devices namely voltage amplifier and
PDW.

4) Development of the full model of the
researched system taking into consideration all the
non-lineraities inherent to real systems such as
restriction of signals, hysteresis, dead zone.

5) Development of the mathematical model in the
state space.

6) Determination of the minimal realization of a
model.

7) Scaling of the model based on the balanced
realization.

8) Determination of initial values and execution
of the genetic algorithm including following steps:

a. calculation of the H, and H_ -norms of the
synthesised system;

b. calculation of poles, analysis of their location
on the plane of the complex variable and
determination of the appropriate penalty function;

c. calculation of the complex index of
performance taking into consideration the penalty
function.

9) Analysis of the synthesized system including
steps:

a. calculation of the H,,H, -norms and

plotting of the logarithmic amplitude-frequency
characteristics with determination of the margin;

b. analysis of the indices of transient processes
using the model of the system taking into
consideration nonlinearities inherent to real systems.

10) Termination of the procedure of the
parametrical optimization or its repetition with new
initial conditions or new weighting coefficients of the
complex optimization criterion.

The mathematical models (4) — (7) and the
optimization criterion (8) provide parametrical
synthesis of the robust system for stabilization of
aircraft equipment.

To estimate performance of the stabilization
system it is convenient to determine errors in
different typical modes. The stabilization error can be
determined in conditions of aircraft motion with the
constant angular rate. The tracking mode error can be
determined in conditions of immovable aircraft. It is
convenient also to estimate the dynamic error in the
stabilization mode using harmonic motion. Checking
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in such conditions provides estimating of dynamical
properties of the researched system. During motion
by the harmonic law, direction of the motion of the
aircraft and respectively stabilized platform with
equipment are changed. Direction of the friction forces
is changed too. These factors provide assessment of
dynamical properties of the stabilization system in the
full measure. During simulation of such a motion, an
error in the stable mode will change by the harmonic
law x(¢) = x,,, sin(w, ¢+ ) . In this case, accuracy of
the stabilization system can be estimated by the
maximum amplitude x_ .

Simulation for checking a dynamical error of the
stabilization system must include following stages.

1) Simulation of influence of the harmonic
angular rate.

2) Determination of an amplitude of the angular
position of the stabilization plant and estimation of a
difference between the obtained amplitude and
simulated value. This estimate represents a dynamic
error.

Results of dynamical
represented in Figs 1, 2.

error assessment are
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Fig. 2. Error of the angular position of the stabilization
system

For stabilization systems of the researched class it
is important to check influence of the residual
unbalance moment. This check is carried out similar
to check of the dynamic error but is implemented for
different given values of the unbalance moments.
Feature of this simulation is that the harmonic signal
is given with some delay after beginning of simulated
system function. This is done with the goal to except
influence of the transient process. Result of such a
checking is given in Fig. 3.
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Fig. 3. Process of changing of the stabilization plant
angular position

An assessment of margin of stability is carried out
in the following way. The angular rate is entered on
the input of the stabilization system and then is
cancelled after some time delay. Margin of the
stability is determined based on parameters of the
transient process by the expression

A 100
Agiv

Margin of the stability is believed to be sufficient
if the value & is in the range (10...30)%.

All the indices of the transient process must be
checked after termination of the synthesis procedure.
Analysis of the obtained results allows making
decision about termination of the parametrical
optimization or repetition of the optimization
procedure. The repeated optimization procedure is
carried out after change of initial conditions or
weighting coefficients in the optimization criterion.

The procedure of the parametrical optimization
has following features. It is necessary to carry out the
minimal and balanced realization of the stabilization
plant model to provide the possibility of the
calculating process. These actions optimize the
calculating process and are necessary for provision of
calculations accuracy, which depends on large
quantity of matrix transformations.
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VI. CONCLUSIONS

The features of the procedure of the parametrical
optimization for system of aircraft equipment
stabilization are analyzed. The criterion of
optimization is determined. Procedures of simulation
experiments for determination of quality indices are
represented. Efficiency of the represented approaches
is proved by results of simulation. The algorithm of
synthesis of robust system for stabilization of aircraft
equipment is given. The basic characteristic of the
optimization procedure stages are represented.

REFERENCES

[1T] A. M. Letov, Dynamics of Flight and Control,
Moscow, Nauka, 1965, 352 p. (in Russian)

[2] M. V. Meerov, Systems of Multi-Connected
Regulation, Moscow, Nauka, 1965, 241 p. (in
Russian)

[3] V. L. Charitonov, “Asymptotic stability of
equilibrium state of systems of differential equations,”
Differential Equations, no. 11, pp. 20862088, 1978.
(in Russian)

[4] V.I. Veremey, Introduction in Analysis and Synthesis
of Robust Control Systems. (in Russian): Mode of
Access:http://matlab.exponenta.ru/optimrobast/book?2
/index.php

[5] M. G. Safonov and M. A. Athans, “A multiloop
generalization of the circle criterion for stability

margin analysis,” IEEE Transactions on Automatic
Control, vol. 26, no.2, 1981, pp. 415-422.

[6] J. C. Doyle, “Analysis of feedback systems with
structured uncertainties,” [EEE Transactions on

Control theory and applications, 1982, vol. 129, no. 6,
pp. 242-250.

Sushchenko Olha. Doctor of Engineering. Professor.
Aecrospace Control

[7] S. Boyd, E. Ghaoui, E. Feron, and V. Balakrishnan,
Linear matrix inequalities in systems and control
theory. Philadelphia: Society for Industrial and
Applied Mathematics, 1994, 193 p.

[8] I. P. Egupov, Methods of Robust, Neuro-Fuzzy and
Adaptive Control, Moscow, MSUB, 2002, 744 p. (in
Russian)

[9] O. A. Sushchenko and R. A. “Sayfetdinov,
Mathematical model of stabilization system of ground
vehicle,” Electronics and Control Systems, 2207,
no. 3(13), pp. 146-151. (in Ukrainian)

[10]O. A. Sushchenko, “Features of linearization of
stabilization system of ground moving vehicle,”
Electronics and Control Systems, no. 1(15), 2008,
pp. 62—66. (in Ukrainian)

[11]7V. A. Besekerskiy and E. P. Popov, Theory of
Systems of Automatic Regulation, Moscow, Nauka,
1975, 768 p. (in Russian)

[12]H. Kwakernnak and R. Sivan, Linear Optimal Control
Systems, Moscow, Mir, 1977, 464 p.

[13]A. Tunik, R. Hyeok, and L. Hae-Chang, ‘“Parametric
Optimization Procedure for Robust Flight Control
System Design,” KSAS International Journal, vol. 2,
no. 2, pp. 95 - 107.

[14]G. K. Voronovskiy, K. V. Makhotilo, S. N. Petrashev,
and S. N. Sergeev, Genetic Algorithms, Artificial
Neuronets and Problems of Virtual Reality, Kharkiv,
OSNOVA, 1997, 112 p. (in Russian)

[15]Yu. L. Ketkov, A. Yu. Ketkov, and M. N. Shults,
MATLAB 7: Programming, Numerical Methods,
Saint-Petersburg, BHV-Petersburg, 2005, 752 p. (in
Russian)

Received March 28, 2018.

Systems Department, Education&Research Institute of Air Navigation, Electronics and

Telecommunications, National Aviation University, Kyiv, Ukraine.

Education: Kyiv Polytechnic Institute, Kyiv, Ukraine, (1980).

Research interests: systems for stabilization of information-measuring devices operated at vehicles of the wide class.

Publications: 250.
E-mail: sushoa@ukr.net

Yehorov Serhii. Senior Teacher.

Avionics Department, Education&Research Institute of Air Navigation, Electronics and Telecommunications, National

Aviation University, Kyiv, Ukraine.
Education: Kharkiv Aviation Institute, (1979).
Research interest: avionics systems.
Publications: 15.

E-mail: avionika2006@ukr.net

0. A. Cymenko, C. JI. €ropos. [lapameTpuunuii cuHTe3 podacTHOI cucTeMHu cTadinizamii 00JIagHAHHA JiTAJTBHUX
anapartiB

B cratTi po3misiHyTO MapaMeTPUYHUIN CHHTE3 pOOACTHOI CHCTEMH, IPU3HAYCHOT [T cTa01Ti3anii 00IaJHaHHS JIiTATbHUX
anaparis. [IpencraBieHo MateMaTHYHy Mozenb 00’ekta crabimizamii. [IprBeneHo aaropuT™ napaMeTpuyHOr0 CHHTE3Y
pobactHoi cucremu. [IpencraBiaeHo 0COOIMBOCTI ONTHMI3aNiiHOI IPOIEAYPH, BKIIIOYAIOYHM BUOIp MPOrpaMHKX 3ac00iB.
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IMoka3aHo KpuTepiii mapaMeTPUIHOrO CHHTE3y pobacTHOI cuctemu. [IpoaHani3oBaHO KpUTEpid SKOCTI CHHTE30BAaHOI
CHUCTEMH, BKIIOYAIOUM MOXHMOKU cTabimizamii. IIpencraBieHO pe3ynbTaTH MOICTIOBAHHS CHHTC30BAHOI CHCTEMH.
OtpuMaHi pe3yabTaTé MOXKYTh OYyTH KOPUCHHMH ISl PYXOMHX 00’ €KTIB ITHPOKOrO KIIacy.

Karwudosi cioBa: cucrema crabimizanii; mapamerpuyHa oNTHMi3alis; podacTHe YIpaBiliHHS; oONaIHAHHS JITaJbHUX
amapariB; HOXUOKH cTa0imi3arii.
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