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Abstract

Purpose: Operation of inertially stabilized platforms mounted on the ground vehicles is accompanied by influence of
significant parametrical and various coordinate disturbances. To keep high operating characteristics of a system in
such difficult conditions it is possible using approach to robust system design. Creation of robust inertial stabilized
platforms requires further research and development in contrast to design of robust systems of motion control.
Methods: One of the modern approaches to robust system design proposed by modern control theory is H.-
synthesis. Problems, which are important for practical applications, it is convenient to solve using method of the
mixed sensitivity as it takes into consideration conflicting design goals including robust performance and stability.
The method is combined with loop-shaping that allows achieving desired amplitude-frequency characteristics of the
designed system. This is achieved by choice of the appropriate weighting transfer functions, which define bounds of
the designed system amplitude-frequency characteristics. Results: Grounded recommendations to the choice of
components of inertially stabilized platforms operated on the ground vehicles are represented. The mathematical
model of the system with gearless drive is developed. The optimization criterion is derived and weighting transfer
functions are chosen. The structure of the robust controller in the form of quadruple of state space matrices is
represented. Results of synthesised stabilization system simulation show its resistance to significant parametrical and
coordinate disturbances taking place during its operation on the ground vehicle. Conclusions: Efficiency of the
proposed design approach is proved by results of simulation in conditions of significant parametrical and coordinate
disturbances. Obtained results can be widespread on inertially stabilized platforms operating on the other type of
vehicles, for example, special aviation aircrafts, carrying out cartographic surveys, monitoring and other similar
functions. They can be also useful for design of unmanned aerial vehicles equipment.

Keywords: H.-synthesis; inertially stabilized platform; loop-shaping; method of mixed sensitivity; robust
controller.

1. Introduction 6) unaccounted dynamics at high frequencies;

7) reduction of the synthesized controller order
and hardware implementation inaccuracies.

The above mentioned sources of uncertainties

can be divided into structured (parametrical) and

Robust control is of great importance for stabilized
platforms as their actual operating conditions are
accompanied by parametrical and coordinate
disturbances. It is also necessary to take into

consideration that an actual system differs from its
mathematical model used for design procedures.
Uncertainties of the mathematical model are of
different nature [1]

1) errors of plant parameters determination;

2) unaccounted nonlinearities and changes in
operating conditions;

3) unaccounted time delays and processes of
energy dissipation;

4) imperfection of measuring instruments;

5) model simplifications;

unstructured. The latter uncertainties can be caused
by plant unmodeled dynamics.

One of the modern trends of the modern control
theory lies in providing of the closed-loop system
stability for a family of plants belonging to the given
class of uncertainties. A plant is called nominal if
the mathematical model uncertainties are not taken
into consideration.

The specific feature of the researched system is
the wide variation of some its parameters during
operation and also changed operating conditions. It
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is expedient to solve this problem using robust
control principles. This will provide requirements
given to system characteristics in the above
mentioned conditions.

Inertially stabilized platforms (ISP) are widely
used for stabilization of sensors, cameras, and
observation apparatus, which operate at vehicles of a
wide class. In the general case, features of ISP are
defined by its application. The main goal of ISP
functioning is control by orientation of measuring
axes of mounted on a vehicle devices in the inertial
space [2].

Apparatus stabilized by means of ISP is widely
used on ground and marine vehicles, aircrafts and
spacecrafts.

Usage of ISPs allows solving the following tasks:

— stabilization of payload during angular motion
of a vehicle;

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

It should be noted that during last years
Ukrainian  enterprises have been achieving
significant progress in the field of design of ISPs
operated on the ground vehicles. The wide area of
application, and the last achievements of inertial
technologies define topicality of development of
new approaches to ISP design.

2. Analysis of the latest research and

publications

The H_ -synthesis approach developed in recent
years and still active in research area can be the
efficient instrument for design of robust systems. In
general, the H _ -synthesis approach can solve the
robust stabilization performance
problems [3].

Theoretical grounds and calculating procedures
of the H_ -synthesis for control systems of a wide

and nominal

class are represented in many textbooks [3—5]. At
the same time the problem of design of robust
systems for stabilization of ISPs operated on the
ground vehicles just has not got the appropriate
development.

It is known that optimization of actual control
systems can not be based on a single cost function.
For example, in some applications it makes to
provide good tracking as well as to limit the control
signal energy. This problem can be solved using S
over KS or the mixed sensitivity approach [3]. In this

case the cost function can be interpreted as a set of
design  objectives, for example, nominal
performance, robust stabilization and minimization
of signal energy.

The goal of the research is development of the
procedure based on S over KS approach for design of
the robust system for control of ISP operated on the
ground vehicle.

3. Choice of ISP components

Nowadays fiber optic gyro rates are widely used as
sensitive elements of stabilization systems.
Advantages of such gyroscopes are absence of
moving parts, small time of readiness to operation,
high sensitivity and accuracy. But such measuring
instruments are characterized by a significant mass
and dimensions, and the high cost. Such situation is
caused by the necessity to use the receiving-
transmitting units and presence of hand operations
during manufacturing. Moreover, these measuring
instruments have not high resistance to shocks that is
of great importance for ISPs operated on the ground
vehicles.

Design of rate gyroscopes as microelectro-
mechanical systems (MEMS) is one of the basic
trends in the modern device-building. Such
gyroscopes have a wide area of application including
stabilization of platforms with payload. The process
of such gyroscopes development is not completed
now. It is characterized by improvement of
accuracy, operating characteristics, technology, and
decrease of the cost. Basic advantages of MEMS
gyroscopes are simplicity of operation and low cost.
At the same time their accuracy is not sufficient for
some modern applications although some
gyroscopes of such type are characterized by the
high resistance to shocks. MEMS gyroscopes have
some disadvantages including statistical dispersion
caused by deviations of manufacturing conditions
from the technical documentation. Moreover ageing
of separate measuring instruments is implemented
with the different rates. Therefore it is necessary to
use correction units to improve characteristics of
MEMS gyroscopes.

The digital Coriolis vibratory gyroscope
(CVG) with the metallic resonator has no such
disadvantages [6]. Results of comparative analysis
of rate gyroscopes characteristics are given in
Table 1.
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Table 1
Characteristics of rate gyroscopes
o . Measuring Bandwidth, Resistance
Ne | Type of a gyro Technology Enterprise range, deg/s Hz o shocks, @
1 GT-46 Electro- Kyiv Automatic Plant 50 40 150
mechanical
2 G20-075-100 MEMS Gladiator Technologies 75 100 500
3 SDG1000 MEMS Systron Donner 75 >100 200
4 MAGI16 MEMS Northrop Grumman 150 400 -
5 DSP-3000 Fiber optic KVN Industries 100 100 40
6 CVG Vibratory Kyiv Automatic Plant 400 100 400
The simplified mathematical model of the Tests of ISPs operated on the ground vehicles are

Coriolis vibratory gyro can be represented by the
transfer function [7]

Wy(p)=

0)2

, 1
P> +2Ewp + o’ M
where ® is the bandwidth frequency; & is the

damping coefficient; p is the Laplace operator.

Traditionally choice of a motor for any system
including ISP is based on determination of the
averaged power necessary for plant motion with the
given rates and accelerations in different modes of
operation. Calculation of the required power, which
will provide parameters of load motion for the given
inertia moment, can be carried out in the following
way [8]

Mdm X +J,0 max
Ptr :2 . e O‘)nmax’ (2)
n
where M, .. is the maximum disturbing moment;

J . 1s the moment of inertia of the load and motor;

n

(O]
acceleration of the load and motor, and N=0,8 is

®, are the maximum angular rate and

n? n

the coefficient of efficiency. For practical situations
can be taken P, =kP,. If the static moment is

greater than dynamic one, £ =0,5...0,7 . On contrary
k=0,7..09 [8].
Calculation of the nominal rotating moment can
be implemented by the formula
M0 = oaa + oo NE T€3) + My =

=(40+1,3)(1,75+1,1)+11,5=129,2 Nm ’
where J,,,, is the moment of inertia of the load;
J

the maximum angular acceleration of the load; €, is

3)

is the moment of inertia of the motor; €, is

motor

the maximum angular acceleration caused by
disturbances due to irregularities of the road or
terrain; M ,, is the disturbing moment.

implemented in conditions of the check route with
the relief angular profile changing by the sinusoidal
law A(¢) = 2,5sin(2m0,8¢) in the vertical plane, and
h(t) =2,0sin(2m0,8¢) in the
Amplitudes of these expressions are measured in
degrees. Respectively the maximum angular rate and
acceleration will be determined by the expressions
0,219c0s(5,02¢) and L,1sin(5,02¢) , where

amplitudes are measured in radians. In accordance
with these expressions the maximum values of the
angular rate and acceleration are 0,219 rad and
1,1 rad respectively. It should be noted that random
disturbances in actual operating conditions of the
ground vehicle have the less amplitudes.

As to the disturbing momentM ,,, it includes

such components as the unbalanced and friction
moments. Based on the experimental data, the
unbalanced moment is equal to 10,4 Nm. The
friction moment may be neglected if a stabilization
system uses the gearless drive based on the
noncontact erection torque motor.

Choosing the motor it is necessary to take into
consideration that the starting moment may exceed
nominal in 3...5 times.

Analyzing values of the motor required power it
is possible to define the necessity of reducer usage.
It should be noted that the stabilization system with
the gearless drive has significant advantages in
accuracy in comparison with systems using geared
drives. So, the expressions (1)—(3) provide choice of
basic ISP components.

4. Mathematical model of ISP for ground
vehicles

horizontal plane.

One of the basic features of ISPs applied for
operation on the ground vehicles is the elastic
connection between the motor shaft and the base, on
which the platform with payload is mounted. Based
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on mathematical model for the geared drive of the
stabilization system represented in [9] it is possible
to develop the model for the system with the
gearless drive in the following form

.. . Cn .
Jm(pm =_fﬁ‘d(pm +R_U+cp(pp —Cp(Pm,

JP(pP :_fﬁ’(bp +Cr(pm _cr(pp _Munb; (4)
UTa +U= _ce(bm + UPWD:
where J, is the moment of inertia of the motor;

@, is an angle of the motor turn; M ,, is the

moment of the dry friction; ¢,, is constant of load at
the motor shaft; R, is the resistance of the motor

armature circuit; U is the voltage of the armature
circuit; J, is the moment of inertia of the platform;

¢, is an angle of the platform turn; M , is the

moment of the dry friction in platform bearings;
M., is the moment of the platform imbalance; c,

is rigidity of the elastic connection between the
motor and the moving platform; U, is voltage at

the controller output; c, is the constant coefficient
of the electromotive force.

Nonlinear moments of the dry friction can be
approximated by linear relationships. Approximation
coefficients are determined as ratio of the first
harmonic amplitude to the angular rate amplitude
[10]. In this case expressions for determination of
Mp :MfrdSign(;op ’ Mm :MmdSign(pm

become Mp = fﬁ’d(.pp , M, = f/i‘d(pm .
S4ps Spm Will be determined by expressions
Sip =AM 3, (M), [, =4M 4, [(TQ,) .

It should be noted that the expression for
unbalanced moment determination M, cos@, can

moments

Coefficients

be linearized for platform angles changing in the
range 5—-10 degrees. In accordance with equations
(4) and the above represented approaches to
linearization, the integrated model of the plant and
the motor looks like

Tl == i U +€,0, =, 0

JP(pP = _fﬁ’(pp +cr(pm _Cr(pp _Munb; (5)
UTa +U= _ce(‘.pm + UPWD,

where  f, . f;, are coefficients of linearized

moments of the platform and motor friction
respectively.

The model (5) can be transformed to the model in
the state space after introducing new variables and
reduction of an order of the differential equations
(5). In this case vectors of states, controls and
observations and matrices of states, controls,
observations and disturbances can be represented in
the following form

xl (pm
X, ¢ .
X=|Xx = (pp u= Mumb N y = (pp
’ " Ucon ’ U '
x4 (pp
%] LU |
I ffrm 0 - Cr Cr Cm i
0 fﬁ-p C, —cC, 0
A= ‘]p Jp Jp ;
1 0 0 0 0
0 1 0 0 0
e o o L
. Ta Ta -
0o =L 00 o
B' = T ;
0O 0 0 O i
T

a

01 000 0 0
C= ; D= . (6)
000 01 0 0

The mathematical model (6) can be used for
control system synthesis. And results of the
synthesis can be checked by means of simulation
based on the model taking into consideration
nonlinearities of the designed system. Such model
created in Simulink Toolbox is represented in Fig. 1.

5. Design of robust controller by means of H_ -
synthesis

Firstly the procedure of the H_ -synthesis for design

of control systems has been proposed by G. Zames
in [11]. This approach provides the robust
performance and stabilization of the designed
system. In this case the design problem is formulated
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as a problem of the mathematical optimization
directed to search of an optimal controller.
Disadvantages of this approach are the mathematical
complexity, heuristic choice of weighting transfer
functions and deciding influence of the system
model adequacy for successful solving the design

system in the state space as the minimum value v,

for which the Hamiltonian matrix H has no
eigenvalues at the imaginary axes [4, 5]

| A+BR'D'C BR'B’
~C"@+DR'DHC -(A+BR'D'C)" |

problem. (7)
The H_-norm characterizes the upper bound of where R=7I-D™D.
the maximum singular value of the matrix transfer
function of the closed-loop system. Usually the H_, -
norm is calculated based on representation of the
Angle > |:I |->4
>
p|U Rate v
K- translation
c ' deg/s rate (vehicle)
urren
—L =
Motor and
plant |:| relative
rate
L]
absolute
deg/st rate
. 330*2*pi2 [
den(s)
Gain Gyro
» 1 1
S
4)@—>gyro deg/s2 Absolute
angle
ADC control signal %
_L)@—> control console DAC
control ADC
console Controller
Fig. 1. The stabilization system model created in Simulink Toolbox
Design of the H_ -synthesis controller is based guarantee absence of Hamiltonian  matrix

on solving special Riccati equations. The
mathematical description of the system in the state
space must satisfy the following conditions [4, 5].

1. Pair of matrices A, B, must be stabilized, and

pair of matrices A, C, — detected.
2. Pair of matrices A, B, must be stabilized, and

pair of matrices A, C, — detected.

3. DITZ[CI D12]:[0 I]-

B 0
4.1 "ipl =]
D,, I

The above given conditions can be explained in
the following way [12]. The conditions 1 and 2

eigenvalues at the imaginary axes. These conditions
correspond to Riccati equations of controller and
observer and define their belonging to the
definitional domain of Riccati operator dom (Ric).
The condition 3 defines orthogonality of signals
C,x(¢¥) and D,u(¢). The condition 4 corresponds to

orthogonality of signals B,w(¢) and D, w(¢).
The algorithm of the suboptimal H__ -controller is

represented in [4, 5]. In accordance with this
algorithm to find suboptimal H_ -controller K(s) it
is necessary to carry out the following steps [4, 5].

1) To find solution of the first algebraic Riccati
equation X_, that is the controller equation
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The amplitude-frequency characteristics of the
closed-loop system are shown in Fig. 2. Change of
the moment of inertia of the platform has been

considered as a parametrical disturbance.
AY_ +Y_A" +BB] +Y_(y?C/C,-C)C,)Y,_ =0

ATX_+X_A+C/C,+X_(Y°BB/ -B,B,)X_=0
2) To find solution of the second algebraic Riccati
equation Y, , that is the observer equation

3) To carry out checking of conditions
Re),[A+(y BB/ -B,B;)X.]<0,Vi;
ReA,JA+Y_(y°C/C,-C;C,)] <0,Vi;
p(X_Y. )<y,

The set of permissible controllers is defined by
the expression K =F(K_,0),

A, -Z_L_ Z7Z_B,
where K (s)=| F_ 0 I |,
-C, | 0

F.=-B)X_;L_=-Y.C;;
Z.=(1-y7Y.X.)",
A_=A+Y’BB/X_+B,F_+Z_L_C, and O
is some stable transfer function | Q]|.. <y. For
0O(s) =0 the robust controller can be defined in the
following way
K(s)=K,,(s)=-Z_L_(sI-A_)"'F..
This controller is called central because it has the

same quantity of states as the plant G . The obtained
solution includes the observer

X=A%+B,y B/ X_%+B,u+Z_L_(C,k—y)
and feedback

A

u=F_x.

=3

6. Forming of generalized plant augmented by
weighting transfer functions

The plant of the considered system represents the
platform with payload, measuring system and motor.
Parameters of ISPS, which are mostly changed
during operation on the ground vehicles, are the
moment of inertia of the platform, coefficient of the
elastic connection between the motor and the
moving platform and resistance of the armature
circuit. The first and second parameters are changed
in the range +50%. The resistance of the motor
armature circuit varies in the range +70%.
Variations of other parameters may be neglected as
they are no more than + 1%.

20

Bode diagram

-20

-40

Magnitude (dB)

-60

-80
360

Phase (deg)
=)
o S

®
S

-360

Freauencv (rad/sec)

Fig. 2. Logarithmic amplitude-frequency characteristics
of the nominal and disturbed systems

It is known that the standard problem of the H_, -

control can be solved by means of two Riccati
equations [13]. The problem statement can be
explained by the structural scheme represented in
Fig. 3.

w Z
1l e [
u y
K [«

Fig. 3. The standard H_, -configuration

Such system consists of a plant G and a
controller K and can be represented by the output
signals to be optimized z, external input signals w,
control signals u and measured output signals y
[4, 5]. The plant G and controller K are called
generalized because they are connected with the
generalized input and output signals.

As a rule, the sensitivity function S =(1+GK)™
and the complementary sensitive function
T=GK(1+GK)™' are used to estimate quality of
robust systems designed by means of the H_ -
synthesis.
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To improve quality of design process, the loop
shaping can be used. In this case the plant of the
designed system is augmented by weighting transfer
functions as it is shown in Fig. 4. Such approach
provides designing of the robust system with the
desired amplitude-frequency characteristics.

»
»

»
>

@@

2

L»?}—»IKP»—AGI >y

Fig. 4. The structural scheme of the system augmented by
the weighting coefficients W, W, , W,

The objective function for optimization of the
system represented in Fig. 4 looks like [4, 5]

(I+GK)™
K(I+GK)™
GK(I+GK)™

J =

opt <Y, (7

where components of the objective function are the
sensitivity function, sensitivity function by control
and complementary sensitivity function.

The objective function (7) is the multi-objective
function. It makes it suitable for practical
applications, which are always accompanied by
many conflicting goals.

[ 0,736 -0,38 - 0,006 - 0,007
- 0,379 0,453 0,007 0,008
- 0,006 0,004 0,987 - 0,027
- 0,027 0,017 - 0,013 0,919
A, = 0,02 - 0,013 0,011 0,035
- 0,015 0,01 - 0,004 0,02
0,054 - 0,035 0,03 0,086
0,00007 - 0,00005 0,00006 0,0002
| 0,086 - 0,055 0,048 0,135

BZ=[—5,225 3,69 8,026 21,77 -17,02 12,59 -4526 -0,06

0,001 0,005 0,002 - 0,001 - 0,053 ]
0,01 0,012 0,002 0,001 - 0,037 |}
- 0,019 — 0,0004 - 0,004 — 0,0005 - 0,011
- 0,101 0,008 - 0,016 0,01 0,263
0,776 - 0,193 0,076 0,007 0,263
0,143 0,756 - 0,131 0,005 - 0,194
0,0003 0,091 0,795 0,017 0,679
0,0004 0,0006 0,0022 0,6 - 0,021
- 0,028 0,036 - 0,026 0,004 0,066 |

Choice of weighting transfer functions is based
on heuristic approaches and depends on experience
of a system designer. After augmentation the
equations of weighting transfer functions become
additional mathematical description of the system.
The generalized augmented plant can be represented
in the following form

P= I)ll
P21 P22

Based on the expression (8) the objective
function for optimization of the augmented plant
becomes

(8)

W,(I1+GK)™
W,K(I+GK)™
W,GK(I +GK)™'

The method using the objective functions (7), (9)
is called the method of the mixed sensitivity [4, 5].

J =

opt <y. 9

7. Results of H_ -synthesis

The H_ -synthesis of the robust controller can be
implemented by means of Robust Control Toolbox
using functions augtf, hinfopt, which provide
creation of the augmented plant and execution of the
H_ -synthesis procedure. As result of the H_ -
synthesis the discrete (0,0025 s) robust controller in
the form of the quadruple matrices A_.,B.,C,,D_ in

the state space was obtained.

~71,66]; D, =0,578 ;

CL,:[—O,OOl 0,0009 0,00005 —0,0003 —0,0001 0,0003 0,0003 —0,0002 —0,0086].

Plots of the sensitivity and complementary
sensitivity functions are represented in Fig. 5. The
effectiveness of the proposed approach to robust
system design is proved by results of simulation
represented in Fig. 6.

There are following recommendations
weighting transfer functions determination [5]

for

_SIM+,
== 0

_s+eM
s+ 0,4 CAs+o,
where A is the desired maximally permissible stable
error in the steady mode; , is the desired
bandwidth; M is the sensitivity peak.

; W, =const ; W,
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ensitivity Bode diagram

Bode diagram
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Fig. 5. Frequency characteristics of the weighting sensitivity (a) and complementary sensitivity (b) functions
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Fig. 6. Results of robust system simulation: step response for changing inertia moment
in the range & 50% and resistance of the armature circuit = 70% (a,b); impulse response
for changing inertia moment in the range % 50% and resistance of the armature circuit
t 70% (c,d); step and impulse responses for changing imbalance moment (e,f)

For the researched system the expressions for
matrix weighting transfer functions were chosen in
the following way

[10,55+200 0
s s+0,005
w= o  105+200 o |;
s s+0,005
0 o 1005+200
L s s+0,005 |
0,01 0 0
wW,=| 0 001 0
0 0 001
s o |
0,00+100
s
W, = P
0,002+200
0 5
i 0,005+50 |

The weighting transfer functions W,,W,,W;
impose a penalty on a signal error, control signal and

output signal respectively.

8. Conclusions

The H. -synthesis of the robust system for control

of the angular motion of ISP operated on the ground
vehicles is carried out. The approach for choice of
components of ISP of the studied type is
represented. The mathematical model of the control
system with the gearless drive is obtained.

It has been shown that the synthesized controller
provides the robust stability and performance for

uncertainties specific to operation of ISP in
conditions of significant disturbances.
Simulation of the synthesized system in

conditions of the parametrical and coordinate

disturbances is represented.
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0. A. Cyuienko

Po6acTHe ynpaBJ/iiHHA iHepuiaJbHUMU cTa0ini3oBaHMMHU IJIaT(OPMAaMHU /I HA3eMHUX PYXOMHEX 00’€KTIiB Ha
nigcrai H -cunresy.

HanionansHuii aBiamiiinuii yHiBepcurert, np. Kocmonasra Komapoga, 1, Kuis, Ykpaina, 03058

E-mail: sushoa@ukr.net

Mera: ExcrmmyaTamis iHepIHialIbHUX CTa0UTi30BaHUX IIAT(GOpPM, BCTAHOBICHHX HAa HA3eMHUX PYXOMHX 00’ €KTax
CYIPOBOJ/IKYETBCSI BIUIMBOM 3HAaUHUX IapaMeTpu4yHuX 30ypeHb. s 30epe’keHHS BHCOKHMX eKCIUTyaTalliiHUX
XapaKTePUCTUK CHCTEMH y TaKHUX CKJIQJHHX yMOBaX MO)XKHa BUKOPHUCTOBYBATH IIiJXiJ, 3aCHOBaHUH Ha NPOEKTYBaHHI
pobactHux cucteM. Ha BimMmiHy Bix mpoekTyBaHHS poOaCTHHX CHCTEM YIPABIIHHS PyXOM, CTBOPEHHS POOAaCcTHHX
iHepLiaNbHUX CTaOLII30BaHMX IUIATGOPM NHOTpeOye MOAANBIIOTO JOCHI/KEHHS Ta po3BUTKY. Mertoam: OnHuMm i3
CY4acHHMX TiJXOIIB 10 MPOEKTYBaHHsS POOACTHUX CHUCTEM, IO MPOIOHYETHCS CYYaCHOIO TEOPI€0 yNpaBiiHHSA, € H..-
CHHTE3. 3aBIaHHs BaXKJMBI IS NMPAKTUYHHUX 3aCTOCYBaHb 3PYYHO BUPIIIYBATH 3a JOIOMOTOI METOXY 3MiIIaHOl
YYTJIIMBOCTI, OCKIJIbKH BiH BPaxOBY€ CYIEPEWwINBI IUTi IPOSKTYBAHHS, Y TOMY YHCIi JTOCATHEHHS poOACTHOI SIKOCTI Ta
pobactHoi criiikocti. Lleit MmeTox moenHyeThes 3 popMyBaHHSAM KOHTYPIB YIPABIIHHA 13 3aJaHUMHU XapaKTePUCTUKAMHU
MIPOEKTOBAHOI CHCTEMHM, IO JOCSTaeThCs BHOOPOM BaroBUX IepeldaTHUX (QYHKLIH, sKi BH3HAYAIOTh TI'PaHMII
aMIUTITYJHO-YACTOTHHX XapakTepucTHK. PedyabraTtm: IlpencraBieHo oOIpyHTOBaHI pEKOMEHIAIi MO0 BHOOPY
CKJIaJIOBHX 1HEpLIANbHUX CTa0LIi30BaHUX MIAT(GOPM HA3eMHUX PYXOMHUX 00’ €kTiB. OTpHMaHO KpUTEpii onTuMizariii ta
BU3HAYCHO BaroBi mepenatHi (yHkiii. Po3poOiieHo mMareMaTHYHy MOJENIb CUCTEMH 3 OE3PEAyKTOPHHM IPHUBOJIOM.
BusHaueHo CTpyKTypy poOacTHOTO peryisropa y BHIVIAI YETBIPKM MaTpHllb HIPOCTOpY cCTaHiB. Pe3yipratn
MOJICTIOBAaHHS CHHTE30BaHOI CHCTEMH cTaOumi3amil IMOKa3yrTh i1 CTIHKICTP O 3HAYHUX NapaMETPHYHHX Ta
KOOpJMHATHUX 30ypeHb, 110 MalOTh MiClle B yMOBaxX €KCIUTyaTalil Ha Ha3eMHOMY PyXOMOMY 00’ekrTi. BucHoBkm:
EdexTuBHICTS 3a1pOITOHOBAHOTO MIXO/AY /0 NPOEKTYBAHHS IMiATBEPIXKYETHCS PE3yJIbTaTaMH MOJICIIIOBaHHS B YMOBax
3HAYHHUX MMapaMeTPUYHHUX Ta KOOPAWHATHUX 30ypeHb. OTprMaHi pe3ynbTaTd MOXYTh OYTH MOLINpEH] Ha iHepIiabHI
crabimizoBani miuarpopMu, IO EKCIUTyaTYIOThCS HAa IHIIMX PYXOMHX 00’€KTax, HallpuKiIaj, JiTakaX CHeuialbHOT
aBialii, 10 BUKOHYIOTh (QyHKLIi KapTorpadiyHnX 3HOMOK, MOHITOPHMHTY Ta IHIIUX MOMIOHUX (QyHKUiH. BoHH MOXYTh
TaKoX OyTH KOPMCHHUMH ITiJ] Yac TPOEKTYBaHHs 00J1aHaHHs OE3MIJIOTHUX JIITAJIbHUX araparis.

KawuoBi ciaoBa: inepuianpHi craburizoBaHi miaropmu; METOJ 3MIIIAHOT YyTIMBOCTI; pOOACTHHUE peryssiTop;
(opMyBaHHs KOHTYpIB yrpaBiiHHs; H,-CHHTE3.
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O.A. CyuieHko

PoGacTHOe ynpaBieHUe MHEPUUAJBHBIMH CTA0OMIM3MPOBAHHBIMH MJIAaT(OPMAaMHU AJA HAa3eMHbIX NOABM:KHBIX
00bEeKTOB HA OCHOBe [, -cHHTe3a

HanmonanbHelil aBuanioHHbIH yHUBepcHTeT, Ip. Kocmonasta Komaposa, 1, Kues, Ykpauna, 03058

E-mail: sushoa@ukr.net

Hens: Dkcruryarais WHEPIHATHHBIX CTAOMIM3UPOBAHHBIX IUIAT(OPM, YCTAHOBJICHHBIX HAa HA3EMHBIX ITOJIBUIKHBIX
00BEKTaX, COMPOBOXKIACTCSA JCHCTBUEM 3HAYUTEIBHBIX MMapaMETPUICCKUX BO3MYIICHUH. I coXpaHEHHS BBICOKHX
IKCIUTYaTAl[HOHHBIX XApPAKTEPUCTHK CHCTEMbl B TAaKHX CIIOKHBIX YCIIOBHSX BO3MOXXHO HCIOJIb30BaTh MOAXO,
OCHOBaHHBIN Ha MPOCKTUPOBAHUM POOACTHBIX CUCTEM. B OTIHMYME OT HPOEKTHPOBAHHS POOACTHBIX CUCTEM YIPABICHUS
JBIDKCHHUEM, CO3JaHHe pPOOACTHBIX HWHEPUUAIbHBIX CTAOMIM3UPOBAHHBIX marGopMm Tpedyer AanbHeHIero
uccienoBanust U pasBurus. Metoabl: OQHUM W3 COBPEMEHHBIX IOAXOI0B K MPOCKTUPOBAHHUIO POOACTHBIX CHCTEM,
MpeJIaraeMbIX COBPEMEHHON Teopueil yrpaBieHus sBisiercsi H.-CHHTe3. 3ajaud, BaXKHbIC IS MPAKTUYSCKUX
MIPUMEHEHHH, 11e71eco00pa3Ho peuiath C MOMOIIBI0 METOJa, IMOCKOJIbKY OH YUYHTHIBAeT MPOTHBOPEUUBBIE IIEIH
MIPOCKTUPOBAHUS, B TOM WYHCJE [OCTHXKEHHE pPOOACTHOrO KadecTBa M POOACTHOW yCTOWYHMBOCTH. DTOT METO.
coyetaeTcs ¢ HOPMUPOBAHUEM KOHTYPOB YIIPABJICHHUS C 3aJlaHHBIMH XapaKTEPUCTHKAMHU [TPOCKTHPYEMOU CUCTEMBI, YTO
obecrieunBaeTcst BLIOOPOM BECOBBIX MEPENATOUHBIX (DYHKIHIA, KOTOPBIE OMPEAEIISIOT TPAHHIIBI AMIUIUTYIHO-4YaCTOTHBIX
xapaktepucTuk. Pe3yabrarel: [IpeicraBieHbl O00OCHOBaHHBIC PEKOMCHIAIMKA IO BBIOOPY  COCTABJISIOLIMX
WHEPUUANBHBIX CTa0MIN3UPOBAHHBIX IUIAT(GOPM HAa3eMHBIX MOJBI)KHBIX OO0BEKTOB. Pa3paboTaHa MaTemarudeckas
MOJICNIb CHUCTEMBI C OE3peAyKTOPHBIM TNPUBOJAOM. [lodydeH KpuUTepuil ONTHUMH3AIUU M ONPEHCICHBl BECOBBIC
mepenarounsie GyHKnuu. OmpeneneHa CTpYKTypa poOacTHOIO PEryisTopa B BHIE YETBEPKH MATPHIl MPOCTPAHCTBA
COCTOSIHUH. Pe3yibraThl MOJCIMPOBAHHS CUHTE3UPOBAHHON CHCTEMbI CTAOWIIU3AIINYU MTOKA3BIBAIOT €€ YCTOHYMBOCTh K
3HAYUTEIbHBIM [APAMETPHUYECKUM M KOOPJHMHATHBIM BO3MYIICHUSIM, KOTOPbIE HUMEIOT MECTO B YCIIOBUSX IKCILTyaTal[N
HAa Ha3eMHOM IIOJBMXKHOM OO0BekTe. BbIBoabI: D(PeKTHBHOCTH MPEMIOKEHHOTO MOIX0Aa K MPOSKTHPOBAHUIO
MOJTBEPIKAAETCSL pe3y/IbTaTaMi MOJEIMPOBAHUS B YCJOBHUSX 3HAYUTEIbHBIX MAPAMETPUYECKHUX U KOOPAMHATHBIX
Bo3MmyIueHuid. [losyyeHHBbIE pe3ylnbTaThl MOTYT OBITh PACHpPOCTPAHEHbl HA HHEPLUAJbHbIE CTaOMIM3MPOBAHHBIC
IaTGOPMBbI, IKCILTyaTHPyeMble Ha JPYTrHUX IMOJBIKHBIX OOBEKTaX, HampuUMep, caMoJjieTax CIHelUallbHON aBHAIUH,
KOTOpBIE BBHIMOJHAIOT (QYHKIMH KapTorpaguuyeckux ChbeMOK, MOHUTOPUHTH W JApyrue aHanoruyubie QyHkuuu. OHU
TaK)K€ MOTYT OBITh IOJIE3HBIMH IIPH IIPOEKTHPOBAHUU 000PYI0BaHMUs OECIMIIOTHBIX JIETATENILHBIX araparoB.

KaioueBble cjioBa: MHEpUMAIbHBIE CTAOWIM3UPOBAHHBIE ILIATGOPMBI;, METOJA CMEIIAHHOW YyBCTBUTEIBHOCTH;
pobacTHEIH perynsTop; GOopMUpOBaHHE KOHTYPOB yIpaBieHus; H,.-CHHTES.
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