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Abstract—The paper deals with features of designing high-precision systems for stabilization and
determination of attitude and heading reference systems. Features of the parametrical optimization are
considered. The necessity to use the robust control laws is grounded. The mathematical model of the
studied system in the preliminary levelling mode is represented. Simulink model of the navigation loop is
shown. The necessity and features of the model’s linearization are explained, Basic concepts of creating
models directed for solution of the studied problem are represented. The design process is considered on
the example of the precision gimballed navigation system assigned for operation on marine vehicles. The
proposed approach to problem solution is accompanied with simulation. The simulation results prove
efficiency of the described design procedure. The obtained results can be useful for creating stabilization

and motion control systems of the wide class.

Index Terms—High-precision navigation system; parametrical optimization;

mathematical model; robust control; simulation.
1. INTRODUCTION

Nowadays, urgency of developing new advanced
systems for stabilization and determination of the
course of moving objects is growing. For some
applications, it is necessary to ensure the very high
precision of navigation measurements using
gimballed navigation systems. In this case, it is vital
to ensure high requirements and resistance to
external disturbances. Hence, such systems should
be synthesized while considering their quality and
robustness. Parametric optimization should be based
on the system’s state-space models [1], [2]. This
approach is based on such powerful tools of
automated optimal design of control systems as
specialized advanced packages of MATLAB,
namely, Control System Toolbox and Robust
Control Toolbox [3] — [5]. To create the above-
mentioned models, it is necessary to perform
linearization of the kinematic relations in view
smallness of the platform’s turns [6], [7]. It is
expedient also to ignore the difference of axial
moments.

Thus, a major problem of the studied system for
stabilization and heading determination is designing
navigational loops and optimization of control
laws [8].

II. FEATURES OF PARAMETRIC OPTIMIZATION

To create a computational procedure of the
parametric optimization, it is necessary to take into
account features of the designed system. Firstly, the

design procedure;

studied system is an astatic system of the second
order. So, to perform parametric optimization, it is
necessary to determine the minimum realization. As
a rule, such systems are characterized by sparse
system matrices. Analysis of a system matrix shows
that its elements can differ among themselves about
three orders of magnitude. With this in mind, it
makes sense to create a balanced implementation of
the model.

Parametric optimization is performed in two
stages. The first stage is synthesis of control laws
based on the state-space models using automated
design tools. The second phase verifies the results of
the synthesis. It is based on mathematical model
taking into account all the nonlinearities inherent in
real navigation systems.

The procedure of parameters
consists of the following steps.

1) Creating a full nonlinear model of the system.

optimization

2) Making a mathematical description of the
space of states to obtain the transfer function of the
open-loop system.

3) Getting advanced model of the stochastic
system with the inclusion of the forming filter.

4) Obtaining minimum realization of the model.

5) Scaling the
realization.

model based on balanced

6) Choosing initial values and carrying out the
optimization by the genetic algorithm with cyclic
performance of the steps.
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7) Making conclusion of the ending parametric
optimization, or it will continue with new initial
conditions or new weight coefficients in the complex
quality criterion.

Consider parametric optimization on the example
of gimballed attitude and heading reference system
assigned for operation on marine vehicles [9] — [11].

III. MATHEMATIC MODEL OF SYSTEM
IN PRELIMINARY LEVELING MODE

For design of the system, it is proposed to use the
model of the external moment acting on the object of
stabilization

Mdis :Mst +MnomSignw0 2 (1)
where M, is the disturbance moment; M is a
constant moment acting on the object of

stabilization; M is the nominal moment of

stabilization engine; ®, is the external angular
velocity acting on the platform [12].

Vector of the moving object's velocity in the
geographic coordinate system taking into account
the initial azimuth angle &, = 4, is shown in Fig. 1.
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Fig. 1. The vector of velocity in the geographic coordinate
system

In view of Fig. 1, expressions for the linear
velocity tings take the form

Vy =V cos A,,

v, =VCoS 4,

V., =Vsin4,,
V,=Vcosk—0,0,/cosm,tsin 4,

Vv =

n

vsin 4, ,

V,=Vsink+80,m,/cosm,tcos 4,.

@)

In order to create the mathematical model of the
system in the preliminary mode, it is necessary to
carry out linearization of models taking into
consideration small angles of the platform’s turns
and neglecting axial moments (2). The external
influences (1) must be specified by linear
dependencies also. Note that the angles of the
platform’s turns are really small, as in fact the
vertical line is simulated in gimballed system. Thus,
the linearized model of gimballed system for
determination of attitude and heading takes the form:

w,, z[_(f+k7)('0xp — ko, —ks(—06,+kB)/T
+Ho, 1/J,,

(b}’P z[_(f+k8)0‘)yp _k28] _k()(_82 +k4a)/T
+Ho,,1/J,,
(bzp :[_(f+k9)(’ozp +hoy+Haoy ]/ J,,

8, =(-8,+kB)/T,
8, =(-8,+k,a)/T,

B=o,.
a=0,,
V=0,
)
where ki kyy by, kg, ks, ke, by, ks kg kg are

coefficients of control laws, @, ,®, ,®, —are

external angular velocities acting on the platform.
The model (3) can be represented in state space
in the following way:

X = Ax + Bu;
y =Cx + Du,

where X is the vector of state variables, u is control
vector. The matrices of the state-space model are
given below.
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[tk 0 0 k—k /T 0 ks /T 0 0
JX JX .]X
0 [tk 0 0 ky =k /T 0 kg /T 0
J, J, J,
0 0 AL 0 0 ki, 0 0
J
A= ,
0 0 0 1 0 & 0 0
T T
0 0 0 0 1 0 ks 0
T T
0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
| 0 0 0 0 0 0]
- - The simulation results of the designed system in
H 0 0 the preliminary levelling model are represented in
J, Figs 1 and 2.
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for assessment of precision and robustness of the
designed system.

Fig. 2. The output signal of the pulse-width modulator
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IV. MATHEMATICAL MODEL OF SYSTEM IN THE
MODE OF HEADING DETERMINATION

An important problem in the creation of modern
attitude and heading reference systems is the study
of navigation contours and the optimization of
control laws. For a system of the studied type, it is
sufficient to wuse the parametric optimization,
because a priori information about structure of
control laws seems quite definite. There are two
important tasks, namely: the need to simulate long-

term processes and the need to form complex control
laws that can provide the expected accuracy. These
circumstances require the maximum simplification
of system device models, but all components of
control laws are must be fully researched [13]. To
simplify the model (see Fig. 2), it is assumed that the
equations of motion of gyroscopes with the accuracy
of the errors of the stabilization system coincide
with the equations of motion of the platform [14].
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Fig. 2. Simulink-model of the navigation loop

In the navigation loop of the gyroscopic compass,
control can be performed by means of integral
correction, adjustment according to the information
from the lag, as well as corrections to take into
account the angular motion of the Earth and the
moving object.

To simplify the parametric optimization of the
system for stabilization and determining of the
course, we consider the model taking into account
channels of azimuth and roll. Results of modelling
are represented in Fig. 3.

Obviously, the characteristics of the system will
be somewhat worse in terms of real operation, as is
proved by simulation using a model close to real
systems.

To design the system able for functioning in
conditions of influence of the external disturbances,

it is convenient to apply the robust parametrical
optimization [4].
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Fig. 3. Results of simulation
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Efficiency of the robust parametric optimization
is 1illustrated in Figs 4 and 5, where transient
processes of non-optimized and optimized systems.
The optimization has been based on using the
complex criterion with H, and H.,-norms of the
deterministic and stochastic systems [4].
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Fig. 4. Simulation of non-optimized system
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Fig. 5. Simulation of optimized system
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Results of parametric optimization such as H
and H, norms for non-optimized and optimized
systems are 17.24, 2.78 and 0.81, 0.08, respectively.

The obtained results can be useful for designing
navigations systems of the wide class.

V. CONCLUSIONS

The approaches to parametrical optimization of
the gimballed systems for stabilization and
determination of a moving objects attitude and
heading are represented.

Mathematical models of the system in the
preliminary levelling mode is represented.

Simulink model of the system in the mode of
attitude determination is represented.

Simulation results in the form of the transient
processes are given. Results of the robust
parametrical, optimization are represented.
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0. A. Cymienko. Oco0JMBOCTi MPOKTYBAaHHSI BUCOKOTOYHHX CHCTEeM cTadiiizamii Ta BUZHAYEHHS] MPOCTOPOBOI
opieHTaNii Ta Kypcy

VY craTTi pO3IISHYTO OCOOJIMBOCTI MPOCKTYBAHHS BHCOKOTOYHHX CHCTEM CTaOumi3amii Ta BH3HAYCHHS MPOCTOPOBOI
opieHTalli Ta Kypcy. PO3risiHyTO 0COOIMBOCTI MapaMeTpryHOl onTuMizaltii. OOrpyHTOBaHO HEOOXiTHICTh BUKOPUCTAHHS
po0acTHUX 3aKOHIB ynpaBiiHHA. [IpeacTaBieHo MaTeMaTHYHY MOJIENb TOCIIIXKYBaHOI CHCTEMH B PEXKUMI MTONEPEIHBOTO
ropusontyBanHs. IlokazaHo Simulink Mozens HaBiramiliHoro koHTypy. IlosicHeHi HEOOXiTHICTH Ta OCOOJMBOCTI
JiHeapu3alii MOJeNi, NpEICTaBIEHI OCHOBHI KOHIIEMIi CTBOPEHHS MoJeed, CHpsMOBaHMX HAa BHpILICHHS
JIOCITiKYBaHOI IpobeMu. Po3riisiHyTo npoliec MpoeKTyBaHHS Ha MPUKIIAi TOYHOI Iu1aT(hOpMHOI HaBiramiiHoi cucTemMu,
MIPU3HAYEHOI IS eKCIUTyaTallii Ha MOPCBKHX PYXOMHX 00'€KTaX. 3aIllpOITOHOBAHMH MMIAXiA 10 BHUpILIEHHS NpoOJieMu
CYIPOBOJKYETHCSI MOJICTIOBAHHIM. Pe3ynbraT MOJETIOBaHHS ITiJTBEPPKYIOTH €(DEeKTHBHICTH OIMCAHOI MPOLEAYpH
npoekTyBaHHs. OTpuUMaHi pe3yJbTaTH MOXYTh OyTH KOPUCHHMH [UIsi CTBOPEHHS CHCTEM CTaOumi3amlii Ta KepyBaHHs
PYXOM IIIUPOKOTO KIIACY.

KarwudoBi ciioBa: BHCOKOTOYHA HaBiramiiiHa cucTeMa; NapaMeTpuyHa ONTUMI3allis; Npoleaypa MpOeKTyBaHHS;
MaTeMaTu4Ha MOJIeJIb; POOACTHE KEPYBaHHS; IMITalliiHE MOJIETIOBAHHSL.
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0. A. Cymenko. Oco0eHHOCTH TPOKTHPOBAHUS BBICOKOTOYHBIX CHCTEM CTAOMJIM3AIMM U ONpeaeeHust
TMPOCTPAHCTBEHHOI OPHEHTAIMH W Kypca

B cratee paccMOTpeHbI OCOOEHHOCTH IIPOSKTHUPOBAHMS BBICOKOTOYHBIX CHCTEM CTaOWIM3allMd W ONpEACNIeHUs
MPOCTPAHCTBEHHOW OpHEHTallMM W Kypca. PaccMOTpeHbI OCOOEHHOCTH NapaMerpudeckoi ontumusanun. OOOCHOBaHA
HEOOXOIMMOCTh HCITONB30BaHMS POOACTHUX 3aKOHOB ynpaBieHus. [IpesicTapieHa MaTeMaTUdecKasi MOJIENb UCCIIeNyeMO
CHUCTEMBl B PSKUME MpEABAPUTEIBHOrO TOpU3oHTHpOoBaHMA. [lokazaHa Momenb Simulink HaBHUTaIllMOHHOTO KOHTYpA.
OOBsACHEHBI HEOOXOMUMOCTh M OCOOCHHOCTH JIMHEApH3aIlMd MOJCIH, MPEACTABICHBI TJIABHBIC KOHIICTIIIMH CO3IaHUS
MoOJIeJIeH, HamnpaBJIeHHBIX Ha pEIIeHHe H3ydyaeMoW MpoOieMbl. PaccMOTpeH mporecc NMpOEeKTHpPOBaHUS Ha IpUMEpe
BBICOKOTOYHOM IIaT(OPMEHHON HABUTAIIMOHHOM CHCTEMBI, NMPETHA3HAYCHHOM IS JKCIUIyaTallid Ha JIBMDKYIIHXCS
MOpCKUX 00BbekTax. [IperaraeMplii MOAXOJ K PEIICHHIO MPOOJIEMBI COMPOBOXKIACTCS MOJICIUPOBAaHHEM. Pe3yimbTaThl
MOJICTUPOBAHUS TIOATBEPXKIAIOT (PPEKTUBHOCTH OMUCAHHON MPOLEAYPH MPOCKTUPOBaHUs. [loydeHHBIC pe3yNIbTaThI
MOTYT OKa3aThCs MOJIC3HBIMU JUTSI CO3JaHUs CUCTEM CTAOMITM3AIINH U YIIPABJICHUS JBHKCHHACM IIIMPOKOTO Kilacca.
KiroueBble cJIoBa: BBICOKOTOYHAS HABHTAIIMOHHAS CHCTEMa; IapaMeTpHyecKas ONTHMH3AIMS;, Mpoleaypa
MIPOCKTHPOBAHMUS; MaTeMaTHUECKasi MOJICNIb; POOACTHOE YIIPaBJICHUE,; IMHUTAI[MIOHHOE MOJICIIUPOBAHUE.
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