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Abstract

Purpose: The paper focuses on problems of simulation of perturbed robust precision attitude and heading reference
systems, which can be applied in navigation of marine vehicles. The main goal is to create the mathematical model
adapted to simulation of the perturbed system and models of the environmental disturbances. Methods: To solve the
given problem the methods of the robust control system theory, filtration theory and probability theory are used.
Results: The model of the perturbed attitude and heading reference system created by means of Simulink is given. The
expression for the disturbance moment is proposed. Analysis of possible environmental disturbances for a system of the
considered type has been done. Models of environmental disturbances based on the filtration theory are obtained.
Comparison of two approaches to development of models of environmental disturbances is carried out. Conclusions:
The results of simulation of the precision attitude and heading reference system taking into consideration environmental
disturbances are represented. Obtained results can be useful for design of precision navigation systems of the moving
vehicles.

Keywords: attitude and heading reference system; environmental disturbances; perturbed system; robust systems;
simulation.

1. Introduction reference systems [1-3]. The papers [1, 2] describe
basic features of creation of the mathematical
models of such systems. The mathematical
descriptions of the high-precision attitude and
heading reference systems with biaxial and triaxial
platforms are given in these papers. Features of
robust design of such systems are analyzed in the
paper [3]. Both robust parametrical optimization
and robust structural synthesis of the precision
attitude and heading reference system are given in
this paper. Features of stochastic precision attitude
and heading reference system are given in the paper
[4]. The general achievements of gimballed
stabilization systems design and gimballed
precision navigation systems are represented in
papers [5, 6]. Features of simulation of robust
systems by means of MatLab are described in the
textbook [7].

Now processes attending operation of the vehicles
are sufficiently complicated. To provide the high
accuracy of navigation information measurements it
is necessary to use the high precision attitude and
heading reference systems. Synthesis of such
systems is implemented in conditions of
uncertainties caused by both inaccuracies of the
mathematical description of the real system and
influence of the internal and external disturbances.
Mainly, the systems designed for operation at the
marine vehicles are subjected to influence of the
disturbances caused by the sea irregular waves. The
modern approach to these systems design is
creation of the robust systems able to operate in
conditions of both the parametrical structured and
the external coordinate disturbances. Simulation of
the system perturbed by environmental disturbances
is the important stage of the robust gimballed 3. Research tasks

recision attitude and heading reference systems. . .
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2. Analysis of the latest researches and features of environmental disturbances typical for
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attitude and heading reference system in complex
conditions of real operation.

4. Mathematical model of stochastic precision
attitude and heading reference system

The studied gimballed system for the marine
vehicle navigation represents the indicated or
indirect inertially stabilized platform by its
principle of operation. In such systems the gyro
devices do not implement direct stabilization of
some object, for example, the platform but
represent indicator units, which control by
servo-drive providing an object’s stabilization

[8].

In such systems compensation of disturbances
that act on the stabilized platform are implemented
due to moments created the actuators mounted at
the gimbals axes. Control by the stabilization
contours is carried out by the gyro devices signals
which are corrected by signals of accelerometers
and additional devices using the complex control
laws.

In the studied system the control loops can be
divided into navigation and stabilization ones that
allows to carry out their simulation independently
[3]. In this case, division of control functions takes
place: the stabilization engines provide agreement
of the stabilization object position with the position
of the gyro device and the torques sensors
implement correction of the rotor motion by the
computing device based on information of
accelerometers and data about the Earth and object
motion [8].

If consider influence of rolling and pitching
small, it is possible to neglect by the mutual
influence of the gimbals. In this case, stabilization
of the navigation devices by one channel can be
researched only. This simplifies essentially
simulation of the system.

If the dynamically tuned gyro is used as the
sensor of the system, it is necessary to take into
consideration that it operates in the indicated
mode. Such mode does not require the high
stability of the transfer coefficient but its
sensitivity is very important. It means that the
large slope of the statistic characteristic curve

is close to zero and the low threshold of
sensitivity must be provided. These factors lead
to small angles of the rotor turns and
correspondingly to the small operation range
[8]. Therefore to improve stabilization accuracy
it is necessary to use units which sufficiently
increase the stabilization contour gain.
Moreover, taking into consideration the
operation principle of the dynamically tuned
gyro it is necessary to use the selective filter.
The structural scheme of the selective filter is
given in Fig. 1.
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Fig. 1. Selective filter of the attitude and heading
reference system (Simulink model)

For the studied system the basic disturbance
moment acting at the input of the platform can be
described by the expressions

M gy =M, +M ;sign(sinwr) + M sinowz, (1)
M gy =M, +M gsign(sinwt) + M, (2)

here M, is the constant disturbance moment caused

by the construction defects; M ;. is the moment of

dry friction; M is the amplitude of the moment
due to sea regularities; ® is the frequency of the
sea regularities; M, is the moment caused by the
irregular sea.

Simulink model of disturbances (1), (2) are
given in Fig. 2.
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Fig. 2. Simulink model of determinate and random
disturbance moments

Simulink model of perturbed precision attitude
and heading reference system is shown in Fig. 3.
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Fig. 3. Simulink model of the perturbed system

5. Characteristic of environmental disturbances

It should be noted that marine precision attitude and
heading reference systems are subjected to
influence of sea waves, wind and flows. The most
important disturbances such as wind and sea waves
are interconnected and correlated. Sea waves arise
as result of the wind rippling by the speed and
direction on the sea surface. The free waves, which
are spread by inertia, are observed out zone of wind
action or after its stopping.

Characteristics of both regular and irregular
waves are given in [9]. Regular waves represent
harmonic waves, which are spread on the sea
surface. In the general case, the irregular sea is
three-dimensional. The two-dimensional correlation
function, which defines correlation between wave
ordinates in different points of the sea at some time
interval, can be accepted as the first approximation
of the three-dimensional random process.

To solve some navigation problems of marine
vehicles is possible using a simplified approach, for
which the sea irregular waves are believed to be
two-dimensional. The ordinate of the wave profile
{(¢) is considered to be a function of two variables

such as the linear coordinate of the sea surface point
and the time interval. The correlation function of
wave profile ordinate at the given sea point K (7)

or appropriate spectral density S(®) are

characteristics of the function {(¢) [10].

In accordance with theoretical and experimental
researches represented in [11], irregularities of the
sea surface can be considered as a time-invariant
ergodic process with the zero mathematical
expectation as the first approximation. This process
is distributed in accordance with the normal
distribution law. Waves are believed to spread in
the same direction. It means that the spectral
density depends on frequency only.

There are some known expressions of the
spectral  density, which can be wused for
mathematical description of irregular sea waves, for
example, Neumann and Derbyshire filters. It should
be noted that low frequencies are not taken into
consideration in these filters. The bandwidth of the
marine vehicles lies in the region of low
frequencies at the same time.

Therefore it is convenient to use Rachmanin and
Firsov filters [11]. In this case, the correlation
function of wave ordinates can be represented by
the formula

K(t)=D,e™ cos\t, 3)

here D, is the variance of wave ordinates; [ is

coefficient of the correlation function, which
characterizes a level of sea irregularity; A is the
resonance frequency of the irregular sea spectrum.
This frequency for rolling and pitching is equal to
frequencies of the object characteristic oscillations.

In accordance with (2) the spectral density can
be determined in the following way [11]
2D, o+ +2°

S,.(w)= .
(@) T W+ +od)’ -4 o’

3)

In some cases, it is convenient to represent the
correlation function of the sea irregular waves in the
following form [11]

K(t)=D,e™ (cos A+ % sin krj . 4

Then the expression for spectral density
determination becomes
2D P+
S, ()= =~ £ 5)

T (WA +&’) -4l

This dependence corresponds to real irregular
sea in the region of spectrum maximum amplitudes
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on contrary to regions of the low and high
frequencies. The correlation function (4) for @ — 0

becomes cosine function and the spectral density —
O -function at the frequency A . It should be noted
that A characterizes frequency of the periodic
process similar to the random process {(¢). The

parameter W characterizes level of the function
C(t) irregularities. Its kind depends on ratio
between W and A. If the ratio w/A is small, the
function {(¢) is similar to the sine function with the

slowly changed amplitudes and phase. If the ratio
W/ A increases, the periodicity decreases.

For the correlation function [11]
Wy TR
K(t)=D, |1+ (I) e_“t(cos At + xarctng , (6)
the expression for determination of the spectral

density becomes

2D,,u0)2

S.(w)= .
() ot + 212 =22 0? + (U2 +22)?

(7

To determine the spectral density of the wave
ordinates described by (6), (7), it is necessary to
determine the variance and parameters | and A

based on data about intensiveness of the irregular
sea. Usually the wave ordinates are believed to be
distributed by the normal law.

In this case, amplitude values will be distributed
by the Rayleigh law. As maximum values are
realizations of a random variable, the function of
probability distribution PC(C) depends on width of

the spectrum defined by the formula [9]

_ ke
A== (8)

here 7, = ZTE,Img / mé is time of transition through

zero; T, =27t,lm§ / mé is average period between
wave crests; mg, mé, mg are statistical moments
of orders 0, 2, 4. If Tg <<T, and width of the

spectrum (8) tends to one (A — 1), a realization of
the random process is characterized by sufficient
quantity of maximums and minimumes.

In this case, the spectrum is believed to be
broadband and the distribution law — normal. If
T,=T,, then A=0. It means that the multiple

maximums and minimums are absent in the
realization. The spectrum is believed to be narrow-
band. In this case, amplitude values of wave heights
are ordered in accordance with the Rayleigh law,

which depends on the parameter B = 1/mg . In these

conditions the following expression takes place [9]

pe(©) =/ meYexp(=L* /12mP). ©9)

The wvariance of values distributed by the
Rayleigh law (9) is defined by the formula

_4-z

2
== B

D

If a vehicle moves with some speed, the
observed frequencies differ from the same
frequencies in the immovable reference frame. The
spectrum of the wave, which is observed from the
vehicle, is called the imaginary wave spectrum.

5. Simulation of environmental disturbances

Simulation of environmental disturbances is the
important stage of the precision attitude and
heading reference system simulation. For this it is
necessary to give the white noise at the input of the
forming filter. There are different approaches for
filter implementation.

To obtain the transfer function of the forming
filter using the first approach, the Wiener filtration
theory is used. Factorization of the expression for
irregular sea spectral density can be represented as
product of stable and unstable multipliers

Se(@)=|; ()| S,(0),

here S,,(®) is the white noise intensity.

To factorize the spectral density by the
expression (3) it is convenient to represent it in the
form

2D, o +1° +22

Se(w) = .
qC) - (o4+2(u2—7»2)032+(u2+7»2)2

10)

The factorization of the expression (10) can be
carried out in the following way
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2D 522 +22 _
SC((D)_ .4 IRV 2 4232
T (o) +21° -X)(o)” +U +X)

\/F\/ﬁ( ot +22) ot +2) (11)
T az(]u)) +(2ayay —aj )(]0)) +a0
F F (jort 12 02 )t +22)
(@ (j0) +ay jorr ag)ay (jo) —ayjor+ay)
here
a3 =1; 2apa, —ai =2 —=A%); ad = +A%)?,

and a, =1; a; =2\; ag =p* +2%.

Finally, expression for the forming filter transfer
function, which can be obtained based on the

relation (11) becomes
(jo+u? +A%) (12)
(j®)? + 20 j0+p? + A2 '

2D,

We(jo)=

It should be noted that for the studied system it
is necessary to take into consideration disturbances
by the angle slope. The spectral density of the angle
slope oo measured in direction of wave motion can
be determined by the expression [11]

2
Se(®) =S¢ () = k>S; (0) =%S€ (). (13)

Using the expression (13), the forming filter
transfer function (12) can be transformed to the
form

(Jo+u’ +27)

. 2D, +2%) jo ' 2
W (jo) = (U ) J Y : )
T g (jo)" +2Mjo+u” +A

(14)

Carrying out the comparative analysis of
expressions (3), (5) it is possible to write the
transfer function of the forming filter based on the

expression (5) in the following way
,MZ +7\’2

D’ +21%) jo

We(jw)=2

(15)
The expressions (14), (15) take into
consideration that variance of the angle slope is

determined by the formula D, = (uz +2° )D,. [10].

The forming filter (15) in the state space can be
represented in the following way

T g (jo)2 +20jo+p* +22°

5(1 _ 0 1 xl + 0 o
X | |-t = —2A x| k|
y=[o 1{"1}, (16)
X2
2
here k = 2‘/ MH +h
n g

Random processes with spectral densities (3),
(5) can be simulated as result of passing random
signal (the white noise) through forming filters
(14), (15). Simulation results are given in Fig. 4.

Simulation results show that random signal
forming by means of the forming filter (14) allows
to give the more rigid operations conditions.

It was obtained based on results of experimental
researches that variance is related with the height of the

wave of 3% provision by the relation [10]

D, = D[{(£)] = 0,143(hss, 1 2)* .

Fig. 4. Random signals: a — simulation based on the
formula (14); b — simulation based on the formula (15)
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The second approach foresees usage of the
forming filter, which provides simulation of
disturbances with the given spectral density as some
approximation.

As in the previous case, the forming filter is
determined using factorization. As a rule, the given
structure is used. The most widespread structure is
the filter of the second order [11]

260, (jo)
(jo)* + 28w, (jo)+oF |

We(jo)= (17)

For this filter

4(Ew,0)°
(02 —0%)* +4(¢w,0)>

W, (o) =
hence
max Sy = W (jo) ?s,.

Parameters of the filter can be chosen in the
following way [11].

% ‘ ‘ ‘ : : : :

Angle, arcmin

i 500 1000 1500 2000 2500 3000 3500 4000
Time, s
a

1. The intrinsic frequency of the filter is defined
by the formula

o, ~arg max S¢ (®).
(0]
2. Damping coefficient 0<& <1 is chosen to
provide correspondence between variance of the
filter output and variance of the given spectrum.

Similar to expression(16), the forming filter (17)
in the state space can be represented in the form

X B 0 1 X 0 )
LCJ - {_ 0)'21 _2&’)" }LCZ}—L&(DJ(D ,

=)

6. Simulation results

Expressions for determination of forming filters (3),
(5) can be applied for forming disturbance moment
2).

Results of the perturbed system simulation are
given in Fig. 5.

Angle, arcmin

- i i i i
0

Time, s ¥ 10
b

Fig. 5. Simulation of the perturbed system: transient processes by the pitch (a) and heading ()

The represented results have been obtained for
the case of the most complex operation conditions.

7. Conclusions

The mathematical model of the stabilizing system
for the marine navigation complexes is created.

Characteristic of irregular sea waves is given.
Analysis of mathematical descriptions of
environmental  disturbances is carried out.
Expressions for determination of forming filters,
which allow to simulate the perturbed motion of
marine vehicles are obtained.
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O.A. CymeHko

Moge/loBaHHSI BHCOKOTOYHOI CHCTeMH BHM3HAYEHHsI NPOCTOPOBOI oOpieHTaumii mix aiero 30ypeHb
30BHILIHBOI0 CepeJOBHINA

HarmionansHwmii aBianiiHuil yHiBepcureT, np. Kocmonasta Komaposa, 1, Kuis, Ykpaina, 03680

E-mail: sushoa@ukr.net

Mera: VY crarTi po3risHYTO MNpoOJeMH MOJENIOBaHHS pPOOACTHUX BHCOKOTOYHHUX CHCTEM BH3HAUYEHHS
POCTOPOBOT Opi€eHTAamii, SKi MOXYTh BHKOPHUCTOBYBATHCS Yy HaBiramii MOPCBKHX PYXOMHX OO0’ €KTIB.
lonoBHOIO METOI0 € CTBOPEHHsSI MAaTeMaTHYHOI MOJENi, MPHCTOCOBAHOI JUIS MOJENIOBaHHS 30ypeHol
CHUCTEMH, Ta MoJieliclt 30ypeHb 30BHINTHLOTO cepefoBuia. Meroau gocaimkenns: /st po3s’s3aHHs 1aHOT
mpoOiieMu OyJI0 BHKOPHCTAaHO TEOpir0 pOOACTHHX CHUCTEM YIpaBIiHHSI, Teopito QimbTpamii Ta Teopito
nmoBipHOCcTeil. Pesyabratm: [lpeacraBieHo Monens 30ypeHOI CHCTEMH BH3HAYCHHS IPOCTOPOBOL
opieHTauii, cTBOpeHoi 3a momomororo 3aco6iB Simulink. 3anpomoHoBaHO Bupas Uil BU3HAYEHHS MOMEHTY
30ypenHs. BukoHaHO aHali3 MOXIUBHUX 30ypeHb 30BHIIIHBOTO CEPEIOBHUINA AJISI CUCTEMH JTOCIIKYBaHOTO
tunry. OTpuMaHO Mojeni 30ypeHb 30BHIIIHBOTO CEPEAOBHUINA HAa OCHOBI Teopil QimpTpamii. BuxoHaHo
NOPIBHAHHS JBOX ITJIXOMIB 10 pOo3pOoOKH MoJielieil 30BHIIIHBOTO cepenoBuiia. BucuoBku: [IpencrasieHo
pe3yIabTaTH MOJICTIOBAHHS BUCOKOTOYHOI CHCTEMH BU3HAUEHHS ITPOCTOPOBOI Opi€HTAIlll pyXOMUX 00’ €KTIB 3
ypaxyBaHHSIM 30ypeHb 30BHIIIHBOTO cepenoBuina. OTpUMaHi pe3ysibTaTH MOXKYTh OYTH KOPUCHUMH IS
MPOEKTYBAaHHS BUCOKOTOYHHX HaBIiralifHUX CHCTEM PYXOMHX 00’ €KTiB.

KirouoBi cioBa: 30ypeHa cuctema; Mojeni 30ypeHb; MOJENIOBAaHHS; pOOACTHI CHCTEMH; cHcTeMa
BH3HAYEHHSI TPOCTOPOBOI Opi€HTAL]].
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0.A. Cymenko

MoaeanpoBaHue BBICOKOTOYHOH CHCTEMBI OIpedejJeHUs] MPOCTPAHCTBEHHOH OpPHEHTAIMM TOJ
JeCTBHEM BO3MYIICHHI BHEILIHEH cpeabl

Hanuonanbusiit aBuannoHHbli yauBepcutet, Kocmonasra Komaposa, 1, Kues, Ykpauna, 03680

E-mail: sushoa@ukr.net

Heasn: B cTatbe paccMoTpeHb TpoOIeM MOAETHPOBAHHUSA POOACTHBIX BHICOKOTOUHBIX CHCTEM ONpEACICHUS
MIPOCTPAHCTBEHHON OpPUEHTAllUM, KOTOPBIE MOYKHO HCIOJNb30BATh B HAaBUTallMM MOPCKUX IOABHMIKHBIX
00bEKTOB. [7MaBHOW wLenbl0 SBISETCA CO3AAaHUE MAaTeMaTHYeCKOM MOZENH, MNPHCIOCOONIEHHONH K
MOJICJIMPOBAHUIO BO3MYIIEHHOH cucTeMbl. MeToasl ucciaegoBaHus: [ perieHust NaHHOM mpoOieMbl
OBUTH HCIIOIB30BAHBI TEOPHS POOACTHBIX CUCTEM YIIPABJICHUS, TEOPHs (PUIBTPALIUU U TEOPHSI BEPOSTHOCTEH.
Pesyabrarel: IlpenctaBneHa Monenb BO3MYILIEGHHOM CHUCTEMBI  ONpENENICHHS IPOCTPAHCTBEHHOM
OpHEHTalUuyu, co3gaHHOW mpu momoumm cpencts Simulink. IlpemnoxeHO BbIpakeHHE IS ONpPENeIICHUS
MOMEHTa BO3MYLICHHUS. BBINOJIHEH aHaIW3 BO3MOXKHBIX BO3MYIICHHMH BHEIIHEW Cpelbl A CHCTEMbI
uccnenyemoro tuma. IlomydeHsl Moaenu BO3MYIICHHH BHEIIHEH cpelbl Ha OCHOBE TEOPUH (HUIIbTPaLUH.
BrimonHeHo cpaBHEHHE IBYX MOIXOAO0B K pa3paboTke Moeneil BHemHel cpeasl. BoiBoasl: IlpenctaBneHbl
pe3yabTaThl MOICIUPOBAHUS BBICOKOTOYHOH CHCTEMBI OIpEeNCHUS TNPOCTPAHCTBEHHOH OpHEHTaluu
MOJBIKHOIO OOBEKTa C y4YeTOM BO3MYLICHHI BHewmHeid cpeapl. [lomydeHHBIE pe3ynbTaThl MOTYT OBITh
[IOJIE3HBIMHU U151 IPOEKTUPOBAHUS BHICOKOTOUHBIX HABUTAIIMOHHBIX CHCTEM IIOJBI)KHBIX OOBEKTOB.

KuroueBble cjioBa: BO3MYIICHHAS CHCTEMa; MOJICIH BO3MYIICHUN; MOICIUPOBAHUE; POOACTHBIC CHCTEMEI;
CHCTEMa OTIPEACIICHUS TPOCTPAHCTBEHHON OpHUCHTAITHH.
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