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Abstract

Purpose: The paper focuses on features of data-ware of precision attitude and heading reference systems, which can be
applied in the high-precision applications, for example, navigation of marine vehicles. The main goal is to create the
data-ware adapted to functioning of the multi-mode navigation system. Methods: To solve the given problem the
methods of the inertial navigation, automatic control theory including servo systems and methods of statistical
processing of information are used. Results: The data-ware of the precision attitude and heading reference system is
developed taking into consideration different modes of the system and interrelation between them. The basic
expressions of data-ware for the high precision multimode attitude and heading reference system are obtained. The
general block-scheme of operating algorithm of the system is given. Conclusions: The results of development of data-
ware of the precision attitude and heading reference system taking into consideration presence of some operating
modes are represented. Obtained results can be useful for design of precision navigation systems of the moving vehicles

of the wide class.
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1. Introduction

The modern trends of design of the precision attitude
and heading reference systems are requirements to
expansion of the functional possibilities and to
decrease of period of design. Situation is
complicated because these conflict requirements
must be satisfied at the same time. To solve this
problem is possible by means of careful
development of the system data-ware at the early
phases of design.

The precision attitude and heading reference
system operates in many modes including
calibration, coarse and fine levelling, gyrocompass
azimuth alignment and finally modes of azimuth and
course determination. Every mode is characterized
by definite units and operation conditions. So, data-
ware of the attitude and heading reference system
must take into consideration features of every mode
and interconnections between them.

2. Analysis of the Ilatest researches and

publications

This paper completes the series of papers dealt with
development of the precision attitude and heading
reference systems [1-4]. 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
design and simulation of the robust system perturbed

by environmental disturbances are given in the paper
[3, 4]. The general achievements of gimballed
stabilization systems design and gimballed precision
navigation systems are represented in papers [5, 6].
Features of inertial navigation are represented in [7].
Analysis of the possible ways to realize the high
precision attitude and heading reference systems are
given in [8].

3. Research tasks

The main goal of the research is to represent basic
directions of data-ware development for application
of precision attitude and heading reference system.
These tasks include characteristic of all modes of the
attitude and heading reference system and also
interrelation between them.

4. General characteristic of data-ware

The high precision attitude and heading reference
system can be based on the triaxial inertial platform.
Basic features of such a system are described in the
paper [1]. This system includes two dynamically
tuned gyroscopes. The first device carries out
functions of the course gyroscope. The second
device is the gyro vertical. Gyroscopes are mounted
at the rotation units. Such an approach provides
execution of calibration and improves accuracy of
the considered system as a whole. The considered
system includes also three accelerometers. Presence
of the third (vertical) accelerometer allows
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compensating an error caused by the vertical
component of the vehicle speed.

It should be noted that compensation algorithms
of the high precision attitude and heading reference
systems are sufficiently complex. In this case it is
necessary to compensate both instrumental and
methodical errors. The methodical errors are caused
by the Coriolis acceleration and also earth diurnal
rotation. Errors caused by non-sphericity of the
Earth must be also taken into consideration.

It should be noted that strapdown attitude and
heading reference systems corrected by means of Global
Positioning System (GPS) in some situations provide
sufficiently high navigation accuracy. Topicality of the
gimballed attitude and heading reference system is
explained by vulnerability of GPS. From this point of
view the advantages of the gimballed navigation
systems for strategic applications makes no doubts [6].
Global Positioning System can be vulnerable due to five
basic factors such as [9]:

1)dissipation of GPS signals in the space;

2)dissipation of signals of the ground receiver;

3)inaccessibility of the on-board GPS receiver;
4)inaccessibility of ground stations;

5) inaccessibility of GPS satellites.

In contrast to gimballed inertial navigation
systems the modern gimballed inertial navigation
systems are used in the case of need to satisfy some
basic requirements. These requirements are the high
accuracy in conditions of autonomous operation;
high functional reliability and the ability to function
in unfavourable environmental. An inertial platform
is the important part of the strategic systems of
guidance, navigation and control including attitude
and heading reference systems.

One of the most important parts of design of the
gimballed attitude and heading reference systems is
development of data-ware. It should be noted that the
system of the considered type is multi-mode [2]. So,
every mode requires its own algorithm. Moreover, it is
necessary to agree execution of these modes in time.

The feature of data-ware of the high precision
attitude and heading reference systems is the
necessity to provide calibration process [6].
Performances of navigation inertial sensors such as
scale factor, systematic error, alignment error,
nonlinearity and sensitivity to acceleration, change
in time due influence of environmental disturbances.
To provide the high navigation accuracy it is
necessary to specify values of basic errors of
navigation instruments. The obtained values can be
used for compensation of appropriate components of

control laws. Obtaining information about changes
in instrumental errors of navigation instruments is
carried out by means of calibration.

The feature of data-ware of the high precision
attitude and heading reference systems is also the
necessity to provide the initial alignment of the
platform with the inertial navigation instrument
relative to the given navigation reference frame.
This process includes levelling and gyrocompass
azimuth alignment.

Levelling lies in setting of the inertial platform
with the inertial measuring instruments to the
horizontal plane. It should be noted that
accelerometers during flight measure the specific
force caused by the engine thrust. Accelerometers in
pre-flight modes measure reaction on the local force
of gravity. High-precision navigation (for example,
navigation of marine vehicles) requires the coarse
and fine levelling. Accuracy of the coarse depends
on accelerometer drifts and stability of scale factors.
The process of the coarse levelling is implemented
by means of control by accelerometer signals. The
process of the fine levelling is based on signals of
accelerometers and gyroscopic devices.

Gyrocompass azimuth alignment is based on
autonomous analytical determination of the true
course of the controlled object. To provide this
process is possible using projections of the
horizontal components of the Earth rate, which
depend on the true course. The gyrocompass
azimuth alignment is a long process [6].

In fact the gyrocompass azimuth alignment is
process of setting to the meridian. This process is
implemented by means of rotation of the platform
relative to the vertical axis. A position of the vertical
axis is determined by the coarse levelling. It should be
noted that the gyrocompass azimuth alignment is less
precise in comparison with the levelling. As result the
azimuth initial error significantly exceeds residual
deviation of the platform from the horizontal plane.

Calibration and alignment are different
navigation modes. They can be implemented in
series or at the same time. Nevertheless the highest
precision can be achieved in the case of their
continuous and combined implementation.

The block-scheme of algorithm of the attitude
and heading reference system functioning is
represented in Fig. 1. Functioning of the system
begins from the power on self test. After testing
termination it is necessary to check signal from the
thermostating system and provide information
output failures in case of need.
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The mode of the fine Ilevelling can be
implemented after calibration of the dynamically
tuned gyro, which carries out functions of the course
gyroscope. Further calibration of accelerometers is
carried out against the background of the fine
levelling. After setting of the system in the state of
precision measurement of the course, functioning in
the mode of the gyroscopic compass can be
implanted.

5. Description of data-ware of separate modes

Coarse levelling. The mode of the coarse levelling
includes the following steps.

1.1t is necessary to provide pickup of
accelerometers signals and calculate following
values

A=A +a,+a,; M

c _
Ay = Ay +ta,+a,

where A, A, are accelerometers readings; a_,a

xs> ys
are systematic errors

documentation; a,,,a,,

given in the technical
are accelerometer drifts due

to temperature.
2. Determining angles of roll and pitch (y and

0) using angle-data transmitters mounted at axes of
the platform gimbals is implemented.

3. Control moments can be calculated by the
formulas

M, = kxA; +keé;
M, = k,A; +k,7,
where k., k,  k, ky

x> Mys My

)

are appropriate transfer

constants; Y=1Y/At; 0=0/Ar. Here At is duration

of control cycle in real time.

4. Forming currents entering to the torque motors

are obtained in the following way. In accordance

with the expression (2) these signals can be
represented in the following form

1.=M,/k,,; 3)

I,=M,/k,

where k,, is the transfer constant of the torque

m?2

motor.

Formulas (1) — (3) represent data-ware of the
mode of the coarse levelling.

Calibration of the course gyroscope. Calibration
of the dynamically tuned gyroscope, which carries
out functions of the course gyroscope, is
implemented based on functioning of the
dynamically tuned gyroscope in the mode of the

angular rate measurement. Calibration of the course
gyroscope is carried out mutually with the coarse
levelling. The basic goal of this mode is to calculate
drifts of the course gyroscope. To solve this task it is
necessary to form a control moment, which provides
rotation of the course gyroscope with the angular
rate . equal to 2 deg/s. During this rotation the

projections of the Earth angular rate onto measuring
axes of the course gyroscope ®,,®, are measured at

the instants of time, which correspond to turns on
the angles 0°, 10°, ..., 360° respectively. Gyroscope

drifts &,,B, can be determined based on measured
values @, @, .

This mode includes the following steps.

1. Angles of pitch, roll and yaw (6,7y,y) are
measured.

2. Control of torque motors is implemented in
accordance with the expression (2) except for
determination of moment M _, which can be
determined in the following way

M. =M (W =V,
I,=M,/k,

q b
where v, y,, are given and measured angles of the

4

yaw respectively; here ,, =y, /At.
3. The arrays of values A(x)x,A(oy are calculated

by the formulas

0, +0,
Aw, =——8 > S =118
)
Oy ¥ Oinig
A, =28 o g,
l 2

4. Drifts of the course gyroscope &, ,[, can be
determined in the following way

18 18
2 Ao, 2 Ao,

G, =41 ;' _ i=l ’. 6
U By T (6)

Formulas (4) — (6) describe data-ware of the
mode of coarse levelling.

Alignment in azimuth. The mode of the alignment
in azimuth is carried out at the same time with the
mode of the coarse levelling. An angle §, between

the axis of sensitivity of the course gyroscope and
the meridian plane is defined by components, which
can be measured by the dynamically tuned
gyroscope operated in the mode of the measuring
instrument of the angular rate. The above mentioned
gyroscope in the attitude and heading reference
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system of the considered type carries out functions
of the gyro vertical.

In this situation a position of the platform with
the navigation measuring instruments can be
determined based on projections of the Earth angular
rate onto the platform axes [10]. This mode includes
the following steps.

1. Angles of pitch, roll and yaw (0,7y,y) are

measured.

2. Control  of torque motors M, M, is
implemented in accordance with the expression (2)
taking into consideration above obtained drifts of the

course gyroscope
M, =kxA; +k W+ 0y
M, =k A +ky0+,.

yox

(7

3. Forming of currents at the input of the torque
motors is carried out in accordance with the
formulas (3).

4. Calculation of the angle of setting to the
meridian based on measurements of the Earth
angular rate is carried out as a mean value

10
(Dxm = Z(Dx[ 5

i=1
10
(Dym = iglmyi; (8)
d, =artcg(®,,, /®,,).

5. For navigation tasks it is important to know
both a value and direction of the calculated angle
[11]. Therefore the expression (8) must be divided
into some expressions

6=5,-180° if ®,, <0; ®,, <0;
6=-¢, if 0,<0; ®,, >0;

6=180° -0

s

ifo,<0;0,<0;
6=9, if 0, >0; w,, >0.

)
Rotation of the gyroscope on the calculated
angle is implemented by means of the rotation
unit of the course gyroscope. The control
current of the torque motor provides rotation
with the speed 10 deg/s. The calculated value is
checked by the signal of the angle-data transmitter
of the rotation unit. The control current can be
determined by the following expression

1,=M,/k,,; (10)
MA :Mmax(li!g _Wm)5

where y,,y, are given and measured angular
rates; ,, =W/At;

Termination of the rotation and nulling of the
control current is implemented by the relation

y<dif ®, 20 and y<180°-8 if ®, <0.(11)

Formulas (7) — (11) describe data-ware of the
mode of the alignment in azimuth.

Fine levelling. The mode of the fine levelling is
implemented after calibration of the gyroscope,
which carries out functions of the gyroscopic
vertical. This mode includes following steps.

1. Control moments M ,M, are determined in

the following way
Mx = lvag +sz7vg;

: (12)
M, =k;,8,, +k,0,,,

where are transfer constants;

kipskos poksyskyy
Y.g» 0, are signals of the gyroscope, which carries
functions of the gyro vertical. Here

o Yve;, ~Yvgiy - f= 0,0, =0y, ‘

At At
2. The currents at the input of torque motors can
be determined based on relations

4
I,=%M, /k,,;

’j (13)
I,=%M, /k,

m >
i=l1

where M, , M, are moments of integral correction;

M, ,M, are moment, which correct influence of
the Earth M. .M
3 Y3

moments based on the external information;
M Iy M ,, are moments, which correct influence of

rotation; are correction

the gyroscope, which carries out functions of the
gyro vertical.

The above stated correction moments are
described in details in the paper [2].

3.In the mode of the fine levelling the
calculation of the course gyroscope drifts using
information of GPS can be used if it is possible.
Correction is carried out every 30 min by means of
the formula

— (ngsl _W1)+(ngs2 _‘VZ) (14)
2At ’

where Y, W, ., are values obtained from GPS at

A

instants of time, differing on 30 min; w,,y, are
values measured by the course gyroscope.
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If information of GPS is absent, the data-ware
uses previous values of y, Ay .

Formulas (12) — (13) describe data-ware of the
mode of the fine levelling.

Calibration of course gyroscope. The mode of
calibration of the course gyroscope is carried out
mutually with the mode of the fine levelling. Using
experience of the considered systems design and
operation this algorithm it is convenient to represent
in the following form.

1. Output values of the course gyroscope

y,;,i=1...,6 are measured through 90 s.

2. The drift of the course gyroscope is determined
based on measured information by means of
relations

ay, =Vt = Ay, (19)

The expression (15) allows obtaining of the
course gyroscope drift.

Calibration of accelerometers. Calibration of
accelerometers is carried out mutually with the mode
of the fine levelling. Accelerometer drifts are
determined in the following succession.

1. Using accelerometer readings 4,,4,, 4, the

speeds and traversed paths along the platform axes
are determined

At
AV, =Vy+ [4 s i=x,y,z, (16)
0

)

2. Based on expressions (16), (17) the following
components can be calculated
al =2AS,/t*; @’ =AV,/t,i=x,y,z. (18)
3. Accelerometer drifts can be determined in the
following way

A
AS, =S, + [V, i=x,y,z.
0

aiz(a}+af)/2; i=x,9,z.

(19)

The expression (19) allows obtaining of the
course gyroscope drift.

Mode of gyroscopic compass. To provide the
high accuracy of course determination it is necessary
to carry out the mode of the gyroscopic compass at
the same time with the mode of the fine levelling.
The system in this mode can function in the mode of
the gyroscopic compass or gyroscopic azimuth
depending on the control command signal. The main
goal of the system in this mode is to provide
correspondence of the platform angular rate and
angular rates of the geographical navigation
reference frame taking into consideration the diurnal

rotation of the Earth and motion of the vehicle [10,
11].

This mode includes following steps.

1. Control moments M ,M, are determined in

the following way
M, =k, +k W,
M, =k 0, +k, 0
where k. k; ok ky

(20)
Vg’
are transfer constants;

v, 0,, are signals of the gyroscope, which carries

functions of the course gyroscope. Here

\i/ _ Wvgi _W"gi—l . é_ eVgi -9
At At
2. The currents at the input of torque motors can

be determined based on relations (20)

VEi-1

4
[,=3XM, /k,;
N (21)
[, =M, /k,,
i=1
where M, ,M, are moments of horizontal

correction by signals of course; M, ,M,  are

moments of horizontal correction by signals of
accelerometers; M, , M, are moments of azimuth

correction; M, is a moment based on the course

gyroscope drift.
The above listed correction moments of the
expression (22) are described in the paper [2].

7. Conclusions

Data-ware for the high precision attitude and
heading reference system was developed. The
generalized block-scheme of functioning of the
above mentioned system is represented.

Basic expressions of data-ware for every mode of
the high precision attitude and reference system are
obtained.
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0.A. Cymenko

AJuropuTMmiyHe 3a0e3ne4eHHs] BUCOKOTOYHOI CMCTEeMHU BU3HAYEHHSI IPOCTOPOBOI OpieHTaNil
HarionansHuii aBianifinuit yaisepcutet, np. Kocmonasra Komapoga, 1, Kuis, 03680, Ykpaina
E-mail: sushoa@ukr.net

Meta: VY cTarTi pO3MISHYTO OCOOJMBOCTI airOPUTMIYHOTO 3a0e3MeYeHHS BHCOKOTOYHOI CHCTEM
BU3HAYCHHS IPOCTOPOBOI Opi€HTAIlli, M0 MOXYTh OYTH 3aCTOCOBaHI Y BHMCOKOTOYHHX 3aCTOCYBaHHSIX,
HaTpHUKIaj, HaBiramii MOPCBKHX DPYXOMHX 00’€KTiB. ['OJJOBHOIO METOIO0 € CTBOPEHHS alrOpUTMIYHOTO
3a0e3IevYeHHs, CIPSIMOBAaHOTO Ha 3a0e3nedyeHHs (PyHKIIOHYBaHHS 0araTOpeKMMHOI HaBIraIifHOi CHCTEMH.
Metoau mociimkennsi: s po3s’s3aHHS 3a3HAUYCHOT TPOOJIEMH BUKOPHUCTOBYIOTHCS METOAM 1HEPIiadbHOT
HaBiranii, Teopii aBTOMaTHYHOTO YIIPaBIiHHS, BKJIIOYAIOUH CIIIKYBAIbHI CUCTEMHU Ta CTATUCTHYHOT 0OpOOKHU
inpopmarii. PesyasTaTn: Po3pobiene anroputmiuHe 3a0e3leYeHHS BHCOKOTOYHOI CHCTEMH BH3HAYEHHS
MIPOCTOPOBOI Opi€HTAITIl 3 YpaXyBaHHIM HAsSBHOCTI Pi3HUX PEKHUMIB CHCTEMH Ta B3a€EMO3B’S3KiB MK HUMHU.
OTprUMaHO OCHOBHI BUpPa3H MJISl aNTOPUTMIYHOTO 3a0e3MeUeHHsT BUCOKOTOYHOI 0araTOpeXKMMHOI CHCTEMH
BH3HAYEHHsI MPOCTOPOBOi opieHTawii. [IpencraBiaeHo y3arajabHeHY OJIOK-CXeMy alrOpUTMY (YHKIIOHYBaHHS
cuctemu. BucnoBkm: IpesncraBieHo pe3ynbTaTH po3pOOKH alrOPUTMIYHOTO 3a0e3MeYeHHS] BUCOKOTOYHOT
CHUCTEMH BHU3HAYEHHS IPOCTOPOBOI Opi€HTAIil 3 ypaXyBaHHSIM HAsSBHOCTI IEKUTBKOX EKCIUTyaTaIliiHuX
pexxumiB. OTpuMaHi pe3yabTaTd MOXYTh OyTH KOPUCHUMH ISl IPOEKTYBaHHS BUCOKOTOYHUX HaBiraliiHUX
CHCTEM PYXOMHX 00’ €KTIB IMIMPOKOTO KJIACy.

KurouoBi cioBa: anropurMmivne 3abe3nedeHHs; OaraTopekKMMHa CHCTeMa; iHepIliadbHa HaBiraris; cuctemMa
BU3HAUCHHS IPOCTOPOBOT OpieHTaIli]

0.A. Cymienko
AJlropurmMHuyecKoe
OpPHEHTALMHU
Haunonanbusiii aBuainoHHbl yHuBepcuteT, KocmonaBra Komaposa, 1, Kues, 03680, Ykpauna
E-mail: sushoa@ukr.net

obecrieueHHe BBICOKOTOYHOH CHCTEMbI ONpedesieHHsi MPOCTPAHCTBEHHOT

I.[e.m;: B cratbe PacCMOTPECHBI 0COOEHHOCTH AJITOPUTMUYCCKOTO o0ecreyeHuss BBICOKOTOYHBIX CHCTEM
OIMpeaACICHUA HpOCTpaHCTBeHHOﬁ OpHUCHTAlUH, KOTOPBIC MOTYT OBITh HCIOJB30BAHEI B BBICOKOTOYHBIX
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MIPUMEHEHUSX, HAlpUMEp, B HABUTAIMM MOPCKHUX TMOJBMKHBIX OOBEKTOB. [TaBHOW MEIbIO CO3JaHUS
ANTOPUTMHUYECKOTO 00ecredeHus, HallpaBIIEHHOIO Ha obOecrieyeHns (yHKIIMOHUPOBAHUS MHOTOPEKHUMHOMN
HaBHUTAIIMOHHOW CHUCTeMBI. MeToabl HMcciaenoBaHmsi: JlJis pemreHds TaHHOW TPOOJIEMBI HCITONB3YIOTCS
METOAbI HHepHHaJ]bHOfI HaBUTallUH, TCOPUN AaBTOMATHYCCKOT'O YIIPABJICHUA, BKIIIOYasA CIACAAININEC CUCTEMBI, U
METOJIBI CTATUCTHYECKOH 00paboTku wHbopMammu. Pe3yastathel: Pa3paboraHo anroputMuyeckoe
obecrieueHre BBICOKOTOYHOH CHCTEMBI OTpEAENeHHs NMPOCTPAHCTBEHHOW OpWEHTAMH C yYeTOM HAIAYHS
Pa3HBIX PCKUMOB CHCTEMBI U B3aMMOCBSI3el MCXKOY HHMHU. HOJ’Iy‘IGHH OCHOBHBIC BBIPpAKCHUA [JIA
QITOPUTMHYECKOTO  OOCCIICYCHUS  BBICOKOTOYHOW  MHOTOPSKHMHOH  CHCTEMBI  ONpEICIICHUS
MIPOCTPaHCTBEHHON opueHTanuu. [IpencraBneHa o0oOIIeHHas OIOK-cXeMa alropuT™Ma (pyHKIIMOHUPOBaHUS
cucteMbl. BbiBoabl: IlperncraBieHbl  pe3yJdbTaThl  pa3pabOTKU  aITOPUTMHYECKOTO  OOSCIICUCHHMS
BBICOKOTOYHOM CHUCTEMBI OMNpPENEICHUS] MPOCTPAHCTBEHHON OPUEHTAIIMM C YyYEeTOM HAJTUYUH HECKOJIBKHUX
AKCIUTYaTallMOHHBIX PEeKUMOB. [lodydeHHBIE pe3ynbTaThl MOTYT OBITh MOJE3HBIMH ISl MIPOCKTUPOBAHUS
BBICOKOTOYHBIX HABUTAIIHOHHBIX CHCTEM TOJBIDKHBIX 00BEKTOB IMIMPOKOTO Kilacca.

KaroueBrblie ciioBa: alropuTMUYECKOe 00ECIICUCHUE; HHEPIMAbHAs HABUTAIINS; MHOTOPEKUMHAs CUCTEMA;
CUCTEMa OTIpeNIeTICHNS TPOCTPAHCTBEHHON OPHEHTAITUN
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