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Problem statement. Recent developments of fiber optical gyroscopes
(FOG) and accelerometers in the USA, France, Germany and Russia have led to
the creation of instruments characterized by the values of drift and instabilities of
zero bias of 5-107,....107 deg/hour and 5-10”g. Such parameters are sufficient for
making strapdown gyrocompass on the base of FOGs and precise quartz
accelerometers. These units mounted in a housing and arranged with onboard
computer are actually the strapdown inertial navigation system (SINS). Nowadays
many companies in the world produce similar three-axis systems (for instance
strapdown gyrocompass Octans (France), KVH Industries (USA), SFIM Industries
(Deutschland, GmbH) [1-4], gyrohorizoncompass (CSRI "Electropribor" [5],
Russia) etc). In particular, these systems are widely used on hydrographic and
other ships. Some results of development of the original strapdown gyrocompass
are presented in this work. The structure of the developed instrument is same as
mentioned systems. Theoretical analysis has shown that application of precise
FOGs and accelerometers gives the possibility to obtain the technical parameters
and price of SGC unit comparable with above mentioned systems. The considered
system is based on FOGs and accelerometers developed and produced by Russian
company “Optolink Ltd”. Note that SGC based on horizon-scanning FOGs are not
considered in this paper [6,7].

Problem solution. The combination of a principle of computer modeling of
place vertical under the Schuler’s conditions of undisturbance to the action of
horizontal absolute accelerations [4,8-10] and the condition of coincidence of one
of horizontal axes of a trihedron with a north direction makes it possible to realize
the gyrocompass model. It is necessary to note that the system is intended for
application on mobile objects (MO) with the limited pitch angles [9<75,..80".

Therefore Euler’s kinematic equations for Euler-Krylov’s angles are used as the
algorithms basis. Also the kinematic quaternion algorithms are compared with
developed model. In this approach (see Ref. [11,12]) the angular rates are related
to horizontal and the Euler-Krylov’s angles are applied.

The trigonometrical algorithms of an initial alignment which provide the
autonomy, concerning the use of signals of only inertial sensors present the special
group of orientation and navigation algorithms.



The basis of given strapdown gyrocompass (SGC) are the inertial navigating
system (SINS) made on the basis of the unit of three optical fibre gyroscopes
(FOG), forming triade of mutually orthogonal measuring devices of angular rate
(TMDAR) . and on the basis of the unit of three measuring devices of specific
force ot object (MSF), forming triade of mutually orthogonal measuring devices of
specific force (TMSF), and onboard computer (OC) with the interface (fig. 1).

oy - ‘?".m._,[ — i
W, FOG . O -]
o, unit (L . ‘“l’(t)
" , - -
. Interface | oC |
Wy -0 - - LA
Wy MSF . W t
W, unit W, f
LN ] L -

Fig. 1

In fig. 1 o, W, (i=13) are the components of absolute angular rate and specific
forces of object; &,.W, (i=13) are the estimations of the mentioned above
components that are entered in OC; W{t) is the estimation of a course angle at
output of OC. In order to explain the process of functioning SGC the scheme of
orthogonal geographical accompanying reference frame (RF) nQ,(i:l—.j) is shown
in fig. 2. Also there are shown free in an azimuth horizon accompanying RF,
an,(i = 73) RF ox (i =E), bound with object (ox, - lenghtwise, ox; - normal axes)
and turns of reference frame ox; on course angle ‘¥, pitch angle 6 and a roll angle
y; w is azimuth angie. In fig. 3 mutual position of unrotatable (@,, =0) in an
azimuth horizon accompanying RF on,(i:L_j) and reference frame oC,,(i:I._J) is
represented. Their vertical axes on, and o, are coincided, the angle 9 defines a
turn of RF on, that is relative to RF of, on an azimuth in a plane of horizon. It is
the angle introduced in [13, pp. 450-474}. In fig. 3 ox).0x, are axes of RF
ux,(i:ﬁ), projected on a horizontal plane. Accounting the ellipsoidality of the
Earth, we have the following kinematic equations [14]:
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there v,.1;:( = 1,3) are components of relative and absolute velocities of some point
O of housing of SGC by the axes of an accompanying trihedron of;(1=1,2,3)
which axis 0z, coincides with a vector of acceleration of a gravity, the axis 0, is
directed to the North; # is height of a point O, measured from point Q,, for which

h=h,. With b <0 we have depth of dipping of SGC; ¢ is geographical latitude;
A,.\ are an absolute and geographical longitude; @, b are larger and smaller axes
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of ellipsoid; U is the angular rate of the FEarth; .’is a square of the first
eccentricity. We shall note, that formulas (1) are right for spherical model of the
Earth when ¢=0. For initial point O, at the beginning of movement the coordinate
of a site it is designated as tollows:

hr); XU: 0 A =U=t)+3, (2)

also we accept them for coordinates of undisturbed movement, . o, are an initial
geographical longitude and latitude; 4, is the initial moment of time. With the

taking into account (2) coordinates of the disturbed movement we shall present in
the following kind:

h=h+H: A, =A,+A; o=¢,+@, ri=Xx,+A. (3)

there H:A;@ are increments of coordinates in relation to coordinates of initial point
O,. @,(i=13) are components of absolute angular rates of RF o (i = 13); &, (i=13)
are absolute angular rates of RF on,(i=13);0, .0, (i=13) are the projections of
absolute angular rates of MO on axes of RF o, and om, accordingly.

Relations (1) - (7) are intended for use in algorithms of functioning SGC with
account of the nonspericality of the Earth, and also for mathematical modeling of
functioning of SGC. A4 is a matrix of directing cosines, determined from
transformation [x, x, x,] = 4[n,n,n,] by the following expression:

cosycosO sinfQ —sinw cos®

A, = —cosy sinBcosy + siny siny cos@eosy  sinysinGcosy +cosysiny (4)
sinycosy+cosy sin®siny ~casOsiny cosycosy —sinysinOsiny
For transformation RF we have: [x,x,x,] = 4°4¢, 2,4, (5)

cos8 0 -sind]
AV =A%4; A" =|0 ! 0 (6)
sin® 0 cos8

After multiplication 4°4 the matrix 4% with account of ¥ =y + 3 will look
like a matrix 4 with replacement of angle y by angle ¥ . Absolute angular rates
of reference frame ox,(i =1.3) bound to mobile object (MO), look like:
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m = o, + Y +Hsing: fw,] w,, @,
®,, =w,, +pcosbeosy +Osiny: o, (=40 |=4"®&, (7)
w,, = o, +0cosy - \yeosBsiny; [5)‘. G o,

For signals (estimations) of TMIDDAR and TMSF next formulas are used:

[W,, W, W\(]' =A4" [W:, W W, ]’ oo 0] =4" [u);, w,, 0);,]' ;
B, =0, +ho,. W, =W, +AW, (i = 1}), (8)

there Aw,. AW, - FOGs drifts and zero biases of MSF. So, algorithms of functioning
of SGC are constructed on the basis of Euler's kinematic equations with the
including terms of correction just as it is described in {11], with leading of angular
rates by signals of FOGs, specific forces by signals of TMSF and angular rates of
correction to horizon basis just as it is described in [12]. Thus Euler - Krylov's
angles are used. From (1) - (3) we can see, that due to the Earth nonspericality
algorithms become complicated, and Schuler’s conditions in north and east
directions are different [15].

Types and parameters of horizontal and azimuthal correction, their switching
on various modes of movement of mobile object (MQO) are determined. The
possibility of application of gyroazimuth in SGC modes for high latitudes, and in
other cases (at geographical latitude up to 75-80° — of gyrocompass mode) is
investigated. With mathematical modeling the system was considered on the basis
of application FOGs of model PNSK 40-002 produced by company "Optolink",
having drift 0,02 deg/hours and the range of measurements 30 deg/sec,
accelerometers such as AK-6 and KCA-100. Mathematical modelling of
functioning SGC mounted on MO which making angular and linear motions has
shown that:

- Error of the course angle with using FOGS such as PNSK 40-002 and
accelerometers such as AK-6 has made 9 arc minutes after 5,5 hours of continuous
work (in PNSK 40-002 scale factor deviation is 0,1 %; in AK-6 zero bias is 107
m/s’, a scale factor deviation is 0,01 %). Thus Schuler’s frequency in a direction
North - South is higher, than in a direction the East - West at ¢=45°by 0,17 %.
Not spherical model of the Earth and a equations (1) - (8) are used.

- Modeled a variant of application of accelerometers such as Analog Device
instead of precision and expensive AK-6. The spherical model of the Earth is used.
Thus in (1) - (3) we put A=0, R-6371 km - radius of the spherical Earth; it is
followed from these formulas that value of 4 influence to the Schuler’s conditions.

Time of initial alignment of GC FOG is about 200 seconds that is
comparable with time of alignment of French gyrocompass Octans,

Experimental researches are done. In experiments the unit of three FOG
PNSK-40-003, similar PNSK 40-002, and three micromechanical accelerometers
ADXLO5AH (this unit is named SIIM), mounted on one arm has been used. The
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interfaces connected to ports RS485 of personal computer Pentium-4 are used as
devices of communication. The photography of unit SIIM mounted on rotary
platform CRA-5, is shown in fig. 4. SIIM is fixed on a platform of the rotary
platform CRA-5 providing unlimited turns on a angle of a course, on the limited
angles of pitch ¢ and roll y (up to +40" at accuracy of the setting of angles 0,1°.
The basis is horizonted on a level with accuracy £1°. System SGC was functioning
in real time. Constant components of drifts of FOGs and zero biases of
accelerometers are about 0,5, .... 1, deg/hour and 0.2, ..., 0,5, m/s’ . They have
been determined and algorithmically compensated.

Unit
contained
TMSF

Fig. 4.

The accelerated alignment of system with the increasing factors of transfer
of correction was made during 200 sec, then SGC was taken in a regular mode
with adjustment to Schuler’s frequency with account of the spherical model of the
Earth. Experiments were done by setting of fixed angles of course of platform
CRA-5 in azimuth on unlimited angles manually. In number of experiments the
platform has been aligned in horizontal position, and in a number of experiments it
was turned on the fixed angles of pitch and roll which values are from schedules.
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After that SGC is turned on the course, and signals were obscrved on the screen of
computer, and written to its memory then printing as figures.

In fig. 5 are shown the change of angle of course by indication of SGC and
its errors for four fixed positions after flat turns on angles of course of platform
CRA-5 with SIIM mounted on it. It is simply to see, that the course angle has
changed from value approximately 0 up to value 90 (positive is angle ¥ which is
measured from direction on the north in counter-clockwise). The error was up to
15", In fig. 6 are shown the schedules of change of course angle, calculated with a
signals of SGC, and its errors are shown. The schedules of tig. 5 and 6 present the
transition of estimation of a course angle ¥ from the unsteady condition which is
caused by noises of the TMSF, to steady at +=200c. During this moment of time
SGC is switched to a mode corresponding to Schuler’s conditions.

The error of an increment of a course angle reaches the value of 0,5 - 1,5
arc.deg, and AW =45° are observed in a transitive mode. We can explain these
errors by instability of signals of micromechanical accelerometers. So, in time
interval from 1200 up to 2400 sec the platform has constant orientation concerning
the Larth. Signals of accelerometers by which angles 6 and 7 are determined are
unstable, that seen from fig. 6. They cause errors in determination of course angle.
The analogical errors of course angle cause the instability of zero bias of FOGs.

For comparison in fig. 7 the errors of SGC taken with similar experimental
algorithms are represented, but with taking into account nonsphericality of the
Earth and with absence of errors of TMDAR and TMSF. Thus with 1200 on 20000
sec, with MO had rolling on all three corners W,0,7 relative to the Earth . We can
see the fluctuations with the Schuler’s frequency within the limits of angles of
AY = 32arc.sec; A6 =10arc.sec; Ay =017arc.sec.In fig. 7 the fluctuations of errors
AY caused by rolling of MO are shown in a magnifier mode. Mathematical
modelling testifies that at presence of more precisely TMSF, than has been used in
experiments, error of SGC can be reduced on several orders. ’
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Conclusions

Two versions of algorithms of SGC tunctioning are developed and tested in
experiments under laboratory condition.

The equations and algorithms of mathematical modeling of tunctioning of
SGC with account of ellipsoidal and also spherical model of the Earth are
constructed.

. The SGC mathematical mode! and corresponding data processing algorithms
are developed with account of the spherical model as well as the ellipsoidal
model of the Earth.

Computer modeling of SGC operation has shown. In the case of ideal
conditions and in presence of rolling the head angle error does not exceed
3,2 arc.sec.

With  account of emors in  FOG's and  accelerometers
Ao, - 0.02. % AW, =10 "g (i=13) the head angle error does not exceed 9

arc.min for 2-10"sec under the similar conditions.
The expertmental study has shown that under conditions of instability of
FOG zero bias less than 0,1 arc.deg/hour and zero bias instability of
accelerometers less than 0,025 m/s” the head angle error in the stationary
mode of SGC operation does not exceed / arc.deg.
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