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Abstract

Purpose: Operation of attitude and heading reference systems in conditions of autonomy and high accuracy
requires usage of gimballed platforms. The goal of the paper is detailed research of such systems kinematics
and control moments. As result the full mathematical model of the precision attitude and heading reference
system with the biaxial horizontal platform was derived. Methods: Obtaining of the mathematical model is
based on the theory of gyros in general and corrected gyro compasses and theory of dynamically tuned gyros
in particular. The basic laws of theoretical mechanics including concepts of Euler angles and directional
cosines were taken into consideration. Results: The full mathematical model of the attitude and heading
reference system is developed. The mathematical models of the vertical gyro and directional gyro as
components of the researched system are given. The simulation results based on the developed models are
presented. Conclusions: The mathematical model of the gimballed attitude and heading reference system
including the vertical gyro and directional gyro is derived. The detailed expressions for control (correction)
moments are obtained. The full analysis of the researched system kinematics was carried out. The obtained
results can also be useful for design of inertial navigation systems of the wide class.

Keywords: attitude and heading reference system; directional cosines; directional gyro; gimballed platforms;

precision navigation systems; vertical gyro.
1. Introduction and Problem Statement

Nowadays the gimballed navigation systems are
used when it is necessary to satisfy high accuracy in
conditions of autonomous operation. The
requirements to the high functional reliability and
the ability to function in conditions of external
disturbances are given to such systems too [1]. The
gimballed systems can be components of guidance,
navigation and control systems [2].

The researched attitude and heading reference
system (AHRS) includes biaxial horizontal platform,
which is stabilized by the vertical gyro signals. The
principal axis of the gyro device is aligned by the
direction of the local vertical based on accelerometer
signals. The system uses the integral correction. In
fact the biaxial horizontal platform with gyro
devices represents the inertial vertical gyro.

The gimballed AHRS with biaxial horizontal
platform has reduced dimensions [3]. Its possibility
to rotate around the third axis (in the azimuth plane)

is provided by means of a rotator, on which the
directional gyro is mounted.

The rotator is stabilized relative to the given
plane and can turn on the given angles providing
alignment of the gyro. The directional gyro uses as
an indicator of direction similar to the azimuth gyro.
It can be used also as the gyro compass if
stabilization is implemented relative to the meridian
plane. The vertical gyro is mounted on the rotator
too. Such construction provides calibration of the
gyro device and determination of its corrections.

The researched AHRS uses dynamically tuned
gyros (DTG) and accelerometers [4]. This system
has some features. The first feature is division of
control functions. In this case control by the position
of the DTG principal axis is implemented by
accelerometer’s signals. Stabilizing motors provide
coincidence of the axis normal to the stabilized
platform with the direction of DTG rotor. Division
of functions provides relatively small moments of
DTG torque sensors. The second feature of the
researched system is usage of the biaxial platform.
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In contrast to the traditional triaxial platform such
construction provides azimuth motion of the
platform together with the vehicle and constant
orientation of the outer gimbal to the North.
Therefore the system becomes sensitive to
disturbances caused by changes of the heading and
elliptic shape of the Earth. To compensate such
disturbances it is necessary to use information about
the linear speed, heading and its changes.

Advantages of the researched system are high
accuracy and reduced dimensions in comparison
with the triaxial platform.

Development of the model of such system
requires usage of the trajectory reference frame. This
significantly complicates control of the system.

2. Review of Last Publications

Features of the researched system are presented in
[5]. Analysis of the kinematical schemes of
gimballed corrected gyro compass and gimballed
navigation systems with biaxial and triaxial
gyrostabilized platforms is given in [4]. This paper
keeps the basic idea proposed in [5] and used in [6].
The idea is to neglect the servo-systems errors and
divide the system into the vertical and directional
gyros. The goal of the paper is to consider the
system kinematics and to derive expressions for
control moments.

3. System kinematics

To describe the system kinematics it is necessary to
introduce the following systems of coordinates:

1) the trajectory system of coordinates O'(ng
(O'm is directed along the vehicle speed, O'C is
perpendicular to the horizon plane, O’¢ lies in the
horizon plane);

2) the body-axis system of coordinates Oxqyozo
(the axis Qyj is directed along the longitudinal axis
of the vehicle; the axis Oz, is perpendicular to the
horizon plane; the axis Ox, lies in the horizon
plane);

3) the platform-axis system of coordinates
0x,y,.z, (the axis Oy, is directed along the external
gimbal; the axis Oy, is perpendicular to the horizon
plane, the axis Ox, is perpendicular to the axis Oy
and lies in the horizon plane);

4) the system of coordinates Ox,y,z. , which is
connected with Resal axes of DTG carrying out
functions of the vertical gyro.

Mutual angular position of introduced systems of

coordinates is given in Figures 1-5.
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Fig. 1. Mutual position of introduced systems of
coordinates: r, is the radius-vector defining position of
coordinate systems origins
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Fig. 3. Mutual location of the body-axis and platform-axis
systems of coordinates (a,, B, are angles, which determine
turn of a platform relative to the body-axis system)



O. Sushchenko. Mathematical Model of Attitude and Heading Reference System with Biaxial Horizontal Platform 57

Ag

¢ §
o X,

Fig. 4. Resal axes location relative to the trajectory
system of coordinates (a,  determine the location of
Resal axes relative to the horizon plane)
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Fig. 5. Resal axes location relative to the platform (o, B,
determine the location of Resal axes relative to the
platform)

In accordance with Figures 1-5 relations between
introduced systems of coordinates can be described
in the following way [5, 7]
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cosy sin@-siny —cos0-siny
A= 0 cosb sin 0 ; (2)
siny -sin®-cosy cosf-cosy
cosa, 0 —sina,
A, =|sina, -sinf, cosP, cosa, -sinf, |;(3)
sina, -cosP, -sinfB, cosa, -cosP,
cosa 0 —sina
A;=|sina-sinp cosp cosa-sinf |; 4)
sina-cosP -sinf cosa - cosP
cosa, 0 —sina,
A, =|sina, -sin, cosP, cosa, -sinf, |.(5)
sina, -cosf, -sinf, cosa, -cospB,

It should be noted that there is dependence

A,=A, A, A, (6)
The expression (6) allows obtaining relations for
determination of angles a,, B,

4. Vertical Gyro Model

For small turn angles it is possible to believe that the
gyrostabilized platform motion coincides with
motion of the vertical gyro’s Resal axes. Accuracy
of such supposition is defined by stabilization errors
o, B, Angular motion of DTG, which carries out
functions of the vertical gyro, can be described by
the differential equations [8]

Jo., +do, — HB, —?B, +co, =Jo, + H o, +

+ My, + My, + My, + M, + M

dist y
.. . i H o
JB, +dB, + Ha., +?oc, +cf, =Jo, -H o, +

+M, +M, +M;, +M, +M

dist x
(7)
where H is the kinetic moment; c¢ is the residual
rigidity of gimbals; d is the damping coefficient; T
is the gyro time constant; H, = H(1-S5); S=107; J
is a sum of the equatorial moments of the rotor and
gyro gimbals; ©,,®, are projections of the
platform angular rates; @, ,@®, are projections of
M, =1,..4,
are control and

Y, X

accelerations;
M

acting along axes

platform
M. =1,.,4 and M

disturbance moments

angular

dist y > dist x

respectively.
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To determine projections of platform angular
rates it is necessary to project angular rates of the
trajectory reference frame onto platform-axis
reference frame. For estimation of the vertical gyro
errors it is convenient to represent projections
®,0, as functions of the angles a, f.

The angles a,, B, represent errors of platform
stabilization and define position of the vertical gyro
axes relative to the horizon plane. In fact they
represent errors of vertical line determination.
Respectively transformation for small angles a,, B,
and a, B using matrices (4) (5) becomes

x §
YI|=Ay Az (®)
z G
1 0 —-a+a,
here 4,4, =| 0O 1 B-B,
oa, B+p, 1

Using the expression (8) it is possible to write the
platform angular rates in the following form

w, :B_Bl +('0€j, —(D%(a—(x,,);

®,=0-a, +o, +o, B-B,), o)
a—o, .

o, =(0L—0,)tgd + “0+w,.
cos’ 0 ¢

Angular rates in the equations (9) are determined
with accuracy to the second order of smallness. If
the expression (9) is substituted in the equations (7),
it is possible to obtain

-Hp+H o a=-10, +HB, —co, —da, +7[3r +
+H, (B, +o +o0,)+1d, +

4
+YM, +M

dist y 5
i=1

Hyo+H o p=-IB, —Hd, —cB, —dB, T
-H/ (-0, to, —op,)+Io, +

4
+YM, +M

i=1

dist x*

(10)

If stabilization errors are believed to be constant,
the relations (10) represent the vertical gyro model.
Stabilization errors can be determined based on
information about the gyro devices drifts, which can
be obtained during operation.

Variables o, w,, ®. in the equations (10) are
projections of the angular rates of the trajectory

reference frame. In accordance with [9, 10] they can
be represented in the following form

Vn sin K + Vgé cos K

0 =— sin K —
Rl
V,cosK =V, sinkK )
- cos K —Qcos@sin K;
RM
V,sinK +V; cosK
o, = cosK —
" R, (11)
V,ycosK—V;sinK |
- sin K +
RM
+Qcos@cosK;
V,sinK +V; cosK . )
O, = R, tgp — K + Qsin o,

where Vi, V,, Ve are lateral, longitudinal and vertical
projections of the vehicle speed; K is the heading; R,
is the main radius of curvature of the earth ellipsoid
in the plane perpendicular to the meridian; R,, is

the main radius of the earth curvature in the
meridian plane; Q is the angular rate of the diurnal

rotation; K is rate of heading change.

To determine apparent accelerations projections
onto accelerometer sensitive axes it is convenient to
neglect the instrumental errors of accelerometer
alignment. And accelerometer sensitivity axes are
believed to coincide with platform axes. In
accordance with [9] the expression for apparent
acceleration looks like

W, =V, +0,xV, +QxV, —-g, (12)
where o, is the vector of the absolute angular rate of
trajectory reference frame; g is the gravity
acceleration; V., 1s the vector of the mass centre
rate relative to the Erath; Q is the vector of the
diurnal rotation; ¢ is the geographical Ilatitude.
Projections of the vector equation (12) can be
represented in the following form

cw

Wé Ifi VCwn _VnmC
W, V., Vo.-V.0
g g ng g% (13)
Ve Qcos@cos K —V, Qsin ¢ 0

-0
V. Qcos @sin K — V. cos gcos K g

+ V.Qsing -V, Qcos@sin K

The acceleration of the point, at which the platform
is mounted at the vehicle, can be written as [5, 9]
WO = ch + (’oabs er + (’oabs X ((’oabs er )’ (14)
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where @, is a vector of the absolute angular rate of the
vehicle; r, is the radius-vector of the point of platform
setting relative to the centre of the vehicle mass.
Projections of the vector equation (14) onto the
body-axis reference frame Oxyoz, look like

W We | | @2, =0,
W, =AW, [+ &, x, -0, z, |+
w., W, O coyoxp 15)
(x)yo((DXpr— Y0 p) @, ((DZO p ~ O p)
o (0,2, -0, y,) -0, (0, y, =0, x )}
0, (0, x, -0, z,) -0, (0, z, -0, y,)

where on , Wy0 , WZ0

acceleration onto the body-axis reference frame;

o, .o, 0, are projections of the vehicle absolute
0 Yo

angular rate, Xp, Vp» Zp are coordinates of point, at
which the platform is set at the vehicle; A; is the
matrix of directional cosines between the trajectory
and body-axis reference frames. This matrix is
determined by the expression (2).

Projections of the absolute angular rate of the
vehicle can be represented in the following form

o, =(o; + 6) cos Y+ o, sin ysin 6 — @, sinycos 8;

are projections of the apparent

=Y+, cosO+ o sin6;
o, =(0; + 0) sin Y — @, cosysin 6+ @, cosycos6.

(16)
Based on the equations (15) it is possible to
obtain the vector equation

w w

X X0
W, =AW, | (17)
WZ WZO

where W,, Wy, W, are projections of the apparent
acceleration onto the body-axis reference frame
Oxyz; A, is the matrix of the directional cosines
between the body-axis and platform-axis reference
frames. This matrix can be determined by the
expression (3).

It should be noted that projections of the
trajectory reference frame taking into consideration
(1) are determined by relations

W, = Vé +V o, =V, 0, +V Qcospcos K —V, Qsing;

w,= Vn Vo =V o0 +V:Qsin@+V LQcos@sinK; (18)
W, =V, +V,0;
—V:LQcospcosK —g.

V.o, =V, QcospsinK —

The equations (10) supplemented by the
expressions (11), (15), (17), (18) represent the model
of the inertial wvertical. Such model allows
researching of the AHRS wusing the biaxial
gyrostabilized platform and the trajectory reference
frame.

5. Control of Vertical Gyro

The important component of the vertical gyro model
is description of control moments. These moments
are formed in computing device and are applied to
torque sensors of the vertical gyro. Such approach
provides high accuracy of attitude and heading
determination.

The researched system is created by the scheme
of the nondisturbed inertial vertical with the integral
correction. The respective control moments can be
described by the expressions

~

t
Mlyzkij.wy’ Mlx:kiIW (19)
0 0
H, . . .
where k; =—— is the coefficient of the integral
M
correction; w,,w, are projections of apparent

accelerations of the point, at which the platform is
set. To organize the mode of the inertial vertical it is
necessary to give signals to the integrators taking
into consideration the corrections on translational
and Coriolis accelerations caused by the Earth
rotation and vehicle motion; noncoincidence of
centre of mass of the vehicle and the point, at which
the platform is set; and also vertical acceleration of
the vehicle. To simplify these expressions it is
necessary to believe that the system is set at the
centre of the vehicle. Then expressions for the
integral correction become

t
L=k W, — AW, M =k W, —AW
0

X

(20)

O —_

here W _,W,6 are readings of accelerometers;

AW,, AW, are corrections.

Moments for compensation of trajectory
reference frame angular motion can be determined in

the following way [9, 10]

Vn sinK + Vé cosK
| cosK —
Rl

M, =

X
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V,cosK -V, sinK

sin K + Qcos@cos K;
RM
VysinK +V; cosK
M, =H, + z sinK +
— 1)
V,cosK =V, sinK )
+ R cos K + Qcos@sin K

M

Control moments, which provide damping of the
platform based on the external information vg,, v, ,

can be determined by the expressions

My, =l [ (v, =v,)/ Ryt
0

t
M;, =k3y[(vEx -v.)/Rdt, (22)

where k; ,k;, are transfer constants, v, ,v, are

3x> ™3y

linear speeds determined by the external aids; v, v,

are the vehicle linear speeds calculated based on
accelerometers readings.

Control moments, which take into consideration
gyro drifts, can be determined in the following way

.. : . H
M,, =-I6, + HB, —ca, —da, +?B, +
M4x :_IBr _Har _cBr _dBr _?a‘r -

~H,(~&, —oB,).
The expressions (19)—(23) represent control
moments of the vertical gyro. The gyro drifts can be
determined by results of tests. As a rule, the
moments due to cross influence of the angular
accelerations can not be taken into consideration in
the researched systems. But they can be determined
in the computing unit.

6. Directional Gyro Model

To create the mathematical description of the
directional gyro it is necessary to use the following
reference frames: platform-axis reference frame
Oxyz; reference frame Ox,y,z; connected with the
rotor of the directional gyro; reference frame
Ox,y«z connected with Resal axes of DTG, which
carries out functions of the directional gyro.

The mutual location of the platform axes and the
rotator of the directional gyro is shown in Fig. 6.

2,7z, 4
TAK
Y
0O 7’ K-K +AK
X Xl
K—K1+AK

Fig. 6. Mutual location of the platform and
the directional gyro

The following notations are used in Fig. 6: K is
the heading; K), is the given orientation of the
directional gyro principal axis; AK is error of
heading determination. It should be noted that K;
defines the angular orientation of the directional
gyro relative to the meridian plane. Mutual location
of the rotator axes and the Resal axes of the
directional gyro is given in Fig. 7.

Angles ag, Bx shown in Fig. 7 characterize an
error of directional gyro rotor stabilization and an
angle of deviation of the directional gyro principal
axis from the simulated horizon plane.

Zy 5y A7,
A
aK yK B
K
(@] Y/
B
Xl <
K
O‘K

Fig. 7. Mutual location of the rotator axes and Resal
axes of the directional gyro

Location of the directional gyro Resal axes can
be also defined relative to the reference frame
Ofmi& turned relative to the trajectory reference
frame on an angle (K—K;) as it is shown in Fig. 8.
Here an angle  represents the horizontal component
of angle defining deviation of the directionalkgyro
principal axis from the given direction K.
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Fig. 8. Mutual location of the directional gyro
directional axis relative to the reference frame

OClnI&_,l

By comparing Figures 6-8 and taking into
consideration the matrix A, it is possible to write [5]

AK =y — (00—, )tgh — oLy .

Equations of the directional
represented in the following form [8]

gyro can be

Jo, +HB,, +ca, +do, +7[3k =—Ho, +M, +

M, +M+M, +Mdi;tlz; 24
By + Hoy, — Py —dB, +7a1< =Ho, +M, +
+Mx2 +Mx3 +Mv4 +Mdistx‘

Expressions for determination of angular rate
projections of the directional gyro rotor look like

(25)

o, =0, +K+AK

Z

{wxl =0, cos(K, + AK) + o, sin(K, + AK);

where @, ,0,,0, are defined by relations (9), where

index r is changed by index £k .
After substitution of (25) in (24) equations of the
directional gyro become

Jo, +HB, +ca, +da, +?Bk =-H/{[B-B, +
+0; — o (00— oy )]cos(K; +AK) +

Ha—ay, + o, —o (B-B)Isin(K, +AK)} +
M +M_,+ M+ M+ M

dist z >

) ) . H o
JPBy + Hoy — By — Py +70‘k =H{[(&— 0y )tgh+

(x_
+

cos
+M + M+ M+ M+ M,

ist x*

?gé+mg]+l'<+AK}+ (26)

After some transformations the relations (26) can
be represented in the following form

— H\[(f+ @ — w,ax)cos(K, + AK) +
+(ad+ @, + @, f)sin(K, + AK)]=

=Ja, +HB,{ +co, +da, +?Bk —Hl[(—,Bk +
+ @, 0;)cos(K, +AK) —
—(¢, -, +B)sin(K, +AK)|+ M _ +M _, +

+M+M_ +M

dist z>

o

cos’

- H
— B, —dB, +7ak +

H,(0tgh+

0+, +K+AK)=JB, +Ha, —

(27)
Oy
cos’ 0
M+ M, +M,

istx*

+ H, (—0u, tgh— 61+ M +M, +

The equations (27) represent the directional gyro
model.

7. Control of Directional Gyro

The system in the mode of the gyro compass
functions as the corrected gyro with appropriate
control moments. It is typical for the researched
device to use correction by the signal of the angle
transmitter, which it is mounted on the inner gimbal
of the directional gyro. The appropriate control
moments can be described by the expressions

Mxl kaIB; le Zkle’ (28)

where k4, k,, are transfer constants.

Control moments (28) based on accelerometer
signals can be represented in the following form

Ay Ay
Mx2:kx2_; M22=k22?9 (29)

g
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where kiooy k., transfer

A, =W,—-AW,, here W, is the accelerometer

are constants;

output signal; AW, is a correction taking into

consideration influence of translational and Coriolis
accelerations, and the vertical acceleration.

Control moments caused by the angular motion
of the trajectory reference frame and the rotator are

determined by the expressions
M, =H, (0o + K +AK); 30)
M 5 =—H, [0 cos(K; +AK) + w, sin(K; + AK).]

or after substitution of expressions of trajectory
reference frame angular rates [5, 11]

M, =H, (th(p—K+Qsin(p+K+AK},

M_, =—H,(~V, sinK —V, cosK —Qcos@sinK)x
xcosK, +AK) —H,(V, cosK =V, sinK +
+Qcos@cosK)sin(K, +AK),

(€1))

here

Vn sin K + Vé cos K
1= 121 s
Vn cosK — Vg sin K

2 Ieﬁl

The moments taking into consideration gyro
drifts are described by the expressions

Angle, arcmin

1000

1500 2000

Time, s

2500 3000 3500 4001

a

Angle, arcmin

M., =Jo, +Hp, +co, +dd, +%Bk -
— H {[-B, +0g0)]cos(K, +AK) +
+[-¢, —mg[ik]sin(K1 + AK)};

M, ZJBk + Hay, — By _dBk +

(32)

Oy
29

0+).

+£ak + H, (0, tgb —
T cos

Equations (27) supplemented by expressions
(29)—(32) represent the model of the directional gyro
using biaxial gyrostabilized platform.

In the mode of the azimuth gyro it is necessary to
believe

M, =0,M_,=0,M_,=0.

8. Simulation Results and Their Discussion

Simulation results are given in Figures 9-11. They
represent the transient processes of high-precision
attitude determination. It should be noted that
simulation was carried out for the AHRS operated
on marine vehicles in conditions of autonomy [12].

Fig. 9 presents attitude determination by means
of ideal situation, when the external disturbances are
absent. Influence of irregular sea wave is shown in
Fig. 10.

40 : : ' : ‘ : :

-10 |
0 500 1000 1500 2000 3500

Time, s

2500 3000

b

Fig. 9. Transient processes of angles Ol (a) and B (b) during nondisturbed operation
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Time, s

b

Fig. 10. Transient processes of angles O (a) and B (b) during disturbed operation
(amplitude of irregular sea wave is 12 degrees, period of irregular sea wave is 12,57 s)
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Fig. 11. Control with presence (a) and absence (b) of the integral correction

Advantages of the integral correction for AHRS
operated in difficult conditions of external
disturbances are verified by the simulation results
shown in Fig. 11.

Simulation results prove the possibility to
achieve high accuracy of attitude and heading
determination.

9. Conclusions

The full mathematical model of the gimballed
AHRS including the vertical gyro and directional
gyro are derived.

The detailed expressions for control moment both
for the vertical gyro and for the directional gyro are
obtained.

The necessary complex transformations taking
into consideration the trajectory reference frame as
the initial navigation reference frame are carried out.

The full analysis of the system kinematics is
represented. This allows obtaining expressions for
errors of attitude and heading determination.

The simulation of attitude and heading processes
determination for system operated on the marine
vehicles is carried out. Represented results of
simulation include situation with nondisturbed
motion, and influence of irregular sea waves.

The presented results prove efficiency of integral
correction in conditions of the external accelerations
influence.

The obtained results can be also useful for design
of inertial navigation systems of the wide class.

The obtained expressions of control moments can
be useful both for gimballed and for strapdown
inertial navigation systems of the wide class.



64 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N1(70): 55-65

References

[1] Wang H.G., Williams T.G. Strategic inertial
navigation systems. [EEE Control Systems
Magazine, 2008, vol. 28, no. 1, pp. 65 —85. doi
10.1109/MCS.2007.910206

[2] Kabamba P.T., Girard A.K. Fundamentals of
Aerospace navigation and guidance. New York,
Cambridge university press, 2014, 309 p. doi:
10.1017/ CBO 9781107741751

[3] Hilkert J.M. Inertially stabilized platform
technology. IEEE Control Systems Magazine, 2008,
vol. 28, no. 1, pp- 26-46. doi:
0.1109/MCS.2007.910256

[4] Sushchenko O.A. Porivnyal'nyy analiz
pidkhodiv do pobudovy system vyznachennya
prostorovoyi oriyentatsiyi rukhomykh ob"yektiv
[Comparative analysis of approaches to construction
of systems for determination of vehicle spatial
orientation]. Elektronika ta systemy upravlinnya,
2006, no. 2(8), pp. 92-95. (In Ukrainian)

[5] Zbrutskiy 0O.V., Nesterenko O.L,
Shevchuk A.V. Matematychna model' odniyeyi
skhemy  kursokrenopokazhchyka [Mathematical

model of one scheme of indicator of heading and
roll]. Mekhanika hiroskopichnykh system, (2001-
2012), issue 17-18, pp. 154—167. (In Ukrainian)

[6] Zbrutskiy O.V., Yankelevich G.E.
Hiroskopychnyy = kompas z  horyzontal'noyu
platformoyu [Gyroscopic compass with horizontal
platform]. Pryladobuduvannya ta informatsiyno-
vymiryuval'na tekhnika, 2004, no. 1, pp. 59 — 64. (In
Ukrainian)

[7] Sushchenko O.A. Matematycheskoe
modelyrovanye  system  opredelenyya  kursa
podvyzhnykh ob"ektov [Mathematical modeling of

0. A. Cymienko

systems for determination of moving vehicles
heading]. Systemy upraviinnya, navihatsiyi ta
zv"yazku, 2007, issue 3, pp. 25-30.(In Russian)

[8] Brozgul L.I. Dynamychesky nastrayvaemvie
hiroskopy. Modely pohreshnostey dlya system
navyhatsyy" [Dynamically tuned gyros. Models of
errors  for  navigation  systems]. Moscow,
Mashinostroenie Publ., 1989, 232 p. (In Russian)

[9] Bromberg P.V.) Teoriya inertsial'nykh
navihatsiynykh system [Theory of inertial navigation
systems]. Moscow, Nauka Publ., 1979, 296 p. (In
Russian)

[8] Rivkin S.S. Teoriya hiroskopicheskikh
ustroystv [Theory of gyroscopic devices], vol. 1.
Leningrad, Sudostroenie Publ., 1964, 548 p. (In
Russian)

[10] Sushchenko O.A. Matematychna model'
systemy  stabilizatsiyi  informatsiyno-vymiryu-
valnoho  kompleksu na  rukhomiy osnovi
[Mathematical model of system for stabilization of
information and measuring complex on moving
base]. Visnyk NAU, 2010, no. 1, pp. 105-111. (In
Ukrainian). doi 10.18372/2306-1472.42.1820

[11] Sushchenko O.A. Matematychna model'
systemy vyznachennya kursu z urakhuvannyam
rukhu platformy ta osoblyvostey keruvannya
[Mathematical model of system for heading
determination taking into consideration platform
motion and control features]. Avtoshlyakhovyk
Ukrayiny: okremyy vypusk. Visnyk tsentral'noho
naukovoho tsentru TAU, 2007, no. 10, pp. 100-103.
(In Ukrainian)

Received 18 December 2016

MaremaTH4yHa MO1€Jb CUCTCMHU BU3HAYCHHSA l'[pOCTOpOBO'l' OpiCHTaIIi'l' 3 BUKOPUCTAHHAM I[BOOCHO'I'

TOPHM30HTAJILHOI IIaTGOpMH.

Hamionanpauit aBiamiiiauii yaiBepcurert, mmp. Kocmonasra Komaposa, 1, Kuis, Ykpaina, 03058

E-mail: sushoa@ukr.net

Merta: OyHKIIOHYBaHHS CHCTEMH BHU3HAYCHHS IMPOCTOPOBOTO IOJIOKEHHS B YMOBaX aBTOHOMHOCTI Ta
BHCOKOi TOYHOCTI TTOTpeOy€e BUKOPHUCTAHHS IUTATPOPM y KapIaHOBOMY TiABici. MeTOIO CTaTTi € AeTaiabHe
JOCII/DKEHHsI KiHEMaTHKA Ta MOMEHTIB YTNpPaBIiHHS TaKOi CHCTEMH. Y pe3yJbTaTi AOCHiIKEHb Oyio
OTPUMAHO MOJICNIb BUCOKOTOYHOI CHUCTEMHM BH3HAYCHHS IPOCTOPOBOI Opi€HTAIlli 3 BUKOPHCTAHHSIM
JIBOXOCHOT Topu3oHTanbHOi miaardhopmu. Meroau: CTBOpEHHS MAaTEeMAaTHYHOI MOJENi 3IiHCHIOBAJIOCS Ha
IJICTaBI TeOPil TIPOCKOIIIB Y MUJIOMY Ta T€OPil KOPEKTOBAaHUX TiPOKOMIIACIB Ta MWHAMIYHO HACTPOIOBAHHX
ripocKkomiB 30KkpemMa. byio B3sATO 10 yBaru KOHIENIii0 KyTiB Eiiiepa Ta CHOpsSMOBYHOYHMX KOCHHYCIB.
Pesyabrarn: IlpejcraBieHo MOBHUI OMUC CHCTEMH BHM3HAYEHHS MPOCTOPOBOTO MOJIOKeHHs. HaBemeHo
MaTeMaTHIHI MOJENi TaKUX CKJIAJOBUX JOCTIKYBAHOI CHCTEMH SIK TipOBEPTHKAIh Ta TIPOCKOI HAIIPSMKY.
[IpencrasineHo pe3yabTaTH MOJCIIOBAHHS 3 BUKOPUCTAHHSIM po3poOieHoi moxeni. BucHoBku: Otpumano
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MaTeMaTH4YHy MOJesb MiIaT(GOpMHOI CUCTEMH BH3HAU€HHS NPOCTOPOBOI OpieHTamii, BKIIOYAaIOYM MOZETi
ripoBepTUKaii Ta Tipockomna HampsMKy. HaBeneHo meranbHi BUpa3u JJs OTPUMaHHS MOMEHTIB YIIPaBIIiHHS
(xopexkrrii). BukoHaHo moBHUI aHaii3 KIHEMATHKH JOCTIKYyBaHOI cructeMr. OTpUMaHi pe3ysbTaTH MOXYTh
OyTH KOPUCHHMH IIiJ] Yac MPOCKTYBaHHS iHEPIiaIbHUX HABITalliiHUX CUCTEM IIUPOKOTO KIIacy.

Karo4oBi cjioBa: BICOKOTOYHI HaBiraliifHi CUCTEMH; TipOBEPTHKalb;, TIPOCKON HAMPSMKY; IUIaTHOpMHU Y
KapJIaHOBOMY ITiIBICI; CHCTeMa BU3HAYCHHSI IIPOCTOPOBOI Opi€HTAITI]; CIIPSIMOBYIOUI KOCHHYCH.

0.A. Cymenko

MartemaTu4eckasi MOJieJIb CUCTEMBbI ONpeaesIeHHs] MPOCTPAHCTBEHHOH OPHEHTALIMHU € HCTIOJIb30BAHNEM
JIBYXOCHOM rOPU30HTAJILHON MJIAT(OPMBI.

HaunonanbHubili aBUallMOHHBIN YHUBEPCUTET, Ip. KocmonaBta Komaposa, 1, Kues, Ykpauna, 03058
E-mail: sushoa@ukr.net

Henb: @OyHKIUOHUPOBAHUE CHUCTEMBI OINPEAEICHHA NPOCTPAHCTBEHHOIO TIOJNOXKEHHS B  YCIOBHSX
ABTOHOMHOCTH M BBICOKOH TOYHOCTH TpeOyeT MCIONB30BaHMs Mar(opM B KapAaHOBOM mojBece. Llenbto
CTaThH SIBISIETCS NOAPOOHOE MCCIeOBaHHE KUHEMATHKH W MOMEHTOB YIPaBJICHUS TakoM cHCTeMbl. B
pe3yibTaTe MHCCIEAOBaHMN  Obula  IOJy4eHa  MOJETIb  BBICOKOTOYHOM  CHUCTEMBI  ONpEAEIEHUs
NPOCTPAHCTBEHHOW OPHEHTAIIMH C HCIIONB30BAHUEM JIByXOCHOW TOPU30OHTANBHOW TuiaThopmbl. MeToasbl:
PazpaboTka MaTeMaTHUeCKOW MOJENM OCHOBBIBATACh HA TEOPHMH THUPOCKONOB B LEJIOM M TEOPUHU
KOPPEKTUPYEMBIX THPOKOMIIACOB M [WHAMHYECKH HACTPAaWBAEMBIX TMPOCKONOB B YacTHOCTU. bbuin
IPUHATEL BO BHHMMAaHHME KOHILENIMM YIJOB Oiijiepa M HAIPaBSIOMUX KOCHHYCOB. Pe3yJbTarThl:
IIpencraBieHO NOJIHOE ONMCAHUE CUCTEMBI OINPEACIICHUs IMPOCTPAHCTBEHHOIO moyoxkeHus. IIpuBogsrcs
MaTEeMaTHYECKUE MOJEIN TAKMX COCTABJAIOIIMX HCCIEAYEMON CHUCTEMBI KaK T'MPOBEPTHKAIb W THMPOCKOI
HanpasieHus. llpenctaBineHsl pe3yibTaThl MOAEIMPOBAHMS C MCIOJIb30BAHMEM pa3pabOTaHHON MoJenu.
BuiBoasi: [lonyueHna maremarndeckasi MOJIENb MIaTGOPMEHHOW CHCTEMBI OIIPeeNICHHs POCTPAHCTBEHHOMN
OpPHEHTAllMM BKIIOYash MOJENM THUPOBEPTHKAIM W TUpPOCKoNa HampasieHus. [lpuBeneHsl moapoOHbIE
BBID@KEHHUS JUII MOMEHTOB yIpaBieHHs (KOppeKuuu). DBpImonHeH NONHBIH aHamu3 KUHEMAaTHKU
uccrnenyemoir cuctembl. llodydeHHble pe3ynbTaThl MOTYT OBITH TIOJIE3HBIMH MPH IMPOEKTHPOBAHUHU
MHEPLUUAIBHBIX HABUTALIMOHHBIX CUCTEM IIIMPOKOTO Kiacca.

KaroueBbie c/i0Ba: BHICOKOTOYHBIE HABHUTAI[MOHHBIC CHCTEMBI; THPOBEPTHUKANb; TUPOCKOIN HAINPaBJICHUS;
HaIpPaBISIONINEe KOCHHYCHI; IIATGOPMBI B KapIaHOBOM IIOZBECE; CHCTEMa OMpPEIEeIIEHUS TPOCTPAHCTBEHHON
OpHUEHTALINH.

Olha Sushchenko. D. Sci., Associate Professor.

Aircraft Control Systems Department, National Aviation University, Kyiv, Ukraine.
Education: Kyiv Polytechnic Institute, Kyiv, Ukraine (1980).

Research area: systems for stabilization of information and measuring devices.
Publications: 120.
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