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Abstract

Purpose: The paper deals with the mathematical description of the gimballed attitude and heading reference
systems, which can be applied in design of strategic precision navigation systems. The main goal is to
created mathematical description taking into consideration the necessity to use different navigations
operating modes of this class of navigation systems. To provide the high accuracy the indirect control is used
when the position of the gimballed platform is controlled by signals of gyroscopic devices, which are
corrected using accelerometer’s signals. Methods. To solve the given problem the methods of the classical
theoretical mechanics, gyro theory, and inertial navigation are used. Results. The full mathematical model
of the gimballed attitude and heading reference system is derived including descriptions of different
operating modes. The mathematical models of the system Expressions for control and correction moments in
the different modes are represented. The simulation results are given. Conclusions. The represented results
prove efficiency of the proposed models. Developed mathematical models can be useful for design of
navigation systems of the wide class of moving vehicles.

Keywords: accelerometers; attitude and heading reference systems; control and correction moments; dynamically tuned
gyros; inertial navigation systems.

1. Introduction

The paper deals with navigation problem, which can
be solved by means of gimbaled platform with
navigation measuring instruments.

Motion of such a platform is controlled by the
servo-system, which keeps orientation relative to the

provide such requirements it is possible using high-
precision measuring instruments (dynamically tuned
gyros), and correction techniques (integral
correction, indirect control with correction by
accelerometers), and multi-mode operation. The list
of modes of the researched system is represented in
Table.

basic reference frame based on gyro devices signals. Table
In this case the controlled platform is used as basic Features of AHRS modes
navigation reference frame. And there is no Concurrent
necessity to calculate platform orientation by Mode Sensors execution
program means in real time. Calibration | Dynamically Previous

On the one hand this decreases requirements to tuned gyros levelling
the airborne computer. On the other hand  [preyigys Accelerometers | Calibration
requirements to accuracy of control platform levelling
sufficiently increase. Therefore gimbaled attitude Precision Dynamically
and heading reference systems (AHRS) are used in levelling tuned gyros,
high-precision applications, namely, strategic accelerometer
spacecraft and marine vehicles [.1]' . . Setting to Dynamically Precision
- The error of platform prlentatlon -control is the tuned gyros, levelling
ignored in such systems. This leads to increase of meridian accelerometer
the navigation error. Therefore to achieve the high Gyroscopic | Dynamically Procision
navigation accuracy it is necessary to control by compass tuned gyros levelling
platform orientation with a very small error. To acceleromet’er
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Specific feature of the high-precision gimbaled
navigation system is the necessity to carry out the
initial alignment of the platform relative to the basic
navigation reference frame. This process includes
levelling (setting to the horizon) and setting to the
meridian (gyro compassing) [1]. Levelling provides
setting of the platform with the navigation
measuring instruments to the horizon plane. This
process error is defined by the zero signals of
accelerometers mounted on the platform. Navigation
of marine vehicles requires both previous and high-
precision levelling. The previous levelling is
implemented by means of accelerometers signals.
The high-precision levelling is provided by means of
accelerometers and gyroscopic devices. Gyro
compassing is setting to the meridian. This process
is implemented by means of platform rotation
relative to the platform vertical axis. In its turn,
orientation of this axis is defined by the levelling
process. Therefore gyro compassing is less accurate
in comparison with the levelling.

2. Analysis of the latest research and
publications

Features of creation of mathematical models of
gimbaled AHRS assigned for determination of vehicles
are analyzed in many papers, for example in [2]. The
mathematical model of the small-size corrected gyro
compass based on the dynamically tuned gyro is
represented in [3]. Mathematical models of the gimbaled
AHRS including modes of setting to horizon and
heading measurement are given in [4], which researches
AHRS with the biaxial platform. The given paper differs
by detailed analysis of controls actions and full
representation of all AHRS modes with triaxial
platform. Research of the separate gimbaled AHRS
modes was carried out in [5-7]. This paper represents
generalized representation of gimbaled AHRS. Its
feature is description of control and correction moments
in all AHRS modes.

3. Research tasks

The main goal of this research is to represent the full
mathematical model of the gimbaled AHRS
including modes of calibration, previous and high-
precision levelling, gyroscopic compass and setting
to the meridian. Differences of modes are defined by
type of sensors, basic functions and accuracy
requirements.

4. Calibration

Calibration of the dynamically tuned gyro, which
carries out functions of the vertical gyroscope is
carried out against a background of the previous

levelling. To measure the gyroscopic vertical drift
the platform is turned at the horizon plane on angles
0° ... 360° with some given interval (10°). This

provides measuring earth angular rates ©,, o,

of the
gyroscopic vertical. Calculation of drifts A, AB 1

projections onto the measuring axes

is carried out by the formulas
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Further calibration of the dynamically tuned
gyro, which carries out functions of the directional
gyroscope, is implemented. For calibration of the
gyroscopic device the platform is rotated with the
given angular rate and comparison of calculated and
measured rotation angles is implemented at the fixed
instant of time (#=Ar=90 s, t, =2Ar=180 s,

18
A E(O‘)yi’rmmﬂs)
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t, =3At=270s). The drift of the directional
gyroscope is
a,+a,+a
AW = 1 2 3 , 2
V= 2)
where a =V, -0Af, a, =y, —0.2At,
a; =W, —03At.

The expressions (1), (2) provide calibration of the
researched AHRS.

5. Mathematical model of multimode AHRS:
previous levelling mode

Basic function of this mode is levelling of the
gimbaled platform to the horizon plane. The
platform in this mode is controlled by information of
accelerometers and angle-data transmitters mounted
at the gimbaled platform. Respectively,
mathematical mode of AHRS in levelling mode
must include the Euler dynamic and kinematic
equations, which describe the mathematical model
of the platform, and the accelerometers models [8].
Using transformations given in [6] the AHRS
mathematical model in the levelling mode can be
described by the platform model:
o, =[-(J. =J,)0,,0,, - f o, - Mysigno, -
_MXCOI‘I]/JJC;
®,, =[~(J, =J.)0,0,, - f,o,
—ky (=0, +ks00)/T]/ J 5
o, =[-(J, /)0, -

— M jsignw, —£,9,

y(J)Zp +M

zcon ] / JZ ;

0=(w,siny+w, cosy)/cosp;

p=w,,cosy-w, siny;
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V=0, +tgh(w,, siny+wo , cosy); 3)
and the accelerometer models
SXP = (—Sxp +k\B)/ T, ; SW = (—Syp +k,0)/T,, (4)

where J,, J_ are moments of platform inertia;

po

fe» fy» f. are moments of viscous friction; M, is

the moment of friction of stabilizing motors; ®, is

the external angular rate, 8,,,06,, are accelerometer

xp 2
signals, 7, , k, are accelerometer time and transfer

constants. It is known that the mathematical model
depends on type of the accelerometer. The

researched model uses the pendulum accelerometers.

Expressions for control of stabilizing motors can be
represented in the following form:

chon = kxlgxp + kaB 5 M = kylsyp +ky2a b (5)

where 8,0, are accelerometer signals; a

yeon

a,, are

xp2 xp2 " yp

given accelerometer drifts; a,, a,, are accelerometer

vt

k

y2

temperature drifts; &k, k,, k k_, are transfer

e
constants.

If axes of measuring and navigation reference
frames coincide, the control moments can be
described by the following expressions

M., =k, (6;;, CosYy— S'W siny) + kx2[3 ;

xcon

Mon,,,, =k, (8;1] siny+ S'yp cosY)+k,,0;

yeon
Sxp = 8xp_ | axp | Signaxp_ | axt | Signaxl 7
6,=98,-la,|signa,—|a,|signa,;

M = kzl’y . (6)

zcon
Angles o, B,y are measured by angle-data
transmitters mounted at gimbals axes. Information
about platform accelerations enters from
accelerometers. It should be noted the pendulum
accelerometer output signals represent angles of
platform deviations from the horizon plane. Control
relative to the axis Oz is carried out to prevent the
azimuth drift. The range of change of coefficients
k., k, depends on ratio between maximal level of

friction moment and permissible error of platform
slope to horizon plane. The range of change of

coefficients k,,k , dependsonratio of k,/k,

x1»

and a linear zone of the angular rate measuring
instrument. Expressions (5), (6) represent controls in
previous levelling mode.

6. Mathematical model of multimode AHRS:
precision levelling mode

Basic function of this mode is precision levelling of the
gimbaled platform to the horizon plane. The platform
in this mode is controlled by information of attitude
gyroscope. And this gyroscopic device is corrected by
means of accelerometer signals. Such a control is
called indirect. The precision stabilization in this mode
is provided by sharing of controls and corrections. For
example, the integral correction makes the platform
resistant to the external disturbances. The mutual
location of platform and gyro device reference frames
is represented in Fig. 1.

uZp
z
g 40
B g
g
yg
A
» »V .
O o pr -l
g
x (
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o
g
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Fig. 1. Mutual location of reference frames: Ox,y,z, is the
platform reference frame; Ox,y,z, is the reference frame
defined by the Resal axes of the attitude gyroscope

The mathematical model of the gimbaled AHRS
in the precision levelling mode includes dynamic
and kinematics equation, which describe the
platform, accelerometer models, and the model of
the dynamically tuned gyroscope, which carries out
functions of the attitude gyroscope. In this case the
models (1) and (2) must be supplemented with
model of the dynamically tuned gyroscope [2]

.. . . H 4
o, =(-do, + Hp, +FBg —co, +Ho,, —EMX[)/Jg;
. =

. ) . H 4

B, =(-dB, —Ha, —Focg -, -Ho, —EMﬂ)/Jg; @)
p =

here J, is a sum of equatorial moments of a rotor and

gyroscope gimbals; d is damping coefficient; H is the
gyroscope kinetic moment; 7, is time constant of
attitude gyroscope; ¢ is the residual rigidity of the
H=H1-107%); o,

gimbals; s Oy are
projections of the platform angular rate.

xp o



O. Sushchenko. Mathematical Model of Triaxial Multimode Attitude and Heading Reference System 45

The equations, which describe dynamics and
kinematics of the platform for different modes differ
by control moments. These moments for precision
levelling mode can be described by the following
expressions

M = kxlBg +kx2|3g; Mycon =k lag +ky2a

xcon y
Mzcnn = kzl'.Y . (8)

To provide precision stabilization it is necessary
to use correction of the attitude gyroscope
supplement equations (8) by the appropriate
relations. There are different approaches to such a
correction implementation. For the system to be
researched it is convenient to use corrections taking
into consideration the diurnal rotation of the Earth,
systematic gyroscope drift, external information, and
also integral correction [9].

To form moments of integral correction it is
necessary to derive expressions for accelerometer
indications. These accelerometers are mounted on
the platform along the three orthogonal axes, which
define the platform-axis reference frame [9]

a,=w,—(w,+g);

+2)B;

a,=w,o+w B+(w, —g), )

a,=w,—(w,

here a,=90g,a,=8ga,6=08.¢g are
accelerometer indications, Wy, W, W, are the

moving vehicle accelerations; g is the acceleration
of gravity, o, are errors of determination of the

local vertical line.
The moving vehicle accelerations can be defined
by the expressions

Wy, =V, +wap,w v +Awyp,w

=v,, +Aw,, (10)

here v_.,v V.,

0> Vips are relative linear speeds of the

Aw_  Aw Aw

xp? p?
taking into consideration 1nﬂuence of relative and
Coriolis accelerations, the vertical acceleration,
nonsphericity of the Earth. Then the moments of the
integral correction can be represented in the
following form

moving vehicle; are corrections

- w0, )dt,

chml n .[ (vxp ga’)dt u .[ (axp

M, = uI o, —gB)dt=uI (a,, —Aw,, —w, B )dt (11)

here w=H,/R, is the coefficient of the integral

correction, Aw_,Aw Aw can be determined

xp? wp?

based on equations (9), (10).

Correction moments taking into consideration the
Earth rotation look like [9]:
M o = H®, cOSQsINk ;
M yecop?2

here ¢ is the geographical latitude of the vehicle

=Hwm,cos@cosk,

(12)

location.

To achieve the high accuracy of the transient
processes in the precision levelling mode it is
necessary to compensate systematic components of
the gyroscopic device

M,y =knligns My =kyBon,  (13)

here k,,,k,, are transfer constants, d.,,, are drift

xcop3 ycop3

components.
The correction by the external information must
be used too

xcop4 k .[(Vexty COS'Y_ Vy Sil’l Y) / Rth 5
M,..=k j (Ve SINY—v_cosY)/Rdt, (14)
here k,k, are transfer constants, V..V, are

components of the vehicle linear speed, determined
by means of the external correction facilities, v,,v,

are components of the vehicle linear speed.

Expressions (11)—(14) describe features of
correction in the precision levelling mode.

The mutual location of the platform-axis,
geographical, and trajectory reference frames is
shown in Fig. 2. The longitudinal axis of the
researched object is directed along the axis OY.
Figure 2 uses the following notations. The reference
frame OXYZ is the trajectory reference frame, for
which the axis OY s directed along the vehicle
longitudinal axis; and the axis OZ — along the
vertical axis. The reference frame OX,Y,Z, is the
geographical reference frame, for which the axis
OY, is directed to the North, and the axis OX, —
the East respectively. The reference frame OX,Y,Z,
is the platform-axis reference frame deviated relative
to the trajectory reference frame on the angle v, .

Here £k, is the calculated heading.

Precision levelling to the horizon plane must be
carried out during modes of setting to the meridian
and determination of the heading. In the first case
the platform-axis reference frame is deviated relative
to the geographical reference frame on the calculated
heading. In the second case this reference frame
coincides with the geographical reference frame.
Respectively, k=—(y,+\r)+k, for the first case,
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and k =—(y, ) for the second case, where  is

the rate of rotation in the horizon plane, Ay =\t .

Z,24 2,

X X, X (E)

Fig. 2. Mutual location of the platform-axis,
geographical and trajectory references frames

Control moments applied to the stabilizing
motors become

M, =k(0,,cosy—y,,siny) +k3évg ;

M., =k,(Y,cosy+0, siny)+k,¥,; (15)
here  k,.k.,,k, .k, are transfer constants;
Yo =kyprOy, 0, ADTB are signals formed by

angle-data transmitters of gyro, which carries out
functions of the attitude gyroscope; Yy =Wy, £\t
Moments of the integral correction can be
determined in the general form, which corresponds
to both setting to the meridian and heading
determination. Obviously, that in the latter case it is
necessary to believe k,=0. Indications of

accelerometers mounted on the platform can be
defined by the expressions [9]

Ay = Wy, = (W) +8) Vg 3 Ay =Wy = (W +8)0,,5
azvzwxpyg+wyp9g+w -g, (16)
here a,,a,,a, are accelerometers indications,
Wy Wy W, aIe accelerations of the vehicle, the g

is acceleration of gravity. As
Wy, =V, AW, W, =V, +Aw, o w =y +Aw,, (17)

where v_,v_,v_  are relative speeds of the vehicle,

xp> Y yp> Vzp

Aw_ , Aw AW

xp> =W ypo
the integral correction implementation become

At
Mxl = ki .[(axv _wap
0

are corrections, the moments for

sz 'YVG )dt 4

Mycopl zp g)dt (18)

At
= Ki .[(ayv - A‘/Vyp
0

where k; is a coefficient of the integral correction.

Based on (16), (17) and taking into consideration
some concepts of [9] projections of the full
accelerations on the platform axes become

(v,, cosk, —v,,sink,)o, cosk,

w_=v

xp xp
R,
sin @cos
X M+ sing |-
1-¢* R,
v, cosk, —v_sink,
- —L—sink,v,, +
R,
v cosk, +v sink,
+—2L ——F——cosk,v,, +
R,
20, cosQcosk,v,, —

v, Cosk, +v sink,

_0 2 tgov,, — 20,sinQv,, + kpvyp ;
1
v_cosk.+v _sink
_ xp T Vyp r
Wy, =V, + R tg(pvxp +
1

+20, sin v, + R sin @cos pcos k, —
lérvxp - léPRlo)e cos@cosk, +

v,,cosk, —v sink,

+-L L coskpv,, +
R2
y_cosk. +v_sink, |
£ = Tsinkpv_ +
P
Rl

+20,cosPsink,v,, ;

v, €08k, —v, sink,
R,
v, cosk, +v sink, |
- sink,v,, —
R Vo
1
2m, cos@sink,v

cosk,v,, —

r V
v, €08k, —v, sink,
R,
v, cosk, +v, sink,
R,

sink,v,, —

cosk,v,, —

2 2 2
—20, cosQcosk,v,, — R® cos” gcos” k.,

(19)
here e is eccentricity of the Earth spheroid.
Correction moments taking into consideration
rotation of the Earth are
M =Hw,cos@cosk ;

M yecop?2 (2 0)

The appropriate moments, which compensate
systematic drift in the mode of precision levelling to
the horizon plane, look like

xcop?2
=—Hwm,cossink .
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M koYa: M :kAyGA, 1)

here k,,,k,, are transfer constants, ¥ +,0, are drift

xcop3 = yeop3

components
At
chop4 = k13 J (vext COSW_Vyp)/Rz dt >
0
At ]
Mycop4 = k23 .[(Vext SIHW—VXP)/Rl dt > (22)
0
here k;,k,; are transfer constants, v,, is the

vehicle linear speed, determined by the external
correction facilities, v,,,v , are components of the
vehicle linear speed based on accelerometer
indications and taking into consideration deviation
of their measuring axes relative to the trajectory
reference frame.

The expressions (18)—(22) describe control in the
mode of the precision levelling.

7. Mathematical model of multimode attitude
and heading reference system: mode of
gyroscopic compass

Correction of the dynamically tuned gyro, which
carries out functions of the directional gyro, is
implemented by means of accelerometers and angle-
data transmitters mounted at the gimbals axes. The
mode of heading determination is combined with the
mode of levelling to the horizon plane. Such an
approach provides location of the directional gyro in
the horizon plane and respectively the high accuracy
of heading determination.

To describe the above stated mode it is
necessary to introduce the following reference
frames:

1)geographical reference frame OEng, in

which the axis On is directed to the North, the
axis Of is directed ton the East, and the axis
OC represents the local vertical line;

2)body-axis reference frame O&m,{,, which is
turned in the geographical reference frame OEn
relative to the axis Om on the angle of heading %, ;

3)platform-axis reference frame O&,m,C,, which is
turned in the geographical reference frame relative to the
axis Om on the angle of the initial azimuth A, ;

4)platform-axis reference frame Ox 2VoZ,

deviated relative to the reference frame OE,m,{, on
small angles o, 3,7 .

Mutual location of the reference frames OENC,

OEm,&,;, O&,M,¢, is given in Fig. 3.

0.8 nw)

K
0 P

Ny
&

&2&

Fig. 3. Mutual location of reference frames OENC,
ogm,&;, 0Em,8,

The angular location of the platform in the
inertial space is shown in Fig. 4.

o Cz
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g, B
o
X, X%, Y *p

Fig. 4. The angular position of the platform in the
inertial space
The angles o, define accuracy of location of
the platform in the horizon plane, and the angle v
defines deviation of the platform from the meridian
plane. It follows from Fig. 3 that the platform
azimuth is 4= 4, —7y. A matrix of the directional

cosines between the reference frames Ox,y,z,,
OE,n,{, based on Fig. 4 becomes
[ cosocosy+ ) —sinocosy+ |
. cosPsiny o
+sinosinBsiny +cosasinPsiny
—cososiny+ sinosiny+
c=| v cosPcosy Y (23)
+sinosinBcosy +cosasinBcosy
sina.cosP —sinf} cosoicosf

Taking into consideration smallness of angles
o, B, 7y, this matrix can be transformed to the

following form
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1 Y —-a
C=l-v 1 B (24)
o -B 1

Taking into consideration reference frames
represented in Figures 3, 4, matrices of directional
cosines and known expressions for determination of
angular rates of the geographical reference frame, it
is possible to represent the mathematical model of
the AHRS in the mode of the gyroscopic compass.
In addition to the differential equations, which
represent the mathematical model of the vertical
gyroscope (7) and the mathematical models of the
accelerometers (4), in the above mentioned mode it
is necessary to use the following relations by the
mathematical model of the directional gyro (heading
determination) [2]; equations, which describe
dynamics and kinematics of the platform; and also
expressions for determination of the initial angular

rates
5, = (~dé, — Hp, — 1 H MY +MFy
a’h_(_ (xh_ Bh_EBh_CQ’h_ l(Dxp+ z + z) h>

By =B, + Hi, 2, = kOB, + Hy, 4 M + M),
h

d)xp = [_(Jz _‘]y)wypwzp - xmxp _McSignmo _chon]/‘]x;
o, =[-(J,-J,)o,0,, - fo,-Msignw,-M,.,1/J;
O‘)zp = [_(Jy _Jx)mxpmyp _fymzp _MCSIgnwO _Mzcan]/']z;
G=0,siny+o, cosy—m,—o,p;
B=w,, cosy—,,siny— 0, + 000
"Y = 0‘)zp - (’OXOO" + (’OyOB - (’020 >
. V,cosk, V,sink, .
., =—cos@sin 4, — Tcos A, —————sin 4,
V,sink, V,cosk, .
®,, = cosPcos 4, +TcosA0 ——————sin 4,
. V,sink,
., =Qsm(p+Ttg(p, (25)

here M, M are control moments;

In the described mode the moments of stabilizing
engines control can be determined based on signals
of the gyroscopic vertical and angle data transmitter

M., =k.B, +kx2|3; M, ., =k, 0, +k,0;
(26)
Control moments (18)—(22) provide correction of
the vertical gyroscope.
In the mode of the gyroscopic compass the
control is implemented by the accelerometer signal,
which measures the angle of platform deviation f3,,.

yeon

M, =k,0,.

zcon

And the signal, which enters to the torque motor
mounted at the vertical axis, is sufficiently

weakened. The additional control signal 3, enters

from the angle-data transmitter. Then control
moments will be defined by the expressions
thcop = khxlBK - kx286xp ; Mhycop = kth - kap ’ (27)

here € is some small value.

8. Mathematical model of multimode AHRS:
mode of setting to the meridian

Mode of setting to the meridian is one of the most
important modes of the researched AHRS. There are
different ways to set AHRS to a meridian. The most
widespread are gyro compassing and turn at some in
advance calculate angle [10]. The latter way is the
most convenient for the marine AHRS but its
implementation is connected with some problems. In
the first place, to calculate the turn angle it is
necessary to determine vehicle’s speeds. Such
information can be measured by the dynamically
tuned gyro as it can operate in the mode of the
angular rate measurement. The assessment of the
angle of the setting to the meridian by means of
measurement of the earth angular rate projections

6, . =artcg(w, /o (28)

npoc xoc yoc) .
The expression (28) can be divided by some
relations

5,, =90

np npoc

-180° w1 ®,,.<0; ® ,. <0;

yoc

Snp =—5npoc wist @,,.<0; 0, >0;

3,, =180° -8
5,, =5

np np oc

wist @,,.<0; 0, <0;
>0.

yoc

npoc

s o, >0 o

But such its implementation requires additional
electronics, complication of data processing, and
computer resources.

As regards gyro compassing the proposals given in
[10] stays relevant today. But vehicle’s deviations are
believed to be small in this paper. Mathematical model
and control features basically correspond to mode of the
gyro compass (23)~(27). The accelerated setting to the

meridian is provided by increasing the coefficient k Q
in the expression (26).
9. Simulation results

Transient processes by the azimuth and pitch are
given in Fig. 5.
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Fig. 5. Transient processes in the mode of the gyroscopic
compass: a — azimuth channel; b — pitch channel
Results of accelerated setting to the meridian are
given in Fig. 6.
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Fig. 7. Accelerated setting to the meridian

10. Conclusions
The full mathematical model of the triaxial multi-
mode AHRS is derived. The control expressions for
every mode are given. The obtained results represent
generalization of the mathematical description of the
gimbaled AHRS.
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MartemaTnyHa Mogedb 0araTope;kMMHOI CHCTeMHM BH3Ha4eHHSl TOBHOI MNPOCTOPOBOI opieHTAmil
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Meta: Y crarTi TpencTaBlIeHO MAaTEMAaTHYHWN OMNHMC CHCTEMH BHW3HAYCHHS IIPOCTOPOBOI OpieHTAmil
pyxoMoro o0’ekTa, sKka Moke OyTH BUKOPHCTaHa y BUCOKOTOYHHX CHUCTEMax CTPATEriyHOTrO NPU3HAYCHHS.
Metonu pocaimxenns: /s po3s’si3aHHs 1aHOT MpobiaeMu OyiI0 BUKOPHCTAHO KIACHYHY TEOPil0 MEXaHiKH,
TEOPII0 TIPOCKOITIB Ta TEOpito iHepIianbHOI HaBiramii. PesyapraTn: OTpuMaHo IOBHY MaTeMaTHYHY MOJEINb
wIaTPOpPMHOI CHCTEMH BU3HAUEHHS MPOCTOPOBOI OpIi€HTAIlil, BKIIOYAIOYM OMUC PI3HUX PEKUMIB
¢yskuionyBanns. [IpeacraBmeHo pesynpTaTd MojenmtoBaHHs. BucHoBkm:  IIpeacraBneHi pesyibraTu
MiATBEPKYIOTh €(peKTUBHICTh 3alPOIIOHOBAHUX Mojeneil. Po3poOieni MaTeMaTnyHi Mozelli MOXKYTh OyTH
KOPUCHUMH TS HABIraIifHUX CUCTEM PYXOMHUX 00’ €KTIB IIHPOKOTO KIIacy.

KirouoBi cjioBa: akcenepoMeTpu; JUHAMIYHO HACTPOIOBaHI TiPOCKOIW; iHEpIiaibHI HaBIraliiiHi CUCTEMH;
MOMEHTH YTIPaBJIiHHS Ta KOPEKIii; CHCTEeMH BU3HAYEHHs IPOCTOPOBOI Opi€HTALi].
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MartemaTnyeckass MoJeJb MHOTOPEKHMHOI CHCTEMBbI ONpeneJieHUsl TOJHOW TNPOCTPAHCTBEHHOI
OpPUEHTALMHU 00beKTa

HanmonanpHBINM aBUaIMOHHBIA YHUBEPCUTET, ITp. KocmonaBTa Komapoga, 1, Kues, Ykpanna, 03058

E-mail: sushoa@ukr.net

Henb: B crarbe mpencTaBleHO MaTeMaTH4ECKOE OMHMCAHUE CHUCTEMBI OIPENENEHUs MPOCTPAHCTBEHHOU
OpPHEHTAllUU TOABMXHOTO OOBEKTa, KOTOPOE MOXKET ObITh HCIIOIb30BAHO B BBICOKOTOYHBIX CHCTEMaXx
CTpaTermyeckoro HasHadeHus. MeToabl ucciaenoBaHusi: /(g pemieHus JaHHOW mNpoOJIeMbl ObLIH
WCIIONIB30BaHbl Kiaccudyeckas Teopus MEXaHUKH, TEOpHUs TMPOCKOJIOB U TEOpHsS MHEPLUANbHON HaBUTallUH.
Pesyabrarpl: IlomydeHa mnonHas MaTeMaTHdyeckas MOJENb IUIATGOPMHOM CHUCTEMBI  OINpPENCIICHUS
MPOCTPAHCTBEHHOW  OpWEHTAIMM, BKIIOYas  ONHWCAaHWE PAa3HBIX PEXUMOB  (YHKIHOHUPOBAHUSI.
[IpencraBnensl pe3ynbTaTel MojaenvpoBaHus. BeiBoawl: IlpencraBneHHblE pe3yiabTaThl MOATBEPAKAAIOT
3G GEeKTUBHOCTh TNPEIUIOKEHHBIX Mozeneld. Pa3paboraHHble MaTeMaTHUECKHE MOIEIH MOTYT OBITh
IIOJIE3HBIMH JIJI1 HABUTALIMOHHBIX CHCTEM IOJBM)XHBIX O0BEKTOB IINPOKOTO KJacca.

KualoueBble ciaoBa: akcelepoMeTphl; JAWHAMHYECKH HAcTpaMBaeMble THPOCKOINBI; HHEPIHAJIbHBIE
HABUTALIMOHHBIE CUCTEMbI; MOMEHTHI YIIPABJICHUS U KOPPEKIHUH; CHCTEMBI OIIPEEIIEHUS TPOCTPAHCTBEHHON
OpHECHTALINN.
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