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DEVELOPMENT OF METHOD

OF INCREASING ACCURALCY OF
MEASURING ANGULAR VELOCITY AND
ACCELERATION OF GYROSTABILIZED
PLATFORM

Cyuacni pyxomi 06’exmu maromo 3nauno Oiavi WeUOKOCmi, Ha HUX 010Mb 3HAUHO OLILIULL NePesanmanicens.
ma nexonmponvosani mexaniuni soypenns (yoapu, sibpayii). Tomy eumozu 0o mounocmi 3acodie ma memoois
BUMIPIOBAHHS BUSHAUCHUX BUUE MEXAHIUHUX BEIUYUH NPULAO008020 HABI2AUITIHO20 KOMNIEKCY CMALU 3HAUHO
suuumu. Oonax nedockonaricmy eiemenmuoi 6asu, 6IOCYMHICMb HOBUX CYUACHUX YYMAUBUX eLCMEHINIE, GIOCYm -
HICMb BUKOPUCTANHSA HOBOL YOOCKOHANEHOT cucmemu yoapo-6i6po3axucmy, eiocymuicmy UKOPUCTAHHS CYUAC-
HUX AN20PUMMIYHUX MemOo0i6 He 00360LI0Mb CYMMECO NIOGUUUMU MOUHICTNG, NOKPAULUMU MAKMUKO-MeXHIUNI
Xapaxmepucmuxu.

O6’ckmom docrioxcenns 6 daniii pobomi € NPOUEC BUMIPIOEAIH KYMOBOT WEUOKOCME Ma NPUCKOPEHHS 2ip0-
cmabinizosanoi niampopmu.

3abesneuenis nidsuwenns mounocmi cmabirizamopa 036POEnHs € HAUBANCAUBTULOI0 NPOOIEMOIO CYUACHOCTI,
supiwenns axoi sabesneuye 6esnexy Yxpainu. Ilo maxmuunum xapaxmepucmuxam Hosutl cmabiiizamop 036poen-
1 POSUWUPIOE GOLLOGT MONCAUBOCTNE GPOHEMEXHIKU 3G PAXYHOK Oilbl MOuNH020 Haedenns i cmabinizayii na uiiv,
NOLCZULYE MONCIUBOCTNE EKINANCY NO YNPABIHIIO OAULMOTO.

IIpunadosi komnaexcu cmabinizamopie 036poents npusnaueni 0is cmabinizosanozo naseoens i cynposooy
Y 20PUSOHMANBHIL MA EPMUKATLHILL NIOUUHAX HASEMHUX, NOGIMPANHUX i HA0800HUX Uilell. Bukopucmanns cyuacnoi
eslemenmioi 6a3u 003601UL0 3HAUHO NOKPAUUMU XAPAKMEPUCTUKU BCHO20 KOMNIEKCY CMAbiiizamopa 036poeniLs.
Ilo mexniunum xapaxmepucmuxam cmabiiizamopa 030POeHs POWUPIOE OOUOGT MONCIUBOCTNT OPOHEMEeXHIKU
3a paxynox Ginvie mounozo nasedenms i cmabinisayii na uiib, NOAC2UYE MONCAUBOCIT eKINANCY N0 YNPABIIHHIO
6awumoro. A maxoc ne 6UMAzAE NePenasedenis na my Jic Yinb nicis nocmpiny.

Y pobomi posensnymo anzopumm, w0 3acmoco8yEmMvCs NPU KOPULYEANHHI NOLONCCHIA 2apMAMU GI0HOCHO UiLL
npu WeUoKoMy cymicnomy pyci bawmu ma mawunu. Anzopumm 06paxo8yemvpcs iy Mamemamuunomy 6oyt cuc-
memu cmabinizauii. Anzopumm 6a3yemocs 1na MAMEMAMUUHOMY AHANI31 Meopil pyxY 2ipocKonie ma NoKpaujeHuil
610 nonepediix 3a paxynox 0onosHenHs pisusanis pyxy. Busedeno gopmyny 6 ananimuunomy euzindi dis nodain-
uL020 ii 3acmocyeanis 6 Mamemamuunux 610Kax cucmemu cmabilisayii ma Hasedeno PoPAxXyHKL, 6 Pe3yiomani
AKUX OMPUMANO MAMEMAMUUIY MoOeiv. Axuwo dany mamemamuuny mooenv 6yoe 66edeno 6 arzopummiviuil 610K
cucmemu cmabinisayii, ue 003604UMb NIOGUUUMU MOUNICTY CMAOLII3AUiL.

Y sucnoexax npoananizosani pesyivmamu ma nadamni pexomenoauii w000 3acmocyeanis aizopummy

Kmouosi cnosa: cmadinizamop 036poenis, 2ipocmabinizosana naampopma, GUMIPI06alis Kymoeoi ueuoxocmi,
BUMIPIOBAHHSA NPUCKOPEHHSL

Tsiruk V.

1. Introduction

The object of research is the non-renewable stabilization
system of various types used today in navigational devices
and control systems for ships, aircrafts, vehicles, as well
as in antennas, telescopes and other devices mounted on
moving objects. Due to the fact that the required accuracy
of such devices is continuously increasing, the accuracy
requirements imposed on stabilization complexes are also
growing.

In the conditions of carrying out an anti-terrorist opera-
tion in the east of Ukraine, works devoted to enhancing the
defense capability of the state are extremely topical. One
of these is the new instrument complex of the stabilizer of
armament of light armored vehicles SVU-500, developed
at PJSC «RPA «Kyiv Automatics Plant» (Ukraine). This

complex is designed for stabilized guidance and tracking
in the horizontal and vertical planes of surface, air and
surface targets for effective firing from the ground, on
the move and afloat.

The weapon stabilizer is a device that stabilizes the
aiming of the weapon while moving the platform on which
the weapon is mounted. The weapon stabilizer is designed
to simplify the aiming with the movement of light armored
vehicles and to increase the accuracy of the fire on the
move. It is also part of the fire control system. Technically,
the stabilizer is a set of sensors and a computer complex
connected to a gun drive.

The existing stabilization systems can’t today sufficiently
effectively perform the tasks assigned to them. According
to the experience of military conflicts, most of the losses
of the fleet of armored vehicles are the result of the use
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of inefficient weapons stabilization systems. Therefore, en-
suring the improvement of the operational characteristics
of the Arms Complex for light armored vehicles (LAV) is
the most important modern problem, the solution of which
ensures the navigation security of Ukraine.

2. The ohject of research
and its technological audit

The object of research is the process of measuring the
mechanical quantities of the modern instrumentation of
the stabilizer complex (SC) of LAV armament by using
the proposed precision instruments on new physical prin-
ciples, equipment and methods.

The weapon stabilizer is a technical device that stabi-
lizes the aiming of the weapon while moving the platform
on which these weapons are installed. The weapon stabi-
lizer is designed to simplify the aiming while moving the
platform and improve the accuracy of the fire from the
move. It is widely used in modern armored vehicles and
ship artillery. Technically, the stabilizer is a set of sensors
and a computer complex connected to a gun drive. Based
on the readings of the sensors, the parameters for moving
the platform are determined and control commands are
given about the gun, which compensates for the deviations.

At the present stage of the development of techno-
logy, one of the key shortcomings, over which the design
and technology bureaus work, is the accuracy of aiming
at the target.

3. The aim and ohjectives of research

The aim of research is the development of weapon sta-
bilizer for light armored vehicles using a small-sized angle
sensor and a system for vibration and shock impact for it.

To achieve this aim, it is necessary to perform the
following tasks:

1. Analyze equations of the theory of motion of gyro-
scopes.

2. Supplement the equations of the theory of motion
of gyroscopes with a new component, proceeding from
the technical capabilities of modern instrument-making.

4. Research of existing solutions
of the prohlem

The weapon stabilizer is a technical device, it stabilizes
the aiming of the weapon while moving the platform on
which these weapons are installed. The weapon stabilizer
is designed to simplify the aiming during the movement
and improve the accuracy of the fire, is part of the fire
control system. It is widely used in modern armored ve-
hicles and ship artillery.

Technically, the stabilizer is a set of sensors and a com-
puter complex connected to a gun drive. Based on the
readings of the sensors, the parameters for moving the
platform are determined and control commands are issued
about the gun, which compensates for the deviations [1].

As a stabilization system in work, the automatic control
system [2] is considered, it ensures, on a moving object,
the preservation of a certain angular orientation of the
tower relative to a coordinate system whose axes are ori-
ented in a certain way in space. This coordinate system is
either reference or fixed. Depending on the specific task,

this can be, for example, an inertial coordinate system or
a system whose axes are directed along the vertical of
the place where the moving system is located [3].

The stabilization system ensures the constancy of the
angles between the axes of the fixed coordinate system and
the axes rigidly connected with the stabilization object, which
will henceforth be called the stabilizing platform [4, 5].

To the stabilizing moments, in addition to the moments
of the executive motors or other actuators, the moments
of gyroscopic reaction of the gyroscopes installed on the
platform may also apply. Systems in which gyroscopic
reaction moments directly affect the stabilized platform
have power gyroscopic stabilizers.

Stabilization systems in which stabilizing moments are
created only by executive motors or other actuators, and
gyroscopic gyro response moments are not used for direct
compensation of moments, excite the platform, will be
called indirect stabilization systems. Gyroscopic elements
in indirect stabilization systems can be used only to detect
deviations of the platform from a given position and to
generate control signals [6, 7].

A separate view is represented by multistage stabili-
zers 8], among which two-stage stabilization systems are
of practical importance. In such system discussed above,
the platform is an element of the first degree of stabiliza-
tion. On it is additionally installed in a separate cardan
suspension the second platform. This is the second stage
of stabilization, there is an error of stabilization (caused by
«swing residues») of the first platform. The second platform
stabilizes in space with high accuracy, than the first [9, 10].

The existing stabilization systems [11, 12] for today
can’t perform their tasks effectively enough. According to
the experience of military conflicts, most of the losses of
a fleet of armored vehicles are the result of the use of
inefficient stabilization systems. Therefore, ensuring the
improvement of the operational characteristics of the sta-
bilization complex is the most important modern problem,
the solution of which provides security.

5. Methods of research

As a result of research, the following are used:

— the theory of gyroscopes for deriving augmented
equation of motion of the platform;

— the theory of linear systems of automatic control
for deterministic and random effects for estimating
the magnitude of the increase in accuracy;

— method of logarithmic frequency characteristics;

— mathematical statistics for the processing of statisti-
cal data;

— experimental laboratory tests to obtain statistical
data, processing and analysis of the results obtained.

6. Research results

The angular velocities and accelerations that the sta-
bilization system must work out largely determine the
attainable stabilization accuracy [13]. The increase in ve-
locities and accelerations leads to a complication of the
structure of the system, an increase in its dimensions. On
the other hand, the maximum velocity and acceleration of
the stabilization system are different for the same swing
parameters, depending on the number and location of the
axle and suspension rings of the platform [14].

;12
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Stabilized platform in a triaxial suspension. Due to the
stabilization, the platform P (Fig. 1) and the coordinate
system O&nC connected with it are fixed in space. The
moving coordinate system Oxyz (associated with LAV)
in the absence of oscillation coincides with the fixed co-
ordinate system O&Eng; The Oy axis of the outer ring is
directed along the longitudinal axis of the LAV. When
rolling the LAV turret, the transition from a fixed coor-
dinate system to a mobile one is determined by three
non-coring angles o, v, 6 [15, 16].

Fig. 1. Stabilizing platform in triaxial suspension

The transition from the fixed coordinate system (the
stabilizing platform) to the mobile (LAV coordinate system)
is determined by the matrix written in the form (1):

cosfcos@—sinBsinysing cosOsin@+sinBsinycos@

A= —cosysing COSY COS @

sinBcos@+cosBsinysin@ sin6cos@—cosOsinycos@

The velocities of running-in of the suspension rings
¢, 7, 6, that is, the velocities that should be provided by
the stabilization system, is determined by the condition
that the sum of the projections of the rolling-in velocities
of the rings and the rolling velocities of the object on
each of the axes of the fixed coordinate system should
be zero [7].

This condition gives a system of three equations:

Qog +Qk§ = 0, Q()n +Q}m = 0, Qog +Qk§ = 0, (2)
where Q, Qq,, Qy; — the projections of the running-in
velocities on the axis of the coordinate system O&Eng, and
Que, Qpy, Qi — the projections of the rolling velocities on
the same axes.

Projections of running-in velocities are:

Q= peos(E,6)+7cos (& x;)+6cos(§,y)
Qoq = peos(N,§)+ycos(n,a;)+ écos(n,y) .
Qe = pcos(§,8)+7cos(E,x,)+6cos(L,y)

3)

Projections of the rolling velocities of the LAV turret
Q,, Q,, Q, around the axes Ox, Oz, Oy on the axis of the
fixed coordinate system level:

Qi =Q, cos(&,x)+Q, cos(&,y)+Q, cos(&,2)
Qu =Q, cos(n,x)+Q, cos(n,y)+Q, cos(n,z)}.
Qi =Q, cos(§x)+Q, cos(L,y)+Q, cos(¢,2)

(4)

The cosines of the angles between the axes of the
fixed and mobile systems entering into equation (4) are
equal to the corresponding elements of the matrix (1). The
direction cosines of the Ox axis in the fixed coordinate
system entering into equation (3) are determined by the
elements of the first row of the matrix (1).

In the solution of equations (2)—(4) let’s find the run-
ning-in velocity of the suspension around its inner, middle
and outer axes:

p= Q. sinf—CQ

¢ cosy( . sin@—Q, cosb), (5)
Y=-Q,cos0—-Q,sino, (6)
6=-Q, sinbtgy —Q, +Q, cosbtgy. @)

Hence the running-in velocity is also determined:

N— Q sin6-90O. cos

[0) cosy( . Sin® Zcose), 8)
7=-Q,cos0—-Q,sinb, )
6=-Q, sinbtgy —Q, +Q, cosbtgy. (10)

The velocity and acceleration of

—sin®cos Q) running-in along the axes (6) and (9)

siny |, (1) do not exceed the _Velocity and acce-

. leration of the rolling. The velocities
cosOsiny

and accelerations of the run-in along
the roll axes (5), (7), (8) and (10)
follow to infinity as y — 90°.

Given the largest velocities and acceleration of the
running-in achievable in the stabilization system, the rela-
tionship (5), (7), (8) and (10) allows to find the largest
permissible value of the angle y. The angles ¢ and 6 for
the considered arrangement of the suspension axes are not
limited from the point of view of obtaining final velocities
and acceleration accelerations (5)—(7).

To obtain unlimited values of the angle in the triaxial
suspension, it is necessary to change the location of its
axes while simultaneously limiting any other of the swing
angles. In this case, the axis of the inner ring must be
perpendicular to the sauntering axis. If, for example, the
heeling angle 6 is limited, then the axis of the inner ring
must be directed along the roll axis. In this case let’s obtain
a triaxial suspension, returned in the horizontal plane by 90°
with respect to the suspension shown in Fig. 2. The ve-
locities and accelerations of the running-up of rings in
such suspension are determined from relations (5)—(10)
after the angles ¢ and 6 change places in them.

Telescope in a biaxial suspension with a vertical arrange-
ment of the axis of the outer ring. The telescope monitors
the target associated with the object with the help of
a biaxial suspension (Fig. 2), has a horizontal (Oz axis of
the outer ring) and a vertical (Ou axis of the inner ring
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rigidly connected to the telescope) guidance [17, 18]. The
axes of the mobile coordinate system Oxyz are stationary
in space when there is no oscillation. In this case, the
position of the target is determined in this coordinate
system by the course angle ¢ and height 4 [19].

With the inner suspension ring and telescope, the coor-
dinate system Owvw is rigidly connected, the axis Ouvw
is directed along the axis of the inner ring, and Ouv®
is along the optical axis of the telescope perpendicular
to the plane of the inner ring. The axes of the system
Ouvew at g=h=0 coincide with the corresponding axes
of the moving coordinate system.

Fig. 2. Telescope in a biaxial suspension with horizontal axes 0z
and vertical Ju guidance

In general, for any angles g and A, the transition from
the moving coordinate system to the system Ouvw is ob-
tained by rotating the outer ring of the suspension together
with the inner ring by an angle g around the vertical
axis Oz. So, when moving from the moving coordinate
system to the horizontal axis, and further rotating the
obtained coordinate system Ouyyz together with the inner
suspension ring by an angle h about the axis Ou, they
become vertical guidance axes.

The specified coordinate transformations have the form:

cosq sing 0

A=A,A, =|-singcosh cosgcosh sinh|. (16)

singsinh  cosgsinh cosh

As a result of these two rotations of the suspension
rings, the axis Ov, perpendicular to the plane of the inner
ring and coincides with the optical axis of the telescope,
will be directed at the target, and the axes Ou and Ov
will be perpendicular to the direction to the target. When
the object is runned, the directions of the axes of the
Ouvw system are indicated, which will be preserved due
to the running-up of the suspension rings around the axes
of horizontal and vertical guidance.

Let the velocity of guidance, due to the movement of
the object and the daily rotation of the Earth, be insignifi-
cant in comparison with the velocities caused by rolling.
Then the velocities of running-up-in of the rings ¢ and 4
are determined from the equations:

Quu + Qku = 0;
Qr)m+ka=0v (17)
where Q,,, Q,, —the projections of the velocities of the run-
ning-up of the rings on the axes Ou and Ow, and Q,,, Q,, —
are the projections of the rolling velocities of the object on
the same axes.

When conditions (17) are satisfied, the telescope can rotate
about its own optical axis, but the latter remains directed
to the target. Projections of velocities of break-in level:

Q,, = fzcos(u,u) +q+cos(u,z);
Q= fzcos((o,u)+q+cos((o,2). (18)

Projections of the running-up object Q,, Q,, Q, around
the axes Ox, Oy, Oz on the axis Ou and Ou level:

Q =Q, cos(u,x)+Q, cos(u,y)+Q, cos(u, 2);
Qi =Q, cos(,x)+Q, cos(m,y)+Q, cos(,z).

(19)

The cosines of the angles between the axes Ou and Ow
perpendicular to the direction to the target and the axes of
the moving coordinate system appearing in expressions (18)
and (19) are equal to the corresponding elements of the first
and third rows of the matrix (16). The simultaneous solu-
tion of equations (17)—(19) gives the velocity of running-in
of the suspension rings along the axes of horizontal and
vertical induction, caused by oscillations:

G=9Q,singtgh+Q, cosqtgh—Q.;

h=-Q, sing—-<Q,sing. (20)

Hence, the acceleration of the rolling of the rings on
the rolling is also approximately determined:

G=Q,singtgh+Q, cosqtgh—Q.;

ﬁ:—stinq—stinq. (21)

The velocity and acceleration along the vertical gui-
dance axis (20) and (21) do not exceed the velocity and

[u,yl,z]qu[x,y,z] (11)
and
[u,v,0]= A, [u,y,2] (12)
or
[u,v,0]=Alu,y,z], (13)
where
cosq sing 0
A, =|-sing cosqg 0|, (14)
0 0 1
1 0 0
A,=|0  cosh sinh|, (15)
0 -—sinh cosh
;14
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rolling acceleration. The velocity and acceleration along
the horizontal guidance axis (20) and (21) as they ap-
proach the target, tend to infinity. Since the achievable
velocities and accelerations of the telescope stabilization
system are always limited, stabilization of the direction
to the target will be possible only at some limiting dis-
tance h. The latter is determined from expressions (20)
and (21) for given velocities and acceleration of rolling
and achievable velocities and acceleration of stabilization.
Thus, in the case of the biaxial suspension of a telescope
with a vertical arrangement of the axis of the outer ring,
the stabilization system has a «dead zone» swing. That
is, an area in which stabilization is not provided, in the
form of a circle (if any course of the object is possible).

Telescope in a biaxial suspension with a horizontal arrange-
ment of the axis of the outer ring. This case differs from the
previous one only in the arrangement of the axes of the
rings. Here, Ox of the outer ring (Fig. 3) is directed along
the transverse axis of the LAV, but the Ow of the inner ring
lies in the diametral plane. With the inner suspension ring
and the telescope, the coordinate system Ouwvw is rigidly
connected, with the Ov axis directed along the optical axis
of the telescope, and Ow along the axis of the inner ring.
This coordinate system comes out of the coordinate system
Oxyz associated with the object (motionless in the absence
of rolling) by two turns. The first of them — a rotation
through an angle o around the axis O, that is, the axis
of the outer ring of the suspension — transforms the Oxyz
system into the Oxyi® system. The second is a rotation
through an angle B around the axis Ow, that is, the axis
of the inner ring of the suspension — gives the coordinate
system Ouvo. In this case, the position of the target is deter-
mined in the fixed coordinate system by the angles o and B.

The velocities of running-in of the rings o and B are
determined, as in the previous case, by equations (17) and
(19) and by equations analogous to (18). The cosines of the
angles between the axes of the moving coordinate system
and the axes Ov and Ow perpendicular to the direction to
the target are easier to obtain as the corresponding ele-
ments of the matrix that transforms the system Oxyz into
the system Owvw. These cosines are indicated in Table 1.

Tahle 1

The direction cosines of the Jv and Jo axes in the Oxyz system

Direction Ox Uo 0z
v cosp cososin sinosin3
Ow 0 —sinol COSOl

The velocity of running-in of the stabilization system
of the telescope around the axes of the outer and inner
rings is equal to:

o=-Q,-Q, cosatgf;

. _ (22)
B=Q,sino—Q, coso.
Running-up acceleration:
0=-Q,-Q, cosotgp:
=L, gp (23)

B=Q,sino—Q, coso.

Velocity and acceleration along the axis of the inner
ring (22) and (23) do not exceed the velocity and ac-
celeration of rolling. The velocity and acceleration along
the axis of the outer ring (22) and (23), respectively, can
be much larger. They go to infinity at B—90°, that is,
when the target approaches the horizon line on the exten-
sions of the Ox axis. The greatest value of B, at which
stabilization is possible, is determined from relations (22)
and (23) at given velocities and accelerations of the duck
and achievable velocities and acceleration of stabilization.
The corresponding lowest goal height is 2=90°—.

If take another biaxial suspension of the telescope, ob-
tained from the axis of the external suspension considered
from the turn, until it coincides with the longitudinal axis
of the object, then the most severe stabilization conditions
for rolling will come out for purposes located near the
horizon along the longitudinal axis of the object. In all
cases of a biaxial suspension with a horizontal arrangement
of the axis of the outer ring, there are no difficulties in
observing targets, that is, at —90° and B—0, as follows
from Equations (22), (23).

Fig. 3. A telescope in a biaxial suspension with the location of the axis Ox in the plane of the turret and the axis
of the inner ring Jo in the diametrical plane
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Let’s note that the expressions for the velocities and
accelerations of running-in of the biaxial suspension rings
are obtained without taking into account the increase in
the rolling angles, which is the case for small values of
the latter. At large swing angles, the analysis is similar
to the previous one, but the expressions for velocities
and accelerations are accommodated.

7. SWOT analysis of research results

Strengths. Formulas are derived for improving the accu-
racy characteristics of the stabilization system and increasing
its velocity, which allows to raise the characteristics of
equipment to a new level, higher than foreign counterparts.

In comparison with analogues, it is more advantageous,
namely:

— the productivity of the gyrostabilized complex is

increased;

— increased accuracy of the calculation of the coor-

dinates of the guidance.

Weaknesses. The weak side can be considered that to
improve the performance it is necessary to make more ac-
curate calculations and calculate a larger data set, leading to
the use of a new element base of the device. The negative
internal factor is the increase in the cost of production.

Opportunities. It increases the accuracy of aiming at the
target, facilitates the control of the tower of the object
during its movement. Improve the tactical and technical
characteristics of lightly armored vehicles. This method
can increase the monetary income of enterprises of sup-
pliers by selling equipment abroad.

Threats. The absence of precision machinery at the ma-
chine tool park. The enterprise wants to master this method
and must purchase precision equipment for manufacturing
and testing of high-precision position sensors in space.

1. The system of coordinates for the derivation and
analysis of the mathematical model of the instrument com-
plex of the weapon stabilizer for lightly armored vehicles
has been identified. Namely, it is established that the best
model will be when the telescope is in a biaxial suspension
with the vertical arrangement of the axis of the outer ring.

2. It is established that the angular velocities and ac-
celerations that the stabilization system must work out
determine to a large extent the achievable accuracy of
stabilization. Formulas (20)—(23) are derived in an ana-
lytical form for their further application in the digital
block of the stabilization system.

3. Methods of structural and parametric optimization are
proposed to ensure the specified maximum possible accuracy
of the stabilizer. Equations of motion of the stabilization
system, and the equation itself for calculating the velocities
and accelerating the gyro’s oscillation of the stabilization
system are complemented by the angles ¢ and %, which
can arise when the gyrostabilized platform is complex.
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