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Abstract

Purpose: the paper focuses on problems of testing of inertially stabilized platforms operated on ground vehicles. The
main goal is to consider possibilities to test such systems using simulation. Methods: to solve the given problem
methods of inertilal stabilization, creation of mathematical models and simulation are used. MatLab possibilities are
taken into consideration. Results: testing of basic accuracy characteristics by means of simulation is considered. The
appropriate mathematical models are developed. Presence of different modes during functioning inertially stabilized
platforms is taken into consideration. The approaches to estimation of static and dynamic errors are given. The ways
to set tested signals taking into consideration features of testing bench are considered. The possibility to estimate
angular rigidity by the moment is proposed. Conclusions: the results of simulation of different tested signals are
represented. Proposed ways to estimation of operating characteristics of inertially stabilized platforms allow
decrease time and cost losses of testing. Obtained results can be useful for design of inertially stabilized platforms
for vehicles of the wide class.

Keywords: dynamic error; inertially stabilized platforms; operating characteristics; simulation; tested

signals.
1. Introduction

To provide the high accuracy of tracking and
stabilization of inertially stabilized platforms operated
on ground vehicles it is necessary to carry out testing of
operating characteristics. Solving of this problem is
important for Ukrainian instrument-making [1].

Creation of modern inertially stabilized platforms
foresees using of discrete controllers. This gives the
wide possibilities for testing by means of simulation
[2]. So, creation of new approaches and techniques
of operating characteristics testing will provide
successful development of modern inertially
stabilized platforms operated on ground vehicles in
difficult conditions of real operation.

It should be noted that checking of accuracy
characteristics is of great importance for platforms of the
considered type [3]. Using of software for their testing
will decrease time and cost of checking procedures.

2. Analysis of the latest researches and

publications

General principles of checking methodical errors
and their estimation are given in many books [4].
Analysis of gyroscopic stabilization systems similar
to inertially stabilized platforms of the researched
type is presented in [5]. The theoretical estimation of

the dynamic error on the basis of the transfer
functions is described in [6].

3. Research tasks

Development of inertially stabilized platforms
operated on ground vehicles foresees estimation of
accuracy characteristics in conditions of motion on
the testing route. This process is sufficiently
complex and requires using the vehicle and complex
observation equipment. The goal of the paper is to
consider features of inertially stabilized platforms
testing by means of simulation. Using of discrete
controllers provides setting of tested signals, which
can be efficient in the semi-scale tests using testing
bench.

4. Mathematical model of inertially stabilized
platforms operated on ground vehicles

In the general case, inertially stabilized platforms
functioned on ground vehicles can operate in three
modes, such as tracking, stabilization and stabilized
tracking. For such modes simulation it is convenient
to accept following suppositions. The inertially
stabilized platform in the tracking mode is controlled
by the signal U, (¢), which is given by means of the

console. An angular rate ,, of the ground vehicle
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in the stabilization mode is considered as a
disturbance. The basic disturbance of the tracking
mode is the total moment acting on the drive of the
inertially stabilized platform. The unbalanced
moment is the main component of this disturbance.
The wvehicle angular rate as disturbance is
characterized by two features. The first feature is
that this angular rate influences on the stabilization
plant as the translational angular rate. The motion of
the platform (stabilization plant) is the relative
motion. It should be noted that, as a rule, platforms
operated on ground vehicles are stabilized in two
planes such as the vertical and horizontal ones.
Stabilization is implemented based on signals of the
absolute angular rate, which are measured with the
gyroscopic devices. The second feature is the
necessity to take the translational angular rate into
consideration as a cause of the moment acting on the
drive of the inertially stabilized platform.

The structural schemes of the linearized models
of the inertially stabilized platform in modes of
tracking and stabilization are shown in Figures 1, 2.

Fig. 1. Structural scheme of the model of the inertially
stabilized platform in the tracking mode

Fig. 2. Structural scheme of the model of the inertially
stabilized platform in the stabilization mode

Figures 1, 2 use the following notations. W is
the console transfer function in the tracking mode
and the unit for setting of the translational angular
rate (vehicle angular motion) in the stabilization
mode. W, is the transfer function of the serial

connection of the integrator and amplifier. W, is the

transfer function of the serial connection of the
amplifier and pulse width modulator. W, is the

united model of the drive and stabilization plant in
the space state. W5 is the transfer function of the rate
gyroscope. W, is the transfer function of the serial
connection of the amplifier and the low-pass and
high-pass filters. The voltage of the motor armature
circuit is the input signal of this combination of
units. W, is the transfer function of the low-pass

filter for the total signal of the motor armature
current and the plant angular acceleration. W is the

transfer function of the serial connection of the
amplifier and the low-pass filter (differentiator) of
the rate angular signal. W, is the transfer function of

the parallel function of the low-pass filter for
disturbance and the band-pass filter, which provides
operation of the rate gyroscope on the safe
frequencies. W, is the transfer function of the

amplifier. W, is the transfer function of the low-
pass filter for the basic feedback signal, which enters

from the rate gyroscope. W, =1, s is the transfer
p

function of the unit, which forms the moment caused
by the translational angular rate of the stabilization
plant that is the vehicle angular rate. W, is the

transfer function of the amplifier, which increases
the total signal of the translational and relative rate
of the stabilization plant. It should be noted that
models W, and W,; are used in the stabilization

mode only. Numbers with indices I and O mark
inputs and outputs of the separate models. Using
structural schemes represented in Figures 1, 2 and
the mathematical description represented in [7] it is
possible to obtain full transfer functions of the open-
loop and closed-loop systems. Transformations can
be automated using MatLab software [8].

The united model of the motor and stabilization
plant can be represented in the following form [6]
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where J, is the moment of inertia of the platform;
¢, is the rotation angle of the platform; M ,, is the

nominal friction moment of the platform; M, is the
unbalanced moment; k, is the rigidity of the spring
of the balancing system; A is an angle of spring
resetting; ¢, is the reducer rigidity; n, is the reducer
ratio; J, is the moment of inertia of the motor; @,
is the angle of motor rotation; M , is the nominal

friction moment of the motor; c,, is the constant of

the loading moment; 7 1is the time constant of the

arm

motor armature; R U are the resistance and the

arm >
voltage of the motor armature winding; Uy, is the
voltage of the pulse duration modulator; €, is the
electromotive force constant; U, is the voltage at
T e kg are time and transfer
constants; { is the damping coefficient.

the gyroscope output;

Respectively, the first two equations of the model
(1) after linearization become

Jp(pp =_fp(pp _Mun +ks(A_(pp)+

C
+—0, —¢,0,; (2)
n,

cm

6 efo
0. =—1.9, R

C,
U+_2(pe

arm ni‘

where f, f, are coefficients of linearized friction

c,
—— (pp ,
nr

moments for the stabilization plant and the motor
respectively.

The mathematical models (1), (2) are components
of the structural schemes represented in Figures 1, 2.

5. Testing of accuracy characteristics of inertially
stabilized platforms by simulation

The most important characteristics of inertially
stabilized platforms are static and dynamic errors.
Based on the theorem of the boundary transition the
expression for the static error determination can be
represented in the following form [4]:

SW,(p)f;
k—1

1+ W (p) >

xty=| 90|y
1+W(p) A

where x(¢) is the static error; g(¢) is the reference

p—k

signal; W(p) is the transfer function of the open-
loop system by the reference signal; W (p) is the

transfer function of the closed-loop system by the
disturbance; f, is the disturbance; k£ is quantity of

disturbances.

Based on the expression (3) errors of the
inertially stabilized platforms for ground vehicles
can be divided in three components [5].

The first component is the tracking error, which
can be determined by the expression [5]

U
=— ¢ , 4
W ()] @

where U, is the console reference signal, W(p) is

the transfer function of the open-loop system for
control by the platform motion.

The second component is the error caused by
influence of external moments. Usually, this error is
defined relative an angle, which determines the
platform position. This error can be described by the
expression [5]

M, 5
s W (o) ©®)

is the transfer function by the
the

where W.(p)
unbalanced moment; M is

un unbalanced
moment.

The third component is the stabilization error. It
is determined relative angular position of the plant.
Obtaining this error it is necessary to take into
consideration the angular rate of the vehicle. The
total stabilization error can be determined by the

expression [5]

LU= (p), e,
b [1+W(p)lp

where W, (p) is the transfer function by the rotation

(6)

moment caused by the angular rate of the vehicle;
W.(p) is the transfer function of the reduced
moment of disturbance caused by the angular rate of
the wvehicle, J » 1s the moment of inertia of the

stabilized platform.
Consider features of tracking
determination by means of simulation.

error  (4)
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Tracking error can be determined by setting of
the console reference signal and estimation of the
appropriate angular rate. Simulation is convenient to
carry out in conditions of the immovable ground
vehicle. Then the error (4) will be determined by the
equation of the transient process x,. = x,h(¢) .

The error caused by the disturbance moment (5) can
be estimated by setting of the step-wise unbalanced
moment. Further the difference between angular
platform positions is determined. Simulation is carried
out in conditions of immovable vehicle too. Such
approach allows estimating the rigidity by the moment.

The stabilization error (6) can be determined in
conditions of the zero console reference signals. The
relative angular rate is set as the step-wise signal. To
analyse the stabilization error it is necessary to
analyze the transient process by the absolute angular
rate of the stabilization plant.

One of the most important accuracy
characteristics for any stabilization system including
inertially stabilized platforms is the dynamic error.
Dynamic errors of the control systems of the wide
class are all the errors, which arise during dynamic
processes in conditions of changing influences
(disturbances and controls).

The dynamic error can be estimated by
simulation of the vehicle motion in accordance with
the harmonic law, which corresponds to the testing
road. In this case, the direction of the ground vehicle
angular motion is  continuously  changed.
Respectively, direction of the friction forces is
changed too. This allows carrying out the fullest
estimation of the dynamic properties of the system
for control by the motion of the inertially stabilized
platform. The error of the platform angular position
in the stable mode will be changed by the harmonic
law x(2) = Xy SIN(O L+ V) .

Dynamic accuracy of stabilization can be
estimated by the maximum amplitude of the error
X - Value of the amplitude can be obtained by the

symbol method by means of substitution p = jo,,

into the expression (3) [4]

_ 0 IILGOW, (o joloy
" [1+W(jo)| jo

As amplitude of the error is sufficiently less than

amplitude of the input influence, the expression (7)
can be changed by the approximate expression

_ O‘)gv_ | W2 (]w)VVr(]m)Jp]m | wgv (8)
W (jo)| jo ’

where |W(jw)| is the module of the frequency

characteristic of the open-loop system for m=a,,.

The maximal amplitude calculated by the formula
(8) for the system of the researched type is 5 arcmin.

Estimation of the maximum amplitude error can
be obtained by means of the linearized model of the
inertially stabilized platform. Such a stabilization
error is represented in Fig. 3.

Angle, arcmin

I I \
D 05 1 15 2 25 3 35 4 45 &
Time, s

Fig. 3. Stabilization error

Disadvantage of such approach is using the concrete
value of the tested signal. To avoid this disadvantage it
is possible using a relative amplitude error. For this it is
necessary to carry out two checked measurements in

conditions of influence of angular rates ., ®

gv2 >
which, for example, correspond to maximum values of

amplitudes 2 and 2.5 deg.

X
_ maxq
max (

(pmaxl

X X
_&].100% , 9)

(pmax2

where x X

max > max,

are maximum amplitudes for two

measurements; Q.. , @, are angular positions of

the platform, which correspond to these
measurements.

The expression (9) allows formulating
requirements to the logarithmic  amplitude

characteristics of the system. Execution of these
requirements means that the stabilization error in the
stable mode will not exceed a given value. The
requirements can be defined by the condition [4]

L(w)=2201lg A(w) =
(ng_| WZ(](D)VVr(](D)Jp ](D| (ng .

>201g
X

max

Simulation results, which represent transient
processes by angular rate and angular position of the
platform, are shown in Fig. 4.

As stated above, checking of operating
characteristics of inertially stabilized platforms
operated on ground vehicles is carried out by means
of testing road.
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Fig. 4. Angular rates and angular positions of the inertially stabilized platforms in conditions of different types of tested
signals: a, b — at the integrator input; ¢, d — at the demodulator input in the integrator circuit; e, f— at the input of the

rate gyroscope
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In conditions of simulation and testing bench using
these checks are similar to angular rate changing by
the harmonic law, which corresponds to the profile
of the testing road. This harmonic law is determined
by the expression @(¢) =@, sin®¢ for changing
angular position. The angular rate will be
determined by the expression
OJH = (p(t) = (pmaxwx COos OJKt *

Simulation of the signal, which corresponds to
the testing road, it is necessary to implement taking
into consideration features of testing equipment [9].
Therefore it is necessary to research ways to set
signals, which correspond to disturbances of testing
road on the bench assigned for testing of the system
for control by the platform motion [10].

Tested signals represented in Fig. 4 can be
characterized in the following way. Firstly, the
tested signal can be set directly at the integrator
input. Secondly, the tested signal can be set on the
integrator circuit after demodulator. Thirdly, it can
be set at the input of the rate gyroscope. The last
signal is similar to the angular rate.

To determine the angle rigidity it is necessary to
set some unbalanced moment and then add the
complementary unbalanced moment. Further the
difference between angular positions of the
platform is determined. The angle rigidity is
calculated by the formula

kg =4y /AQ,
where A,, is difference of the given unbalanced

moments; A is difference of angular positions.

To achieve the necessary accuracy of the angular
rigidity estimation the basic and additional
unbalanced moments are set through some instant
of time, for example, 10 s.

6. Conclusions

The approaches to testing of basic accuracy
characteristics of inertially stabilized platforms by
means of simulation are considered. The
appropriate mathematical models are developed.
Different modes of inertially stabilized platforms
functioning are taken into consideration. The
approaches to estimation of static and dynamic
errors are given. The ways to set tested signals
taking into consideration features of testing bench
are represented. The possibility to estimate angular
rigidity by the moment is proposed. The results of
simulation of the different tested signals are
represented. Proposed ways to estimation of
operating characteristics of inertially stabilized
platforms allow decrease time and cost losses of
testing. Obtained results can be useful for design of
stabilized platforms for vehicles of the wide class.
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0.A. Cymienko

Ocob0anBocTi TecTyBaHHA iHepUiaJdbHUX cTadinizoBaHUX MIaTdoOpM

HamionanpHuit aBiamifiauii yaiBepcurer, mp. Kocmonasta Komaposa, 1, Kuis, 03058, Ykpaina
E-mail: sushoa@ukr.net

MeTa: y crTarTi pO3NIIHYTO TMpoOJeMH IEepPeBIpOK IHEPIiaTbHUX CTAOLTI30BaHUX IIIaThopM, SIKi
eKCIUTYyaTYIOThCSl Ha Ha3eMHUX PYXOMHX 00’€KTax. ['0JOBHOIO WIJUTIO € PO3IIIsLA MOXIUBOCTEH MepeBipoK
CHUCTEM 3a JIONOMOTOI0 BHKOPHWCTAHHS IMITAIIHHOTO MopAemtoBaHHSI. MeToau: &I pO3B’si3aHHA ITiEl
po0JIEeMH BUKOPUCTOBYIOTHCSI METOJW I1HEPIliaIbHOT cTa0umizamii, METOAM CTBOPEHHS MaTEeMaTHYHHUX
Mojelleld, a TaKOXK IMITAIiitHOTO MoeToBaHHA. [Ipn MbOMY BpaxOBYIOTHCS MOKIHBOCTI OOUYHCITIOBAIEHOT
cucremu MatlLab. Pe3yabTaT: PO3risiHyTO MOMXIJIMBOCTI NMEPEBIpOK TOYHICHUX XapaKTEPUCTUK 3aco0amMu
MozeNoBaHHA. Po3pobieHo BiAMOBIAHI MaTeMaTH4HI Momeii. BpaxoBaHO HAasBHICTH pPI3HUX PEKHUMIB
(yHKUIOHYBaHHS iHepUianbHUX cTabimizoBanux miuardopm. IIpencraBneHo miIXoAW OO0 OLIHIOBAHHS
CTAaTUYHHX 1 AMHAMIYHUX TOXHOOK. PO3TISHYTO MOXXIHMBICTH OI[IHKM KyTOBOI JKOPCTKOCTI 32 MOMEHTOM.
PosrnstHyTO ciocoOu 3aBIaHHs Pi3HUX TECTOBUX CUTHANIB 3 YpaxyBaHHIM OCOOJIMBOCTEW BUMIPOOYBAaIBLHOTO
cTeHaa. BHCHOBKHM: NPECTaBICHO Pe3yJIbTATH MOJCITIOBAHHS PI3HUX TECTOBHX CHTHAJIB. 3ampONOHOBaHI
CIOCOOM OIIHKM EKCIUTyaTalliiHUX XapaKTePUCTHK 1HepHialbHUX CcTalimi30BaHUX TIAT(opM J03BOJSIOTH
3MEHIIUTH YacOBi Ta BAPTiCHI BUTPATH Ha TecTyBaHHs. OTpUMaHi pe3yabTaTH MOXKYTh OYTH KOPHCHUMH ITiJ|
Yac MpOEKTyBaHHS iHEepLialbHUX CTa0LIi30BaHUX MIATHOPM IS PyXOMHX 00’ €KTiB HIMPOKOTO Kiacy.

KarouoBi cioBa: guHamiyHa TOXHWOKA; eKCIUTyaTalliiiHi XapaKTepUCTHKH; i1HepIlianbHi cTabimizoBaHi
mwiatdopmu; iMiTalliiiHe MOICITIOBaHHS; TECTOBI CUTHAJIH.

O.A. CymeHko

OCo0eHHOCTH TECTUPOBAHUS HHEPIHAJIBHBIX CTA0NIN3UPOBAHHBIX AT OpM

HannonanpHbIN aBUaIMOHHBIA YHUBEPCUTET, Ip. KocmonaBta Komapoga, 1, Kues, 03058, Ykpauna
E-mail: sushoa@ukr.net

Lenwb: B cTaThe paccCMaTPUBAIOTCS MPOOJIEMBI TPOBEPOK MHEPIHAIBHBIX CTAOMIM3UPOBAHHBIX IIAT(HOPM,
AKCIUTYaTHPYyEeMbIX Ha HAa3eMHBIX TMOJBM)KHBIX OOBEeKTax. [JMaBHOW menbI0 SIBIAETCS pPACCMOTPEHHE
BO3MOXHOCTEH TIPOBEPOK CHCTEM IIOCPEICTBOM HCIOIB30BAHUA HWMHUTAIMOHHOTO MOJEIUPOBAHIIS.
Mertoapl: 17 pemeHus JaHHON MPOOIeMbl UCTIONB3YOTCS METOBl HHEPIHAIHHON CTAOMIN3AIlUN, METOIBI
CO37aHUsI MaTEMaTUYECKUX MOJEINEH, a TaKkKe UMUTAIMOHHOTO MOJEIUpOBaHus. [Ipyu 3TOM yUHTHIBAIOTCS
BO3MOXKHOCTH BBIYHCIUTENbHOU cuctembl MatlLab. Pe3yabTarbhi: paccMOTpEHBI BO3MOXHOCTH HPOBEPOK
TOYHOCTHBIX  XapaKTEPHCTHK  IOCPEICTBOM  MOJEIHpPOBaHUsA.  Pa3paboTaHbl  COOTBETCTBYIOIINE
MaTeMaTHYecKue MOJENH. YUTeHO HallMYhe pa3HbIX pPEXUMOB (YHKIIMOHUPOBAHUS WHEPIUAIBHBIX
cTabunmu3upoBaHHbX Iiatdopm. [lpencraBiieHbl MOAXOMABI K OIEHKE CTATHYECKMX U JIMHAMUYECKHUX
norpeurHocteld. PaccMoTpeHa BO3MOXKHOCTh OLEHKH YIJIOBOM JKECTKOCTHM MO MOMEHTY. PaccMoTpensl
CHOCOOBI 3a1aHUs Pa3HBIX TECTOBBIX CUTHAJIOB C yUYE€TOM OCOOCHHOCTEH MCIIBITATEILHOTO CTCHIa. BHIBOABI:
MIPEJICTABICHBI PE3YJIbTAaThl MOJACITUPOBAHUS PA3HBIX TECTOBBIX CUTHANOB. [IpemioxenHbple criocoObl OLIEHKH
IKCIUTYaTAllMOHHBIX ~ XapaKTEPUCTHUK  MHEPIHAIBHBIX  CTAOMJIM3UPOBAHHBIX  IJIATPOPM  MO3BOJISAIOT
YMEHBIIIUTh BPEMEHHBIE U CTOMMOCTHBIE 3aTpaThl Ha TecTHpoBaHue. [loaydeHHbIe pe3yabTaThl MOTYT OBITH
MOJIC3HBI MIPH MPOCKTUPOBAHUK UHEPIUATLHBIX CTAOMIN3UPOBAHHBIX IIAT(HOPM JIs MOABMKHBIX 00OBEKTOB
LIUPOKOIO Kilacca.

KioueBble cjoBa: JUHAMHYECKash TMOTPEIIHOCTh;, HWHEPHUANbHBIE CTaOMIM30BaHHBIE TUIAT(OPMEI,
SKCILTyaTallMOHHBIE XapaKTEPUCTUKU; UMUTALUOHHOE MOJEIUPOBAHNE; TECTOBbIE CUTHAJIBL.
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