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Hagedeno ocobaueocmi npoexmyeanns podéacmuux cucmem
cmabinizayii pyxomux naam@opm 3 001A0HAHHAM, NPUSHAUEHUX
051 PYHKUIOHYBAHHA HA HAZEMHUX pYXOoMuUX 00 ckmax. Po3é’azano
npoonemy npoexmysanns poéacmmnoi cucmemu cmabdinizauii 3
0eoma cmynenamu 6ibHOCME 3 YPAXYEAHHAM KOOPOUHAMHUX 30Y-
penv ma 3aead eumipiosanv. Poszensnymo npuxnadny peaniza-
Uil0 3anponoHoBan020 Nidxody HA NPUKAAOL CUCMEMU YNPAGJIiH-
HSL KYMOoeuM pyxom naam@opmu 3 anapamyporo CnocmepexceHus,
npusHauenoi 01 eKCnayamauii Ha Ha3eMHUX MPAHCROPMHUX 3ACO-
oax. Hagedeno pezyrvmamu mMo0en08anus, ki niomeepoicyioms
MOJNCUBICM 3a0e3neueHHs 6UCOKUX XAPAKMEPUCTMUK CUCMEMU 6
CKAAOHUX YMO8AX PeabHOi eKCnayamauii

Kmouosi cnoea: pobacmmna cmabinizauia, cucmemu 3 0eoma
cmynenamu 6ibHOCMI, HA3eMHI PYXoMi 00’ckmu, pyxomi naam-
dopmu 3 o6adnannam, napamempuuni ma KoopoOUHAmMHI 30ypenns
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H3zn0xcenvt 0coderHHOCMU NPOEKMUPOBAHUS POOACMHBIX CUCMEM
cmabuauzayuu noodsuscHvIX naam@opm ¢ obopyoosanuem, npeo-
HA3HAMEHHBIM 051 DYHKUUOHUPOBAHUSL HA HAZEMHBIX NOOGUIIC-
Holx o0sexmax. Pewena npoonema npoexmuposanus podéacmuou
cucmemvl CmaduUIUIAUUL C 08YML CMENEHAMU C80000bL C Yuemom
KOOpOUHAmHoLx 803Myuwienull u nomex usmepenuii. Paccmompena
NPUKAAOHAS Peanu3auus npeoJodcenHoz0 nooxodd Ha npumepe
cucmemvl YnpasaeHus Yzioeoim 08UNCEHUEM NIAAMPOPMbL C anna-
pamypoii Habmo0eHuss, NPeoHAHAUEHHOU 0N IKCNAYAMAUUU HA
Hazemuovlx mpancnopmuoix cpedcmeax. Ilpugedenvt pesyavmamot
MoOeuposanus, n0OmMeepHCOaouUe 603MONCHOCMb 0Oecneuenus
BbICOKUX XAPAKMEPUCMUK CUCTEMDBL 8 CTONHCHBIX YCTOBUAX Peaib-
HOU dKCnAYyamauuu

Kmoueevie cnosa: podacmuas cmaduauzauus, cucmemvt C
0eyms cmenensamu c60000bl, HAZeMHbIE NOOBUNCHBIE 00BEKMUbL,
noosusicnvle naamgopmvt ¢ 000pydosanuem, napamempurecKue u
KOOpOuHammuoLle 603MYyueHUs
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1. Introduction

Now the inertially stabilized platforms are widely used
to stabilize and point sensors, cameras, antennas and weapon
systems operated at the vehicles of the different type [1]. The
further progress of the above listed equipment by accuracy
and other operating performances is impossible without sta-
bilization of a base, at which they are mounted. This proves
the actuality of the inertially stabilized platforms technol-
ogy development. It should be noted, that the above stated
platforms assigned for operation at the ground vehicles are of
great importance for Ukrainian device-building in the area
of both civil and military applications.

Operation of the observation equipment at the moving
platforms mounted at the ground vehicles is accompanied
by change of their parameters in the wide range (+50 %)
and action of the intensive and various external (coordinate)
disturbances. As a rule, the most changed parameters are
the inertia moment and the rigidity of elastic connection be-
tween an actuator and a base at which a plant is mounted [1].

Therefore it is expedient to solve the problem of the
ground vehicle stabilized platforms design using the prin-
ciples of robust control. The main goal of the design of the
researched robust systems is the search of the control law pro-
viding the system accuracy in the give limits in spite of pres-

ence uncertainties in the system mathematical description.
The uncertainties may be caused by many factors such as the
external disturbances, parametrical and structural changes.

One of perspective approaches to the robust system
design lies in using the H,-synthesis [2, 3]. The choice of
the method of the robust structural synthesis depends on
features of the designed system and conditions of its oper-
ation. In designing the inertially stabilized platforms for
ground vehicles it is necessary to take into consideration two
factors. In the first place, some parameters of the ground ve-
hicle stabilized platforms vary in the wide range during their
operation. In the second place, the researched systems oper-
ate in the difficult conditions of the external disturbances
caused by irregularities of the relief of the road or terrain, by
which a ground vehicle is moving.

It should be noted, that creation of the modern inertially
stabilized platforms, as a rule, is implemented by means of
the MatLab software including special toolboxes for the au-
tomated optimal design of the robust systems [4].

2. Analysis of publications data and problem statement

The actuality of the inertially stabilized platforms appli-
cation in the different industrial areas and the basic trends




of their technology progress are represented in [5]. Features
of control by platforms with the useful load operated at vehi-
cles, structural schemes of feedback and feedforward control
for stabilization and tracking systems of the researched type
are given in [5, 6]. The basic design phases of the inertially
stabilized platforms are described in [7]. The newest applica-
tions and gimbals features are mentioned in [8]. But all these
papers do not research such aspect of the inertially stabilized
platforms design as their immunity to the internal and ex-
ternal disturbances action. In other words, the robustness
aspect is not mentioned in these publications.

There are many papers, which deal with the theory and
application of robust systems as a whole, for example, [9, 10].
In these papers problems of the robust systems analysis and
synthesis are discussed. Now the application of the H_ -
synthesis becomes widespread for the robust systems de-
sign. For example, the basic principles of the H_ -synthesis
procedure applied to an unmanned helicopter are given in
[11]. In its turn, loop shaping methods of the H_ -theory are
widely used today. They have such essential advantage as
the possibility to design the system with the desired ampli-
tude-frequency characteristics. Such approach to control by
unmanned aerial vehicles is given in [12]. In contrast to this
paper, publication [13] represents problems more important
for the inertially stabilized platforms design, as deals with
the robust control of the electric drive based on the H_-
synthesis [13].

It should be noted, that the H_ -theory has well known
fundamental theoretical achievements but its applications
for the different areas require the development of the appro-
priate methods and procedures. So, the results obtained for
the H_ -synthesis of vehicles and drives, of course, may be
useful as a whole, but the design of the robust system for sta-
bilization and tracking of the inertially stabilized platforms
requires the development of the special methods taking into
consideration the features of their mathematical description
and operation conditions.

The standard procedure of the H_ -synthesis solved by
means of (2)—(5) equations is well developed in the H_ -
theory. It is important that this procedure is provided for
software developed in MatLab system. The main problems of
such procedure creation relative to the concrete system are
the development of the mathematical description, forming
augmented plant and creation of the optimization functional.

The mathematical model of the system for stabilization
and tracking of the observation equipment assigned for
operation at the ground vehicles was developed in [14]. An
algorithm of the robust system assigned for the platform
with observation equipment operated at the ground vehicle
is represented in [15]. But the modern requirements to the
researched system accuracy define the necessity to use the
stabilization and tracking systems with two-degrees-of-
freedom [16]. The actuality of this choice is proved by the
paper [17], which deals with the design of the rocket with
two-degrees-of-freedom.

The newness of the suggested research lies in the in-
troduction of the optimization functional, which takes into
consideration the influence of the coordinate disturbances
and measurement noise. Respectively the features of the
generalized plant forming for the researched system and
approach to loop shaping were considered too.

It should be noted, that check of the synthesized system
requires using mathematical models of the random distur-
bances caused by irregularities of the relief of the road and

terrain by which the ground vehicle is moving. Such models
were developed in [18].

Achievement of the high accuracy of tracking process-
es requires using control both by the error signal, which
represents the difference between the reference and output
signals of the system, and by the reference signal. In this
case a system must include two controllers, which implement
feedback and feedforward control. Configuration of the con-
trol by the plant in such systems is implemented by means of
the prefilter and feedback controller. The problem must be
solved taking into consideration the influence of the external
(coordinate) disturbances and measurement noise.

3. Research purpose and tasks

The purpose of the research is the development of the H_-
synthesis procedure directed to the creation of the robust
two-degree-of-freedom system by means of the loop shaping
methods. The synthesized system must have immunity to the
influence of the coordinate disturbances and measurement
noise.

To achieve this research purpose it is necessary to solve
the following tasks such as:

— creation of the plant mathematical description;

— choice of the loop shaping method and appropriate
weighting transfer functions;

— forming the augmented plant;

— introduction of the sensitivity functions by the co-
ordinate disturbance and the measurement noise into the
optimization functional;

— checking the results of the designed system efficiency
by means of modeling in the MatLab system.

4. Research materials and methods

4. 1. Standard problem of H_ -control

In accordance with the formulation [19] the standard
problem of the H_-control may be represented in the fol-
lowing form (Fig. 1).
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Fig. 1. Structural scheme of the standard Hc-control

The system represented in Fig. 1 consists of the plant
and the controller described by the matrix transfer functions
P(s), K(s), which are fractional-rational and proper. In the
general case the input vector w includes disturbances,
measurement noise and reference signals. The input vector
u represents control systems. The output vector z defines
the quality of control processes, for example, the reference
signal error. The output vector y consists of observed sig-
nals, which may be used for feedback implementation. The
plant P in Fig. 1 represents the generalized plant and the
controller K is the general controller respectively. In the



case of augmentation the generalized plant is augmented by
the weighting transfer functions.

The control system shown in Fig. may be represented in
the state space in the following way [3, 4]:

x(t) A | B, | B, || x(t)
z(t) |=|C, | Dy, | D, || W(b)]. @
y(t) C, | Dy | Dy, |[u(t)

The first usage of the H_ -synthesis for the design of con-
trol systems was represented in [20]. Usage of such approach
ensures the robust performance and the robust sta-

4. 2. Classification of methods for the robust structur-
al synthesis

Methods of the H_ -synthesis (robust structural syn-
thesis) may be classified by different signs such as quantity
of degrees of freedom, ways of loop shaping and augmented
plant forming.

Classification of the H_ -synthesis methods by quan-
tity of degrees of freedom

Methods for the design of the robust systems with vari-
ous quantities of degrees of freedom differ by an approach to
the controller configuration.

The structures of controllers with the different quantity
of degrees of freedom [2, 3] are represented in Fig. 2.

bilization of the designed system. The advantage of
the method is the possibility to synthesize a system
with the desired amplitude-frequency characteris-
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tics. The disadvantage of the method is the deter-
minative influence of the mathematical description
adequacy and the necessity of the heuristic choice
of the weighting transfer functions.

In practical applications it is necessary to car-
ry out a search of the suboptimal controller, when
the H_ -norm of the closed loop system transfer
function will not exceed some small given num-
ber y [3].

The algorithm of the search of the H_ -sub-
optimal controller is represented in many books
[3, 4]. In accordance with the algorithm for the
control system described by the matrix equa-
tion (1) for the search of the suboptimal control-
ler K(s) it is necessary to carry out the following
steps [3].

1. To solve the algebraic Riccati equation rela-
tive to X,

AX_+X_A+C[C,+

+X_(y’B,B] -B,B])X_=0. (2)

2. To solve the algebraic Riccati equation rela-
tiveto Y,
AY_+Y A" +BB] +

+Y.(v7C/C,-C,C)Y. =0. 3)

3. To check conditions

Re),[A+(y”B,Bf -B,B))X_]<0,Vi,
ReAJA+Y_ (y?C'C,-C;C,)]<0,Vi,
PX_Y.) <Y’ )

It is necessary to take into consideration that the control
system described by the equation (1) must satisfy the follow-
ing limitations [3, 4].

1. Pairs of the matrices A,B,, A,B, must be stabilized
and pairs of the matrices A,C,, A,C, — detected.

2. D1Tz[C1 D12]:[0 I]'

B ] .
3. [ ! ]D211 =[0].
D,, I

K,

Tref

Y.

\ 4

K

A

b

Fig. 2. Control system structures: @ — two-degree-of-freedom;
b — one-degree-of-freedom: r, u, y, e represent the reference, control,
measured output signals and the error signal respectively; K1 is the
pre-filter or the forward controller; K, is the feedback controller

Classification of the H_-synthesis methods by loop
shaping ways

There are such control loop shaping ways as forming the
closed loop system frequency characteristics based on anal-
ysis of the transfer function and analysis of the frequency
characteristics of the system signals [3].

In the first case, H_ -optimization provides forming the
desired frequency characteristics of the closed loop systems
due to determination of the transfer function singular val-
ues. The maximum singular values may be formed by means
of the given upper bounds. Such approach may ensure the
desired bandwidth and slope of the amplitude-frequency
characteristic.

In the second case, the given set of the input signals is
used and some their errors are minimized. Usually, such in-
put signals as external disturbances, measurement noise and
reference signals are believed to be components of this set.

So, the H_ -synthesis may be used for the design of the
feedback control systems based on shaping the desired fre-
quency characteristics of the closed loop system. In the most



cases, designing robust systems it is possible to estimate only
the upper bound of deviation of the desired frequency char-
acteristics from nominal ones. There are different approach-
es to the determination of the bounded characteristics. One
of the possible approaches uses the results of the experimen-
tal tests for plotting bounded characteristics [3]. But in the
most cases, the information about frequency characteristics
of the real system is absent before the design process. The
most widespread method of the bounded characteristics
determination is based on the frequency requirements to the
designed system.

There are methods of the robust systems design grounded
on shaping the transfer function of the open loop system. And
the goal of these methods is improvement of the frequency
characteristics of the closed loop system. Such procedure of
the H_ -synthesis based on the robust stabilization and tak-
ing into consideration the parametrical disturbances given by
means of coprime factorization is represented in [3, 22].

The H_ -synthesis methods based on analysis of the sys-
tem signals features are well agreed with the multi-purpose
problems solution. But implementation of these methods
requires using the complicated mathematical description,
namely, mathematical description of the plant, models of
uncertainties, determination of the class of the system input
signals and norms of the signal errors [3]. For the latter
methods the signal values and not the transfer functions
characteristics are of great importance. Moreover, using
these methods it is desirable to use the weighting functions
for description of the desired or known spectra of the exter-
nal signals frequencies and desired frequency spectra of the
error signals. The weighting functions are used also if the
uncertainty model represents the normalized disturbance
(JlA]l, <1). The successful implementation of the H_ -syn-
thesis requires stable and proper weighting functions [3, 4].

Classification of the H_-synthesis methods by a way
to apply the weighting transfer function for extension of
a plant

There are different methods to form a plant by means
of the weighting transfer functions such as shaping the re-
quired transfer function of the closed loop system; using of
pre- and post-compensators for extension of the open loop
system and weighting functions of the system signals. It
should be noticed, that designed systems become extended
after application of the matrix weighting transfer functions.
Therefore they are called augmented [3, 4].

The structural schemes of the augmented systems obtained
by means of all the above stated ways are represented in Fig. 3.

Augmentation of the plant by means of the weighting
transfer functions in accordance with Fig. 3, a, where the
augmented plant with the additional outputs z,, z,, z, is
represented, is typical for the method of the mixed sensitiv-
ity. The weighting transfer functions W,, W,, W, are used
for decreasing the reference signal error, limitation of the
control power and ensuring system robustness.

For the H_ -synthesis procedures, the influence of all
uncertainties acting on the plant is estimated by the single
multiplicative disturbance A,,. Then the requirements to
the designed system may be determined in the following
way [3, 4, 22]

o(S(j) <| W/ (joo) |;
o(S(jo) <|W, " (jo) ;

o(T(jo)) <[ W, (jo)l, ©))

where G is the maximum singular value.
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Fig. 3. Ways to use the weighting transfer functions: @ — for augmentation of the closed loop transfer function;
b — usage of the pre- and post-compensators; ¢ — usage of the weighting functions for system signals



In this case, the following condition must be satisfied
3, 4, 22]

(W (jo)) +5(W;' (jo))>1 for V. (6)

The choice of the weighting transfer functions satisfying
conditions (5), (6) is an ambiguous problem, which requires
for its solution heuristic methods, for example, cut and try
method taking into consideration experience of the system
designer.

The approach to robust systems design based on de-
termination of the singular values of the system transfer
function and minimization of the H_-norm may be imple-
mented by means of Robust Control Toolbox of MatLab
software [22].

If W,, W, represent pre- and post-compensators re-
spectively, the augmented plant with the bounded frequency
characteristics G, will be determined by the expression [3]

G, =W,GW,. (7)

Usage of the pre- and post-compensators ensures limita-
tion of the singular values of the open loop system transfer
function and shaping desired frequency characteristics of
the closed loop system transfer function. It should be no-
ticed, that the pre-compensator provides the feedforward by
the reference signal.

Usage of the weighting functions in the statement
of the H_ -synthesis problem for the method based on
analysis of the system signals is shown in Fig. 3, c¢. In this
scheme G and G, represent the plant and disturbance
nominal models and K is the designed controller. The
weighting functions of such external signals as distur-
bances, reference signal and measurement noise W,, W,,
W, may be constants or transfer functions [3]. The
weighting function W ; represents a desired closed loop
system transfer function between the weighting reference
signal r, and the system output signal y. The weighting
functions W, and W, characterize the desired frequency
spectrum of the error z, =y -y, and control signal z, =u
respectively.

For the system represented in Fig. 3, ¢ it is desired to
minimize the H_-norm of the transfer function from the
input signals r,d,n to the output signals z,, z, 3]

r

~W.SW,

z,| [ WS W.TW, ®
z,| |W,KS -W,KSW,

~W,KSW,
n

Finally, this problem may be formulated as the H_ -syn-
thesis problem, for which the signals w, z, y, u may be
determined in the following way

r
z r
w=|d|;z=|"|; y=| °|; u=u.
Z Y5
n

4. 3. H_-synthesis of robust two-degree-of-freedom
stabilization and tracking system

There are different approaches to the design of robust
two-degree-of-freedom systems. The approach represented
in [21] is based on the robust stabilization and definition
of the parametrical disturbances by means of the normal-
ized coprime factorization. It is based on the H_ -synthesis
procedure taking into consideration forming the desired
amplitude-frequency characteristics by means of augmenta-
tion of the open loop system transfer function. Forming the
augmented plant is implemented by means of the pre- and
post-compensators.

But in designing systems for control by the motion of
the platforms with the payload operated at the vehicles,
it is necessary to take into consideration the influence of
the coordinate disturbances. For the stabilization systems
operated at the ground vehicles the unbalance moment
and the moment of friction in gimbals bearings, and the
moment caused by the vehicle angular rate due to irreg-
ularities of the relief of the road or terrain are of great
importance. In designing the system it is necessary to take
into consideration the influence of the measurement noise
too. The structural scheme of the two-degree-of-freedom
system, which in contrast to [3] takes into consideration
the coordinate disturbances and measurement noise are
represented in Fig. 4.

Here the feedback controller K, provides the robust
stability and the prefilter K, ensures correspondence be-
tween responses of the closed loop system and the reference
model [3].

®)

K,

Tref

Fig. 4. The structural scheme of the robust two-degree-of-freedom system taking into consideration the coordinate
disturbances and measurement noise



The problem lies in determination of the controller
K= |:K1 Kz], which provides stabilization of the plant aug-
mented by the pre- and post-compensators in accordance
with the expression (7) G,=W,GW, and represented as a
result of the normalized coprime factorization G,=M;'N,
[3]. During such controller design it is necessary to ensure
minimization of the H_-norms of the transfer functions
between signals r, d, ¢, n and u, y_, e in accordance
with Fig. 4.

The problem of synthesis of the two-degree-of-freedom
system represented in Fig. 4 may be represented as the stan-
dard problem of the H_-synthesis (Fig. 1) and solved by
means of Robust Control Toolbox.

The control of the augmented plant may be defined in the
following way [3]

u =[K, Kz][}[f :|v

(10)

where K, is the prefilter transfer function, K, is the
feedback controller transfer function; B is the refer-
ence scale signal; y_ is the measured output signal;
T, is the reference transfer function chosen by a
designer with the purpose to form the desired ampli-
tude-frequency characteristics; p is the scalar value.

In contrast to the known problem statements
the influence of the coordinate disturbance d and
measurement noise n is taken into consideration in
this paper. The goal of the robust structural proce-
dure is to ensure minimization of the H_-norm of
the transfer function of the system with input and
output signals, which in accordance with Fig. 4 may
be represented by vectors

u

S
pz=|y, |
€

r
d
w= (11)
n
o

Connection between these vectors may be defined in the
following way

[us \A e]T=<I>[r d n ¢]T

or

A
0
0
Cs

introduce into consideration the matrix transfer function of
the generalized plant P . Based on relationships (10), (11)
the equation of connection between the inputs and outputs
of the interconnected system becomes

[us y, e B yS]T:P[r d n ¢ uS]T.(13)

The generalized plant transfer function in the expression
(13) may be represented in the following way

0 0 0 0 I
0 GG, 1 M' |G,
P=|-p'T, pGG, 0 pM |pG, |. (14)
ol 0 0 0 | o
0 GG, I M']|G,

Respectively the generalized plant model in the state
space may be derived based on the equation (14) and repre-
sented as

0 0 B, 0 (BD!'+ZC' D, B,

A B 0 I 0 0

0 0 0 0 0 I

0 0 D, 0 D, D, | (15
pC, —p°C, —-p°D, pD, 0 D, D,
0 0 pI 0 0 0 0
c. o 0 D, I D, D,

4. Application of robust structural method for design of
stabilized platforms with observation equipment operated
at ground vehicles

Design of the robust two-degree-of-freedom system for
stabilization of a platform with the payload operated at the
grounded vehicles may be implemented by the H_ -syn-
thesis method based on robust stabilization, loop shaping
by means of pre- and post-compensators and the new op-
timization functional (12) taking into consideration the
sensitivity functions by the coordinate disturbance and
measurement noise.

This method consists of some steps including creation of
the full and linearized mathematical descriptions, represen-

tation of the linear model in the state space
r (15), choice of the reference model, designed

=)
s PW.K, K,W.G.G, KW, K"w“l\i[f parameter p, and weighting transfer func-
Y |= pPW,GK, W,G,G, WG WM al (12)  tions, which form the system frequency char-
e| |p’[W,GK,-T,] pW,G,G, pW,G, pWM' acteristics, implementation of the H_ -syn-

where @ is the matrix transfer function of the closed loop
system. The H_-norm of this transfer function represents
the optimization functional because its elements repre-
sent sensitivity functions which define the system accura-
cy, robustness and control costs. Here W, =(I-K,G,)™",
W,=(I-GK,)™".

For transition to the standard statement of the H_ -syn-
thesis problem (Fig. 1) it is necessary to take into account

the control signal u=u,, the output signal y= and

s

¢ thesis standard procedure, checking of syn-

thesized system operation by means of the

full model with non-linearities inherent to a real system and

repetition of the synthesis procedure in the case of need if
necessary.

In the modern problems of control laws synthesis the
plant is considered with the actuator and measuring system
as a single object. Obviously, that the concrete application
may increase or decrease the list of the necessary compo-
nents.

The considered system assigned for operation at the
ground vehicle consists of the apparatus of measurement



and observation as the stabilization plant, direct current
motor and gyro device as the measuring system. The signal
from the controller enters to the motor through the pow-
er-width-modulator forming the set of pulses, the width of
which is determined by the controller signal [14]. Stabiliza-
tion of the platform is carried out in the vertical and horizon-
tal plane separately.

The basic features of the synthesized system mathemati-
cal description are the necessity to use the integrated model
of the stabilization plant and motor due to the presence of
the elastic connection between the motor and the platform,
at which the apparatus is mounted; linearization of the pow-
er-width-modulator and dry friction moments [14].

Taking these assumptions into consideration it is possi-
ble to represent the system vector of the state variables in
the following form

T _
X = |:X1 X, X3 X; X5 Xg X7] ,

where x, is the voltage at the gyro sensor output; x, is the
angle of turn of the platform with the observation equip-
ment; X, is the angle of turn of the motor shaft; x, is the
voltage entering to the width-pulse-modulator; x; is the
derivative of the voltage at the gyro sensor output; x, is the
angular rate of the platform with the observation equipment;
X, is the angular rate of the motor shaft.

Then the state space model of the system for stabilization
of the platform with the apparatus operated at the ground
vehicles may be defined by the following set of equations

X, =X
Xy =Xg5
X, =X,
. 1 c U,
X, =——X, ==X, +4,2—=2;
T, T, T
: 1 26T, Kk,
=T T T X Ty
0 0 0
— CT Cl" f
¢=—7 Xt Xy =7 X5,
Jy J Jo
. [¢ C. [
X, =——X, ——5 X3t ——X, — X, (16)
° R
nJ, ~ nJ, wI Jin

where k, is the transfer constant of the gyro sensor; T, is
the time constant of the motor armature circuit; c, is the
electromotive force; U, is control signal, which enters to
the width-pulse-modulator and further to the motor; J, is
the moment of inertia of the platform with installed on it
payload; c, is the reducer rigidity; m, is the reducer gear
ratio; f is the coefficient of the linearized moment of the
friction in the platform gimbals; J_ is the inertia moment of
the motor; f is the coefficient of the linearized moment of
the friction in the motor bearings; ¢ is the constant of the
load moment; R is the resistance of the motor armature
circuit winding; T, is the time constant of the gyro device;
& is the damping coefficient.

For the represented set of equations (16) the matrices of
the state, control, observation and disturbance (quadruple
of the matrices in the state space) may be represented in the
following form

0 0 k, 0]
0 0 0
0 0 0 o 0 1
0o 0 0 -1 o _&
A= T, T, |;
0 - & o by
Jo o, Jo
0 0 S G o b
| nJ, Ry Jin |
o
0
0
B= ;
U('On
0
>0<
-
0
c-|°;
07
0
0]
D=0.

The important step of the robust two-degree-of-freedom
structural synthesis is the choice of the reference model. The
simplest model may be represented by the transfer function
k / Ts+1. It should be noticed that the choice of the reference
model is defined by the requirements to the transient re-
sponse. This process is not simple and ambiguous and requires
the heuristic approaches. For the synthesized system it is
expedient to choose the reference model of the following type

k /(T?s+2ETs+1),
where
k=1; T=0,2; £=0,7.

The representation of the reference model in the state
space looks like

Ar=[0)1;_1/T7_2§/T]’

B, =[0:1],

C.=[1,0], D, =0.

The choice of the transfer functions of the pre- and
post-compensators is of great importance for the solved
problem too. Using the generally accepted recommendations

the post-compensator may be described by the single gain
W, =1. The transfer function of the pre-compensator W,



may be defined in the following way. In the first place, it is
necessary to take into account the transfer function, which
describes the amplifier by the voltage. In the second place,
the pre-compensator gain must be equal to the ratio of the
gains of the transfer functions by the disturbance and by
the plant. A feature of the H_ -synthesis procedure for the
researched system is the necessity to carry out the minimal
realization of the plant G. After this step execution the aug-
mented plant may be defined taking into consideration the
experimentally determined transfer functions of the pre- and
post-compensators

3. Results of design of the two-degree-of-freedom
stabilization system including mathematical
representation of the obtained controller and modeling

As a result of the developed H_ -synthesis procedure
execution the optimal H_ -controller for the robust two-de-
gree-of-freedom system has been obtained. After maximum
possible reduction of the obtained controller (from 10th or-
der to 7'M respectively) the structure of the controller may
be described by the following quadruple in the state space

1,032 0,086 0,013 -0,109 -0,009 0,037 0,008 ]
G, =W,GW,, -0,028 0,627 -0,048 0,669 -0,197 0,025 -0,009
0,044 0,044 1,007 -0,052 -0,021 0,035 0,007
where A =[-0,256 0,245 -0,083 0,215 0,196 -0,252 -0,001|;
W =1 0,333 0,344 0,185 -0,321 1,033 0,166 0,049
2 -0,097 -0,203 -0,052 0,247 -0,046 0,828 -0,013
| 0,193 0,376 0,106 -0,072 0,165 0,398 0,769 |
W, =W WW,;
r_| 0,324 0,246 -0,272 -0,517 0,621 -0,287 0,7 |
0,15 ©|-2328 863 -20,75 1083 1117 519 -107,4[
PO s+l
C,=[0,006 0,008 0,003 —-0,01 0,004 0,002 0,001];
w, =10245+25. D, =[0,009 —1,659].
s+25 ’
Results of modeling of the two-degree-of-freedom sys-
W, =1. tem with the synthesized H_ -controller for the nominal

Further the transfer function of the generalized stabili-
zation plant is determined and the standard algorithm of the
H_ -synthesis is applied [3].

N7 T 77 773

and disturbed systems are represented in Fig. 5, 6. Here the
constant unbalance moment equal to 100 Nm was consid-
ered. The friction moments changes and additional external
disturbances were taken into account too.
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Fig. 5. Step responses by the reference signals of the two-degree-of-freedom robust system (the horizontal channel):
a — influence of the changed friction moment; b — influence of the changed unbalance moment; ¢ — influence of the irregularities
of the relief of the road with the long undulations; d — influence of the irregularities of the relief of the terrain with hummocks
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Fig. 6. Step responses by the reference signals for the parametrical disturbances: a — for the changed inertia moment (the
horizontal channel); b — for the changed coefficient of rigidity between the actuator and the plant (the horizontal channel);
¢ — for the changed inertia moment (the vertical channel); d — for the changed coefficient of rigidity between the actuator and
the plant (the vertical channel)

The controller for the robust two-degree-of-freedom
stabilization and tracking system operated at the ground ve-
hicles was designed and represented by means of quadruple
matrices in the state space.

Represented results of the synthesized system mod-
eling prove the possibility of fulfillment of the rigid re-
quirements to accuracy performances to the system for
stabilization of the platform with the observation equip-
ment mounted at the ground vehicles and functioned in
the difficult conditions of real operation under the action
of the coordinate disturbances and parametrical changes
in the wide range.

6. Discussing the possibility of creation of the system
able to function in difficult conditions of real operation at
ground vehicles

The synthesized robust controller requires the applica-
tion of the reduction procedure. This will make easier its
practical implementation.

The synthesized system is characterized by norms
H,=0,526 and H_=0,258 respectively. Such values prove

the possibility to achieve a compromise between the system
accuracy and robustness.

The modeling results of the stabilization system in the
tracking mode prove the possibility to use the platform with
installed payload by its application in difficult conditions
of real operations. The system satisfied the requirements
given to accuracy in conditions of the significant coordinate
disturbances:

— 450 % for the friction moment, Fig. 5, a;

— 150 % for unbalance moment, Fig. 5, b;

— operation in conditions of the road with long undula-
tions;

— operation in conditions of the terrain with hummocks.

Simulation results also prove the execution of require-
ments to the speed of operation and overshoots, which are
given to the transient responses of the researched systems.
It should be noted, that these parameters are of great impor-
tance for the stabilized platforms with observation equipment
operated at the ground vehicles.

The results of the synthesized system modeling rep-
resented in Fig. 6 prove the possibility of the system to
operate in conditions of the parametrical disturbances.
Such parameters as the inertia moment and rigidity of



the elastic connections between the actuator and moving
platform were changed in the wide range. Fig. 6 shows the
results of modeling of the nominal and parametrically dis-
turbed systems (+150 %) by each of the above mentioned
parameters.

Comparison of the results obtained for the horizontal
and vertical channels respectively shows, that the system of
the vertical channel is characterized by the larger rigidity.
Such situation corresponds to real system operation.

7. Conclusions

As a result of the carried out researches the following
results were obtained.

1. The space state model of the system for stabilization
of the platform with the payload (observation equipment)
operated at the ground vehicles was obtained.

2. The H_ -synthesis procedure for the researched sys-
tem design was developed using the loop shaping method by
means of the pre- and post-compensators. The appropriate
weighting transfer functions were determined.

3. The augmented plant model in the state space was
derived in the form adapted to the standard H_ -synthe-
sis problem statement. This allows using the developed
software in the MatLab system for the robust controller
design.

4. The optimization functional of the H_ -synthesis pro-
cedure taking into consideration the sensitivity functions
by the coordinate disturbance and measurement noise was
obtained.

5. Functioning of the synthesized controller was checked
and the modeling results were obtained. Analysis of these
results proves the possibility to ensure the high accuracy
of the observation equipment on a moving base in difficult
conditions of the ground vehicle operation.
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yu] =,

HInsxom mamemamuunozo moodenioéanns niomeep-
odiceno, wo Yy peanvHux cucmemax ideanvie eionpa-
UI0BAHHS 6XI0H020 CUZHATY 34 YMOBU NOBHOI KOMNEH-
cauii ounamiunux enacmueocmeil 06°ckma Kepyeamus
€ Hemoxcaueum. Chopmyavosano npasuna, 3a aKumu
MoJIcHA obepHymu cmpyKxmypuy cxemy cucmemu y nep-
witi kanoniunii popmi xeposanocmi. Pozpobaeno moou-
Qixosanuii npunyun cumempii CmpyKmypHux cxem, ujo
3abesneuye Popmysanns 00caICHUX OANCAHUX OUHAMIY-
HUX Xapaxmepucmux 3amxHenoi cucmemu npu oomesice-
HOMY 3HauenHi Koediyienma niocuienms

Kmouosi caosa: 3éopomni 3adaui ounamixu, moou-
Qixosanuii npunyun cumempii, cumempis cmpyxmyp-
HUX cxem

=, ]

IIymem mamemamuuecrkozo modeauposanus noo-
meepicoeHo, Umo 6 PeanvHbLIX CUCMEMAX HEeB03MONCHA
udeanvnas ompabomrka 6x00H020 CuzHANA NPU YCTOBUU
nONHOU KOMReHCayuu OUHAMUMECKUX C60UCME 06vek-
ma ynpaenenus. Chopmynuposanvt npasuna, 6 coom-
6emcmeun ¢ KOMoOPbLMU MONCHO BbINOTHUMD 0Opawenue
CMpPYKMYpPHOU CXeMbl CUCMeMbl 6 Nepeoll KAHOHuYe-
cxoii popme ynpaeasemocmu. Paspaéoman moouduyu-
POBAHHDII NPUHUUN CUMMEMPUU CHPYKMYPHOLIX CXEM,
Komopuuil obecnenusaem opmuposanue 00CMUNCUMBIX
JHcenaemolx OUHAMUMECKUX XAPAKMEPUCMUK 3AMKHY-
Mol cucmeMvl NPU 02PAHUUEHHOM 3HAMEHUU K0P Puuu-
enma ycunenus

Kniouegvie caoga: obpamuvie 3adauu ounamuxu,
MOOUDUUUP 068aAHHBLE NPUHUUN CUMMEMPUL, CUMMEMPUSL
CMPYKMYpPHLIX CXeM

=,
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1. Beryn

3BOPOTHI 3a71a4i ANHAMIKHY Bi/l CAMOTO TIOYATKY CBOTO
BU3HAUCHHSI CTAHOBUJIM OJIMH i3 PO3/iJiB aHAJITUYHOL
MexaHiku. B pesyibraTi posB’sizaHHsS 3BOPOTHUX 3ajiay
NMHAMIKM BU3HAYAIOTbCS CHJIM, MiJl AI€I0 AKUX CHUCTe-
Ma PyXaeTbhcs 3a 3a7JaHOI0 TpaeKkTopieo. ko BBaxkaTn

pYIIiiiHI CMJIU KePyIOYNMHU, TO B MAaTEMAaTUYHOMY CeHCi
pO3B’I3aHHS 3BOPOTHUX 3ajlad AMHAMIKH SIBJsIE COOOI0
CHHTE3 aJrOPUTMY KepyBaHHs, 1o 3abe3nedye moTpibHi
nUHaMidHi ToKa3Huku cucrtemu [1-3].

OCHOBHOIO i/1€€10, IO JIEKUTH B OCHOBI TIePETBOPEHH
CTPYKTYPHHUX CXEM, € CUMETpis, K OJUH i3 3acaJiHUYNX
NPUHIINIIIB MeTo/oJI0Tii HayKkoBoTo nisHauHs. [Ipnanmun






