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Abstract. This paper describes the features of designing control systems for mov-
ing platforms with equipment of different types including optical sensors, anten-
nas, video cameras, and observation equipment. The features of linearization of
the mathematical description are described. Such features include the influence of
the hysteresis in the gyroscopic device and the backlash in the controlling drive
of the platform. The recommendations for linearization of the non-linearities as
mentioned earlier are given. The features of introducing disturbances in the mathe-
matical description of moving platforms are represented. The technique of creating
forming filters for the simulation of disturbances caused by irregularities of relief
of road and terrain is described. Such an approach is relevant for moving platforms
operated on land vehicles. The procedure for creating a robust controller resistant
to internal and external disturbances is given. The synthesis of the control system
for the moving platform has been realized. The simulation results are represented.
The obtained results can be useful for the control systems of the different moving
vehicles.
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Introduction

Currently, the relevance of improving existing and creating high-precision control sys-
tems for payloads intended for use on aviation-tested moving platforms is increasing.
The solution to this problem requires using inertial stabilized platforms that, in turn,
leads to the need to create systems for their control [1-3].
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The typical tasks of control of payloads operated on aviation-tested moving platforms
include the following items.

1. Stabilization of the payload in the vertical and horizontal planes during angular
movement of the object.

2. Guidance of the payload sighting axis to fixed and moving reference points.

3. Combination of the first two modes, i.e. stabilized guidance of the payload sighting
axis to the reference point.

It is worth mentioning that two-axis stabilization is generally relevant for pay-
loads installed on ground-based mobile objects. In most cases, horizontal and vertical
stabilization can be considered separately [4—6].

The purpose of this research is to study features of designing systems for the control of
moving platforms assigned for the operation of vehicles. The moving platforms are used
for stabilization of different payloads including optical sensors, antennas, and different
equipment.

In the paper, such important features of designing motion control systems as lin-
earization and introducing stochastic disturbances are considered. The efficiency of
system synthesis is proved by modelling. It is worth mentioning that problems of the
developing models of the considered class of systems were studied in detail in the paper
[7]. The represented results and mathematical models described in [7] allow us to carry
out the synthesis of the control system with good efficiency.

The paper’s structure looks in the following way. Section 2 deals with features of the
linearization of the theoretical representation of the considered system. The features of
introducing stochastic disturbances mathematically are given in Sect. 3. The numerical
demonstration of the results of the synthesized system is shown in Sect. 4.

2 Features of Linearization

The significance of developing improved perspective systems for controlling aviation-
tested mobile platforms has recently been growing. The development of the mentioned
systems requires the research of techniques for synthesis and analysis, which could
ensure the successful production of improved researched system specimens. A well-
known software tool of this type is the Control Toolbox containing a significant set of
procedures for designing perspective control systems. However, the features of such a
toolbox include its operation only with linear time-invariant models. At the same time,
real stabilization systems are usually non-linear, so there is a need to analyze typical
non-linearities and the possibilities of transition to a linearized model [8—10].

A mathematical model of a stabilization system for a land-based object is a set of
mathematical models of devices included in this system. Before the main devices, there
are a gyro device, electronic devices, and motors.

The change in the absolute velocity of a tested aviation moving platform can be
measured using an additional gyro device. The mathematical description of the gyro
device in terms of the output rotation angle and voltage becomes [11]:
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here J, is the torque of inertia of gyro device gimbals; v is the damping coefficient;
¢; is torsion rigidity; M, is the moment taking into account the torsion’s hysteresis;
M glt = Swg cos « is the gyroscopic moment caused by the influence of measured angular
rate wg, here S is the kinetic moment of the gyroscopic device; M, gzt = Sw¢ sin« is the
gyroscopic moment due to the action of the angle rate w, perpendicular to the measured
one; My = —Mjysignd is the friction torque in gimbals bearings; M;, = W is the
moment of imbalance, here § is the displacement due to imbalance; W is acceleration,
which leads to imbalance; @, is the angle acceleration along to the longitudinal axis of
the gyro device; k4 is the transfer factor of the angle data transmitter; Uy is the zero
shift of the angle sensor.

The main nonlinearity in the model of the gyro device arises due to the necessity to
regulate the influx of torsion bar hysteresis. This method is used to formulate a moment
consistent with such an algorithm.

As soon as the condition & < 0 is finalized, then the moment M, depending on the
range of vibrations, is formed in this way:

{Ma = cap, ifap — kgisotp < o < ap; ) ?)
My = ¢, ifa < Ol()(l — kgis)a

where kg;; is the transfer coefficient, which characterizes the hysteresis value.
As soon as the condition @ > 0 comes to an end, the moment M, lies within the
range of extinction and is designated as follows:
My = ¢, ifag < o < ap + kgisao; 3)
M, =co, ifa< ao(l + kgis).

The expressions (1) — (3) allow us to use the mathematical description of the gyro
device with the non-linearity due to the hysteresis providing the qualitative synthesis of
the system for control of the moving platform.

The next essential non-linearity of the stabilization system is caused by the backlash
of the drive.

Manner is that the system of the considered type is assigned for stabilization of the
equipment of large mass. In this case, the drive consists of a motor with great rotational
speed and the reducer. Therefore, the effect of the backlash of the united system consisting
of the stabilization object (platform with payload) and drive with the reducer has arisen
[12-14].

The mathematical description of the stabilization object can be described in the form
of a second-order differential equation [15]:

Cr®b

ny

Ja@a+Myrsignga — Miysing, +Ks@a+crpa=ksA + — Mim, 4
where My, is the torque moment; My, is the imbalance torque; k; is the spring rigidity;
A is an angle of the spring’s deviation; J, is the inertia torque; ¢, is the angle of rotation
of the stabilization object.

The main non-linearities in the expression (4) are related to the moments of rubbing.
They can be approximated by linear expressions represented in [16].
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In this case, for the designated moment of rubbing M = Mj,signgy, it is replaced
with linear constituent M = f,¢,. At this rate, the coefficients f, will appear as
fa: 4Mfr/(7[ Q).

The flow chart of the modelling process for motor rotation due to non-linearity,
resulting in engine backlash, is shown in Fig. 1.

Results of the simulation of the non-linearity due to backlash are described in Figs. 2
and 3.
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Fig. 1. Flow chart of the molding of the rotation of the motor taking into account the motor
backlash due to inherent non-linearities (A. — backlash zone).

To confirm the obtained results, the horizontal channel of the system of stabilization
of an aviation-tested moving platform was modeled. The presented results allow us
to conclude the possibility of linearizing the model of the studied stabilization system
[17-19].

Figures 2 and 3 illustrate the influence of the engine backlash (0.006 rad) on the
transient processes of the angular velocity of an aviation-tested moving platform in the
guidance mode. Typical nonlinearities of the studied model should also include the need
to limit signals, which is easily implemented by Simulink tools. When dealing with
such nonlinearities, it is recommended to work with relatively small values when using
a linearized model. The most typical nonlinearities include the presence of insensitiv-
ity zones in real equipment, which cannot be taken into account in state space models.
The corresponding modeling showed the appropriate transient processes. The simulation
results also showed that neglecting such typical nonlinearities does not lead to a signif-
icant deterioration of the quality indices by the nonlinear component of the unbalanced
moment for angles of rotation of the payload within 5-10 degrees.
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Fig. 2. The non-linearity due to backlash 0.006 rad.
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Fig. 3. Influence of the backlash on the transient process of the angular rate.

3 Features of Introducing External Disturbances

It is essential to perform the design procedure for the researched system using operating
perturbations. For aviation-tested moving platforms, the disturbed action depends on the
action roughnesses caused by the relief profile. For its part, the influence of relief rough-
nesses depends on terrain topographic features. Therefore, the simulation technique is
based on the usage of roughnesses profile. This characteristic is defined by a section of
the relief by the vehicle’s motion direction [20-22].

For example, such specified relief as terrain with bumps can be expressed in random
variables depending on bump altitudes. These random variables are connected also with
length, i.e. the distance traveled, or the time. Random variables of this kind could be
applied in studying the disturbed motion.

Itis worth mentioning that in scientific and technical literature, distance functions are
given. Nevertheless, this approach does not disagree with the earlier mentioned proposal
as random variables can be expressed in distances using definite relationships.
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In frequent situations, we could change the profile by the microprofile when deter-
mining random external movements. The specific feature of the microprofile is connected
with the absence of constituents with low frequency.

The basic excellence of such a representation can be explained by the possibility
of representing microprofile in the form of a random time-invariant process. Namely,
such representation can be efficiently applied in procedures of analysis and synthesis
of systems for controlling mobile platforms. The transformation of the profile A(#) into
microprofile g(¢) can be implemented by the fractional-rational transfer function H, [23,
24].

As both profile and microprofile can be described by random processes, it is appro-
priate to apply them in procedures of the analysis and synthesis of spectral densities of
these processes. These characteristics in dependencies of distance and time g(/), i(/) can
be represented by the relations [24].

1 o
Ki(2) = vK;(Av); Ki(w) = ;Kz;- (%)
The spectral density of the microprofile looks like

Ky() = |Hy(@) K@), (6)

where H,(w) is the transfer function of microprofile conversion

(o)’
H,(w) = . @)
! (j©)? + V2wyjw + @?
In the simplified form, the expression (7) becomes
jw
H,(w) = . 8
q(®) Joo + o ®)

The classification of the spectral densities of the profile of roads and terrain is per-
formed depending on the short roughnesses heights of the microprofile (6). At the same
time, based on (5), (6), (8) and considering the length of the wave, we can divide relief
rougnesses into three groups, which can be represented by the relationships [24]:

Dy, D D,
K(A)=7;K(A)=F;0§n§4;l{(k):ﬁ. 9)
The relationships (9) include factors D,,, D., D,, that describe the type and charac-
teristics of the terrain relief. Every group of roughnesses is divided into some subgroups.
These subgroups differ in various values of earlier mentioned factors:

e D,, = 107! defines very rugged terrain with rolling hills;

e D, = 1072, n = 2 corresponds to a field or meadowland characterizing high
roughnesses and nearly equal influence of long and short waves;

e D,=3e 1073 corresponds to the terrain with inhomogeneous land, arable land, and
stony ground.
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Another way of roughnesses classification foresees four subgroups including preva-
lence of long unevennesses, bottom land, bulges, and uniform roughnesses. The spectral
density for every subgroup is described by the following relationships.

— D327 .
e K(A) = (five groups, the fifth group corresponds to very cross terrain

A2(5+42)
Dy =102 2 = 1);
2 2 2

e K(A) = W (five groups, for the fourth group corresponds to large shafts

D> =3.160 1073, 11 = 0.178);

Dy(A2422) .

e K(A) = m (six groups, the fifth group corresponds to large ramparts D, =

1072 =15

o (M) = % (five groups, the fourth group corresponds to the spectral density of a the
high level Dy = 1072).

Both the first and second classifications could be applied to the simulation of mobile
platform motion accompanied by terrain roughnesses. Itis worth mentioning that namely
the second classification is the most suitable for simulating motion of considered mobile
platforms. As the relief microprofile can be described by a normal random process. To
imitate this process, we must set the white noise é(¢) at the input of forming filter with
the transfer function H,,.

To design the forming filter, we must take into account the condition [24]

Hy(jo)H(jo) = K; 'K (). (10)

According to the second classification, the creation of forming filters has been
implemented in the following way:

. _ Dy 3. Iv+jw)
° Kh(](,l)) — jo (o)’
. _ /Dy (10v+Hw)(vA+jw) .
o Kp(jw) = Jw (vHow) (vHw)
. _ Dy WA +Hjow) |
o Kn(jo) = = Tovtja)
o Kj(jw) = yDov

jo °

Finally, the expression for the representation of forming filters looks like
Ky(w) = Kp(jw)Hy(jw), (1)

where H,(jw) is the transfer function of the microprofile conversion.

To synthesize the stabilization system of considered mobile platforms, it is desired to
accept some definite kind of contact between the terrain and tires. This assumption must
be supplemented by requirements for the kind of profile. The considered problem requires
using a smoothed profile for simulation of the disturbed motion. It is characterized
by averaging in the contact area. The transfer response of the averaged contact area
corresponds to wheel smoothing possibility. Nearly, it can be given in the following
representation [24]

w}
(jw)2 + «/iwdjw + w,%’

Hy(w) = (12)
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The expression (12) can be represented in the simplified form
Hi(w) ~ ——, (13)
Jo + wp
where wp(0.9 — 1.3)v/a; v is the velocity of the mobile platform, a is the width of a
contacting area.

In order to take into account the disturbances acting on the system, it is necessary
to consider the serial connection of the system model and the forming filter based on
expressions (10), (11), and (13).

The process of stabilizing the spatial position of a moving platform under the condi-
tion of the test signal and under the condition of the disturbance is shown in Figs. 4 and
5, where the stabilized spatial location of the platform in conditions of the tested signal
and simulated disturbances are represented.

Angle, deg

Angle, deg

Fig. 5. Stabilization of the platform in conditions of the disturbed signal.

4 Design of the System for Motion Control and Modelling Results

The block diagram of the algorithm for the stabilization system synthesis is presented
in Fig. 6.
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Fig. 6. Flow chart of the procedure for the synthesis of the control system for moving platform:
SS is the stabilization system, FF is the forming filter.

The synthesis procedure is grounded on an objective function that considers the most
important feature of the designed system. For the considered systems, the most preferred
is applying the combined optimization function taking into account the quality and
robustness. Such an approach ensures both the accuracy of the system and its resistance
to internal and external disturbances. Namely, these properties are of great importance
for control systems of mobile platforms. Separate constituents of the objective function
have been created using H,, Ho,— norms [25]. The H>-norm represents the square root of
the averaging impulse response. This constituent could be expressed as the output signal
power in the system’s stable state under the influence of the white noise with the unit
intensity. The H,— norm represents the maximum of the system’s frequency response.
The influence of every constituent in the combined objective function is defined by
weight coefficients. These coefficients are defined by requirements to the system [26].
Modelling results are represented in Figs. 7 and 8.

The synthesized system is characterized by amplitude stability margins of 53.3 dB
and phase 91.2 degrees, values of accuracy and robustness Hy = 0.3736 and Hy, =
0.1177, and angular stiffness of 175 Nm/arcmin. Given this, the proposed procedure of
the synthesis of considered systems simultaneously takes into account the quality and
robustness [27-29]. The proposed synthesis procedure has been implemented with the
help of Nelder-Mead method. The controller of the system has been created on the basis
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Fig. 7. The transient process on the angular rate for the terrain with middle roughnesses.

Angular speed, deg/s

1 1
Time, s

Fig. 8. The transient process on the angular rate for the terrain with bumps.

of the robust structural synthesis. The designed controller is grounded on the feedback by
an angular rate of the platform [30]. The structure of the robust controller is automatically
obtained as a result of the procedure of the robust structural synthesis. It is represented
in the form of a quadruple of state-space matrices of the sixth order and is not given here
for simplicity. On the whole, it represents PID controller with additional components
caused by specific features of the mobile platform.

5 Conclusions

Approaches to linearization of the mathematical description and simulation disturbances
arising due to terrain relief roughnesses using forming filters are considered. The flow
chart of the procedure for the synthesis of a control system for the mobile platform is
presented. The features of linearization for the control system of mobile platforms are
explained.

The procedure of the synthesis of the considered system is represented. The pro-
posed procedure is grounded on the combined objective function including accuracy
and robustness of the system.

The obtained simulation results prove the efficiency of the proposed synthesis proce-
dure. This is shown by the transient processes of the mobile platform motion in normal
and disturbed conditions.
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Itis planned during future research to carry out similar research relative to unmanned
aerial vehicles. The approach to introducing disturbances in the mathematical description
of the moving platforms for equipment operated on unmanned aerial vehicles is planned.
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