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Abstract—The paper deals with research of systems for control by orientation of lines-of-sight of
information and measuring devices on moving base. Automated control laws of researched systems in
tracking modes are proposed. Control algorithm with the local feedback by the current of motor armature
circuit is given. The integral assessment of the plant acceleration based on current of the motor armature
circuit is obtained and the possibility of its usage in control laws is shown. The mathematical model of the
system assigned for operation on the ground vehicles is represented. The simulation results are given and
their analysis is carried out. The obtained control laws can be used in low cost systems with nonstabilized
drive, and also in tracking modes of multi-mode systems of control by orientation of lines-of-sight of
information and measuring devices operated on vehicles.

Index Terms—Tracking modes; nonstabilized drive; ground vehicles; automated control; feedback.

I. INTRODUCTION

Creation of systems for control of observation
devices line-of-sight orientation is issue of the day.
This problem becomes complicated for devices
operated on vehicles. Usually such a system
functions in modes of tracking and stabilization [1].
Control laws in these modes differ from each other.

Moreover in some practical applications it is
convenient to use nonstabilized drive. This approach
leads to simplification of hardware configuration
due to using of tracking mode only. Its advantage is
decrease of cost of system design, manufacturing,
and maintenance.

Automation of control processes by different
plants is accompanied by wide using of servo drives.
They are used in control systems of vehicles both for
control of their motion and for control of their
equipment movements.

Now creation of the new perspective systems for
stabilization of observation devices becomes
widespread in many areas of vehicle equipment
design. The main requirements to such systems are
the high speed of operation and smoothness of
platform movements. The goal of proposed research
is increase of tracking processes quality. This can be
achieved by means of creation of new control laws
for tracking modes.

II. PROBLEM STATEMENT

It is known that control features depend effectively
on type of a plant and operation conditions. The paper
considers the laws of control of systems assigned for
operation on the ground vehicles.

Basic function of the researched system is
tracking of moving reference point and elimination
of an error between the direction to a reference point
and line-of-sight axis of the observation device. In

the general case control by the plant during tracking
can be automatic, manual, and automated [2]. For
the low cost system able to carry out sufficient
quantity of functions and to provide necessary
accuracy it is convenient to use the automated
control.

The image of a reference point, which is formed
in the indicator unit, is shown in Fig. 1.
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Fig. 1. Representation on the display of the indicator unit:
O;, is the centre of the display; O, is the reference point

The basic function of the optical and electronic
system is conversion of electromagnetic waves in
the optical range into electrical and light signals. The
latter signals provide visualization of information.
Coordinates of reference point present deviations of
the electronic point from intersection lines on the
indicator display.

The operator implements manipulations with
control console handles to keep values of the
horizontal and vertical deviations A A, . close

hor > ver
to zero [2].

The system plant includes the platform with a
payload (observation equipment). In general case the
researched system can include the plant, controller,
measuring sensors, power amplifier, pulse-width-
modulator, and geared drive including the direct
current motor and reducer.

The structural scheme of the tracking system with
the automated control is represented in Fig. 2.
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Fig. 2. The structural scheme of automated tracking system: OES is an optical and electronic system; In is an indicator;
O is an operator; Cn is a console; CU is a computing unit; M is a motor, P is a platform; T is a tachometer; x, y are
coordinates; o is a platform angular rate; / is a motor armature current

In accordance with the scheme represented in
Fig. 2 the output signal of the optical and electronic
system enters to the indicator, where it is taken by
the operator. He chooses rate of tracking based on
visual observation by means of control console. At
the same time the operator continues visual
observation by the moving reference point. To
increase accuracy of tracking processes two modes
of tracking rates (high and low) and also the
possibility to switch off tracking rate instantaneously
are used. The latter situation arises during
coincidence of line-of-sight with direction to
reference point.

Now control laws in stabilization modes are well
known. Manual control in tracking modes is
sufficiently known too. The new approach to
problem is creation of control laws in tracking
modes with nonstabilized drive using automated
control and computing unit respectively. The created
laws must provide the high speed of operation,
sufficient accuracy, and simplification of hardware
implementation.

III. REVIEW

General principles of control by drives in servo
and tracking systems are represented in [3], [4]. The
approaches to creation of the researched systems
operated on the ground vehicles are given in [5]. The
paper [1] researches modes of stabilization and
stabilized tracking for the system of the considered
type. The general approach to implementation of
control in tracking systems with nonstabilized drive
is represented in [6]. Earlier known engineering
solutions have been provided manual control by
means of the console. Using computing unit in these
modes it is possible to increase accuracy of
observation processes due to feedbacks.

IV. GENERAL FEATURES OF AUTOMATED CONTROL

It should be noted that in the general case
systems of the researched type can operate using the
automated control, when the stabilization mode is
carried out automatically and the tracking mode
includes control of the operator.

Considered control contour includes the operator
as a block of the control system. Quality of tracking
processes depends on operator physiological
characteristics and level of its training. The operator
and tracking system are interconnected components
of the man-machine control system. Nowadays there
are many different types of models representing
behaviour of the operator from the mathematical
point of view. As stated above stabilization
processes in the researched systems are implemented
without participation of the operator. One of the
widespread models can be represented as the transfer
function [2]

k@)
Vo) = i@+ © )

where k£ (40...100) is an operator transfer constant;
T (0.13...0.2 s) is time of an operator reaction on a
signal of the trajectory control (0.25...2.5s); 7, isa
constant of forestalling, which defines ability of an
operator to compensate delay of reaction; 7, (0.1 s)

is the nervous and muscle time constant; 73 (0.6...2

s) is the filtration constant.

Input of (1) represents signal of the trajectory
control (forestalling signal) and output — the control
signal created by the operator.

Dependence of the control parameter (error) Ax
on cross motion of the reference point and platform
with  observation equipment during tracking
processes can be represented by the error equation or
equation of the trajectory control.

Any tracking method is characterized by the
specific error equation. The equation Ax=0
corresponds to the ideal navigation [2].

The most widespread tracking methods based on
the automated control are the method of direct
tracking, method of tracking with forestalling, and
method of proportional tracking or proportional
navigation [2], [9].

Advantages of the method of the proportional
navigation are its simplicity and usability [9].
Furthermore the method of proportional navigation
is suitable for operation in changed conditions. This
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method is the most preferable for the short and
middle range applications [9].

In accordance with the method of the
proportional navigation the tracking angular rate ¥

is directly proportional to the line-of-sight rate i
[91, [10]

7=Nh. ()

The equation (2) is the most suitable for
implementation of tracking processes in systems of
the researched type. The navigation constant N in
(2) depends on manoeuvres of the observable
reference point and errors of tracking systems.
Usually it changes from 3 to 5, and for non-movable
reference point it can be equal to 1 [10].

V. CONTROL LAWS

There are some approaches to creation of control
laws for tracking modes. The developed laws are
represented in ordering of complication.

A. Control by Means of Console

In the simplest case control can be provided by
means of a signal given from the console U, [3]

U.=U,,- 3)

B. Control by Means of Console and Feedback by
Tachometer and Motor Armature Current

Basic feedback in tracking systems of the
researched type can be implemented by means of
devices, which sense angular rate or acceleration of
the plant or motor shaft. Such rate sensors as
tachometers mounted on the motor shaft and rate
gyros mounted on the plant are widely used for the
considered application. Signals proportional to
voltage of the motor armature circuit can be used for
this purpose too [3].

Additional feedback in the researched systems
can be implemented based on signals proportional to
a moment created by the motor.

It is known that there is some physical quantity in
direct current motors, which corresponds to a
moment developed by the motor [3]. This quantity
can be measured and used for forming correctional
signal. If mechanical deformations will be not taken
in consideration, the moment developed by the
motor can be represented in the following form [3]

Mdr =n [Jm + i2j (b—'_lMdist > (4)
n n

where M, is a moment developed by the drive; n
is the reduction ratio; J is the moment of motor

inertia; J is the moment of plant inertia; ®is the
motor angular rate; M is the disturbance

moment.

Analysis of this expression shows that the
moment developed by the engine consists of two
components.

The first component in (4) is proportional to
acceleration of the plant.

The second component in (4) is proportional to
the disturbance moment.

The correctional signal proportional to the first
component can be used for the drive control
correction. The correctional signal proportional to
the disturbance moment influences on accuracy of
tracking processes [3].

One of proposed control laws lies in usage of the
console control signal, basic feedback by tachometer
signal, and additional feedback by current of the
motor armature circuit [6]. The control signal can be
described by the expression

UC = UCO” + U + UCMV > (5)

tax

dist

U

where U, x>

con> U.,. are signals proportional to
console output, tachometer output, and current of the
motor armature circuit.

Elimination of the tachometer signal in (5) leads
to oscillations of the low frequency. This fact is
approved by experimental tests.

Feedback by the motor armature current can be
the most efficient if to switch on this feedback at an
instant of time when the console signal decreases.

Then the control law (5) will keep the total
control signal at the same level by compensation of
the console signal decrease by means of feedback
signal increase.

Practical implementation of this control
algorithm can be implemnted by the logical unit.
Results of the algorithm execution are given in
Fig. 3, and the logical unit structural scheme is
represented in Fig. 4.

Efficiency of this algorithm functioning has been
proved by experimental tests [6].

C. Control by Means of Console and Feedback by
Plant Acceleration Assessment and Motor
Armature Current

Elimination of the tachometer signal can be done
using estimation of the plant acceleration due to
drive action. The moment created by the drive looks
like

M, =nnc,1, (6)

where m is the coefficient of efficiency; 7 is the
reduction ratio; ¢, is a constant of motor loading
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moment; [ is the current of the motor armature

circuit.
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Fig. 3. Results of logic unit functioning: (a) is the output
signal; (b) is the console signal; (¢) is the derivative signal

The relationship (6) gives the possibility to
determine an assessment of the plant acceleration
arising under action of the moment created by the
motor

_ Mdr _ nncm

J J ! ™

where J is the moment of the plant inertia.

To make control by the nonstabilized drive more
efficient, the integral of the assessment (7) can be
used

t
U, =k, [Idt, (8)
0

where £k, =%. The signal of feedback by the

motor armature circuit current during hardware
implementation, as a rule, is formed by means of the
Hall sensor. Therefore the equation (8) can be finally
represented in the following form

t
U, = kyk, | Idt, ©9)
0

where k, is the transfer constant of the Hall sensor.

So, the control law taking into consideration the
signal proportional to console output, feedback by
signal proportional to assessment of plant
acceleration, and signal proportional to current of
the motor armature circuit becomes

t
u.=U,, +kk,[1dt+U,, . (10)
0

It should be noted that the second component in
(7) is similar to tachometer signal used in the control
law described by (5).

It is known that the important characteristic of
the researched systems is the tracking rate [7]. Speed
of operation in tracking mode is defined by sum of
signals

v=U

con

+U,,. . (11)

The value v in (11) becomes equal to zero when
the plant rate will achieve a value given from the
console. Taking (9) into consideration the following
condition can be satisfied

U, =—kk, | 1dt . (12)
0

It follows from (12) that the component Uy, will
not change for constant U.,. So, to provide the
higher tracking rate in this case it is necessary to add
some complementary term o in (12).

Based on theoretical grounds and experimental
researches such a term it is convenient to represent
in the form of the integral of the total signal of
console and signal, which corresponds to the
assessment of the plant acceleration

5= [W,, +kk,[1d)r. (12)
0 0
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Finally the control law taking into consideration
the console signal, the plant acceleration assessment
determined by (3), and feedback by the current of
the motor armature circuit becomes

Control laws (3), (5), and (12) can be applied for
tracking modes of low-cost systems with
nonstabilized drive and in tracking modes of the
researched systems with the full set of the modes.

Uu,=U, VI. CASE OF STUDY
c con
K tl J r U K ‘ 1 U (12) Calculating scheme of the mathematical model is
TRy w.[ t+.[ We + K, w.[ D+ U, given in Fig. 5. Simulation results are given in
0 0 0 .
Fig. 6.
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Fig. 6. Results of tracking system simulation: (a), (b) are results of simulation using the control law (5), here (b)
corresponds to elimination of the tachometer signal; (c), (d) is reaction on the step signal for the control law (13); (e), ()
is reaction on the sinusoidal signal for the control law (13).

The mathematical model of system for control of
orientation of observation devises lines-of-sight
includes models of the drive based on the direct
current motor, plant, power amplifier, pulse-width
modulator and control unit [11], [12]. It should be
noted that the pulse-width modulation is the most
widespread for control of the direct current motor.

To simplify the mathematical model, the linearized
model of the pulse-width modulator is used [13].

The studied system is assigned for operation on
the ground vehicles.

Results of tracking processes simulation using
control law (5) are shown in Fig. 6a. Further
simulation was carried out for control based on
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signals of the console and feedback by the current
only. In accordance with Fig. 6b elimination of the
tachometer signal from the control law (5) leads to
oscillations of the low frequency. Figures 6¢—f show
results of reaction of tracking system with control
law (13) on step and sinusoidal signals.

VII. CONCLUSIONS

The control laws for tracking system with the
nonstabilized drive are developed. The comparative
analysis of the developed laws is represented. The
results of simulation are given. Features of the
proposed control laws implementation are analyzed.

The obtained results can be applied for automated
systems. Proposed control laws can be useful for
modes of nonstabilized tracking of the systems with
the full set of modes such as stabilization,
nonstabilized tracking and stabilized tracking.
Developed relationships provide smooth tracking
rate and increase speed of the reference point
tracking.

Represented simulation results prove efficiency
of developed control laws. It should be noted that
the model, which was used for simulation, takes into
consideration nonlinearities inherent to real systems
including gap of the geared drive, and elastic
connection between the drive and the platform with
payload.

In the general case the researched system can
operate in some modes such as stabilization,
tracking and stabilized tracking. In such situation
usage of the control law (14) in the tracking mode is
the most preferable. Such approach allows
increasing accuracy of tracking processes.
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0. A. Cymenko. Oco0,1MBOCTi KepyBaHHSI B peXKMMAaX CTeKEHHS
JocmipkeHo cucTeMy KepyBaHHsI OpieHTallli ocei BisyBaHHS iH(GOpPMaIiifHO-BUMIPIOBAILHUX MPHUCTPOIB HA
pPYXOMiii OCHOBi. 3ampOIOHOBAHO 3aKOHHM aBTOMATH30BAaHOTO KEPyBaHHs CHCTEM JOCIIKYBAHOTO THUIY Y



0.A. Sushchenko Features of Control of Tracking Modes 47

pPEKMMAX CTEKEHHS. 3allPOIMIOHOBAHO AJTOPHTM KEPYBAHHS 3 JOKAIGHUM MICIECBHM 3B’SI3KOM 33 CTPYMOM
JAHIIOTY sSKOps nBUTYHA. OTpHMaHO IHTErpaibHY OIIHKY TPUCKOPEHHS 00’€KTa Ha IJCTaBl CTPyMy
JIAHIIOTa SIKOps JIBUTYHA Ta TOKa3aHO MOXIIMBICTH ii BUKOPUCTAaHHS B 3aKOHAX KepyBaHHs. [IpencraBieHo
MaTeMaTHYHY MOJIeNIb CHCTEMH, NTPU3HAYCHOI [T eKCIUTyaTallii Ha Ha3eMHUX pyXoMHx 00’ ektax. HaBeneno
pe3yNIbTaTH MOJICIIOBAHHS T4 BUKOHAHO aHali3 Horo pe3yipraTiB. OTpUMaHi 3aKOHHM YIPABIiHHS MOXYTh
OyTH BHKOPHCTaHHI B HEJOPOIMX CHCTEMax 3 HECTaOlIi30BaHMM IIPHBOAOM, & TAKOX B PSKUMAaX CTEKCHHS
0araTOpeKMMHHX CHUCTEM KEpyBaHHsS Opi€HTAIi€l0 JiHIH Bi3yBaHHS 1H(GOPMAIiHO-BUMIPIOBAIEHIX
MPHUCTPOIB, IO EKCIUTyaTyIOThCS Ha PYXOMHUX 00’ €KTax.

KnawuoBi cioBa: pexuMH CTeXEHHS; HECTaOUT30BaHMHA TPUBLA, Ha3eMHI pyxoMi 00 €KTH;
ABTOMAaTHU30BaHUM KOHTPOJIb; 3BOPOTHHI 3B’ SI30K.
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0. A. Cymienko. Oco0eHHOCTH YNIPABJIEHHS B PEKUMAX CJIEKEHUS

HccnenoBana cucrema ynpaBiCHUS OpPHEHTALMM OCel BU3MPOBAHMs HMH(OPMAIMOHHO-M3MEPHTEIBHBIX
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IMOJIBMKHBIX 00BEKTaX.
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