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Abstract. The paper presents the simulation model of the automatic control system (ACS) for a
caterpillar mobile robot (MR) with separate main clamping magnets intended for moving on ferromagnetic
surfaces. The developed model accounts for the mutual influence of the MR positioning parameters, as well

as the main properties of the ACS'’s elements.

Key words: caterpillar mobile robot, spatial motion, simulation, automatic control system, linear speed,

course angle, control error, PID-controller.

Introduction and problem statement

Current trends of industrial development reveal
that enterprises are greatly interested in maximum
automation of production operations [1]. It is
associated with the need to intensify production,
increase productivity and reduce the cost of finished
products while maintaining their quality for the
company to be competitive in the world market. It
should be noted that there are some high-cost
technological operations, particularly, high-rise
works or the works performed under difficult
conditions of radioactivity, contamination with gas,
high temperatures. The most effective solution for
the automation of production technological
operations under these conditions is application of
unmanned robotic complexes, such as mobile robots
(MRs) capable of moving along inclined and vertical
surfaces [2-5]. So, the most important problem
which has to be solved is replacing the monotonous
human labor with MRs in life-threatening operating
conditions. It can significantly improve the
performance of technological operations and reduce
the risks to human life and health. In addition, the
MR has to be able to move along given trajectories
and operate under the working surface uncertainty
caused by the technological features of the surface,
presence of obstacles, structural damage or shelling
(for example, the ship’s hull or elevator
constructions), etc. [4, 5].

In order to maximize the potential of the MR
and similar robotic complexes and systems in
agriculture, shipbuilding, ship repair, gas and oil
refining, as well as in some other industries, it is
necessary to provide an opportunity of obtaining
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mechanical work on the working tool moving and
performing technological operations along given
trajectories [5, 6]. Solution of this problem calls for
creation of a specialized high-performance
automatic spatial motion control system (ACS).
Thereat, of particular interest is the possibility of a
timely testing of the selected hardware and software
means of the implementation of the ACS and control
algorithms through mathematical and computer
modeling.

1. Latest research and publications analysis

Publications [7-8] present and elaborate on the
basic methods for mathematical modeling of control
objects, which are used for the analysis and
synthesis of an automatic control system. Research
on the modeling and implementation of the MR’s
ACS has a limited scope [2, 6, 9, 10]. Development
of mathematical models and transfer functions for
separate MR elements and their ACSs (controlled
power converters, DC and AC motors, gear units,
etc.) for the tasks of automated control is considered
separately, for instance, in papers [11, 12].
Publication [9] presents a mathematical model of a
tracked MR designed for moving over horizontal
surfaces and the results of modeling of its movement
along a given trajectory, but there are no data on its
ACS. The authors of the study [10] model a wheeled
MR, but do not provide any data on the special
features of control of such robots. Meanwhile, the
problem of synthesis of the ACS of a MR vertically
moving and performing specified technological
operations on inclined surfaces (particularly the
ferromagnetic surfaces which are typical in
shipbuilding, ship repair, oil and gas transportation),
is still unresolved. Analysis of the physical
properties and technical characteristics of a
vertically moving MR as an object of spatial
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position control with respective control coordinates
[20] proves the feasibility of development of its
ACS Dbased on the principles of optimization of
control quality indicators [13].

The article aim is the development of the
spatial motion ACS model of a multipurpose
vertically moving MR based on the methods of the
automatic control theory and the synthesis of control
devices through optimizing the control quality
indicators with further study of the MR's behavior at
given input actions and disturbances.

2. Development of a functional structure of a
multipurpose vertically moving MR

The principal diagram and main properties of a
multipurpose tracked MR, which serves to perform
at least two different technological operations and
can move along inclined and vertical ferromagnetic
surfaces, are in detail discussed in the papers [14,
15]. The mathematical model of such a robot, which
takes into account the inclination angle of the
working surface and the direction of the MR’s
movement, has been developed in study [16]. It is
noteworthy that the process of synthesis of the MR’s
ACS model requires an in-depth consideration of its
main components [17]. Hence, let us separately
render the mathematical models of the main
elements of the MR’s ACS.

The main elements of the ACS for MR
positioning are a thyristor or transistor converter,
sensors and control devices (regulators).

Thyristor converter. Drive motors have to be
powered from the AC mains using contactors and a
thyristor or transistor converter; if we use AC
motors, a scalar or vector frequency converter
should be used.

Generally, separately excited DC motors are
powered with the help of regulated power sources
[18, 19]: electric machinery — DC generator — AC
motor (G-M system); controlled thyristor converters
(rectifiers) with phase control (TC-DCM system);
semiconductor rectifiers regulating the value of the
rectified voltage via pulse-width modulation (PWM-
DCM system).

The major system with a variable-speed electric
drive and DC motors is the TC-DCM system. The
circuit diagram of thyristor converters is based on
semicontrolled power semiconductor devices —
thyristors. Thereat, thyristor converters in the DC
drive circuits perform two functions: rectification of
the alternating supply voltage and regulation of the
average value of the rectified voltage [19].

The generalized functional diagram (Fig. 1)
shows the connection between the thyristor
converter (TC), the DC motor (DCM) and the MR.
At that, the TC is fed with a control signal in the

form of the voltage Uc, which regulates the angle of
thyristor opening and, consequently, the voltage
Upcw, Which is supplied to the electric motor.
Further, the motor converts the electrical energy into
the mechanical energy manifested through the rotor
frequency wpcw and drives the driving wheel of the
MR via the gear unit. The MR model output is the
robot’s angle of rotation gygr and linear speed Vg.
The moments of load acting on the MR and thus on
the motor are labeled as M. Let us elaborate upon
the features of the DCM and TC for the formation of
the structure of the ACS for the MR’s spatial
motion.

M;
U U - ® M,
e TC DCA/‘i DCM DC/V:.' MR VMR
—>

Fig. 1. Generalized functional diagram “thyristor
converter — DC motor — mobile robot”

The equation of the phase control block (PCB)
which directly generates the pulses opening the TC
thyristors [19] has the following form:

k
0(t) = arccos ——F<B (1),
1+Tpcp -

where uy is the PCB input voltage; Tpcg is the time
constant of the aperiodic link at the PCB input; Kpcg
is the PCB amplification coefficient.

The arccosine dependence between the
regulation angle and the control voltage at the PCB
input is typical for the control devices utilizing the
voltage of the supply network as the reference level.
The aperiodic link with the time constant Tpcg IS
introduced at PCB input to limit dynamic equalizing
current in a reversible TC with shared control of
groups of thyristors, Tpcg = 0.006 =+ 0.01s.

Consequently, the simplified version of the
transfer function of the TC is as follows:

Krc

WTC(p):T—erl’
7C

where k¢ is the TC amplification coefficient, and
T+c is the TC time constant.

The thyristor converter’s gain is calculated via
the following equation:

Uy

URV.max

I(TC

where Ugymax is the amplitude of the reference
sinusoidal voltage (Ury.max = 10 V).
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Sensors. For the monitoring and reliable control
of the MR’s main parameters (speed of its
movement and angle of its rotation, i.e. its route), the
ACS should include an information-measuring part
in the form of sensors or other computing
identification devices which would be intended
precisely for the accident-free control of the robot
positioning [20,21].

The mobile robot’s position can be determined
directly, through analyzing the rotary motion
parameters (angle and speed of rotation). Using
these parameters, one can calculate the distance
covered by each driving wheel from the starting
point and, accordingly, the MR coordinates. Most
commonly, measurement of the angle and speed of
rotation employs encoders, which are mounted on
the motor’s shatft.

Therefore, for the case of encoder application,
let us denote the transfer function of the angle and
speed sensors of the driving wheels with a
proportional link kas and kss being the coefficients
of signal amplification in the angle and speed
feedback).

WAs(p)=LLJJACS—((pp))=kAs;
Wss(p)=thL((§))=kssi
c

where Uxs(p) and Uss(p) are the output voltages of
the angle sensor and the rotational speed sensor,
respectively; Uc(p) is the control voltage.

Control devices (regulators). Compliance with
specified control quality indicators of various
technological equipment is commonly achieved
through implementation of typical control laws that
underlie the synthesis of control devices, in
particular, PID controllers [22, 23].

The regulators are adjusted sequentially. The
speed circuit is tuned first, then the angle circuit,
both with the help of the gradient method of
parametric optimization of regulator coefficients.

The control object of the speed circuit covers a
speed regulator (SR), thyristor converters, electric
and mechanical parts of electric motors (DCM with
armature windings and driving wheels). The circuit
is closed by voltage feedback, with its value being
determined by the speed sensor.

The control object of the angle circuit includes
a regulator, thyristor converters, electric and
mechanical parts of electric motors (DCM with
armature windings and driving wheels). The circuit
is also closed by voltage feedback with the voltage
value being recorded by the angle sensor.

The transfer function of the PID speed
controller is as follows [22]:

K
Ws(p) = Kps +f+KDsp:

where Kps is the SR’s proportional gain, Ks is the
SR’s integral gain, and Kps is the SR’s derivative
gain; p is the Laplace operator.

In this case, we suggest using the quadratic
integral deviation of the actual value of the MR’s
speed from the given one as an objective function:

- _ - 2 _
m(sn f(t,Q)= mén Ue\, (t,Q)dt]_
- min[ (Vs (0 -Vr (. Q)]

where f(t, Q) is the quadratic integral deviation of
the actual value of speed in the speed circuit Vi from
the given (preliminarily specified) value Vs; Q is the
vector of optimization parameters; ey is the control
error regarding speed.
Accordingly, the vector
parameters has the following form:

P= {KPSv Kis, KDS}'

of optimization

The initial values of the speed regulator’s
coefficients before optimization are selected to be as
follows: Kps =1, K|3 =1, KDS =1.

The following iterative procedures can be used
to optimize the coefficients given above:

Kesl+ 1= Kes 115 2 o
of (Q) :

K 1]=Ks[n]- i
is[n+1]=Ks[n]-y[n] K s ‘KIS[]

Kosln+1]= Keslnl-1 S Py

where v is the gradient descent step, and n is the
number of iteration.

The above parametric optimization procedures
should be performed with the help of specialized
software for mathematical, structural and simulation
modeling. As a result of parametric optimization, the
optimal values of the PID speed controller’s
coefficients are obtained, which are as follows: Kpg
=5,92; Kis =72,02; Kps =—2,57. In addition, the SR
contains a voltage limiter (0 < Usg <10 V).

After tuning the angle regulator, the following
parameters of the PD controller were obtained:
Kpa= 48,5; Kpa = 5,2. Additionally, the AR is
equipped with a voltage limiter (0 < U, <10 V).

Thus, the automatic speed control system
employs the PID regulator, while the automatic
angle control system utilizes the PD regulator.
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Fig. 2 demonstrates a functional diagram of the
ACS for the MR’s spatial motion [24]. The
following designations have been adopted: V,rc and
oure are the given values of the MR’s speed and
angular coordinate; Usps and Ugp, are the signals at
the setting device output; 5 and &, are the error
signals fed to the regulator of motion RM; Uxr and
Ugr are the voltage values set by the interconnected
angle (AR) and speed (SR) regulators; Urs; and
Urrcz are the voltages supplied to the thyristor

converters TC1 and TC2; Uqc; and Uy, are the
power supply voltages for the drive motors M1 and
M2; RT and LT are the MR’s right-hand and left-
hand tracks; IB is the inverting block; wg; and g,
are the angular speeds of the M1 and M2 rotation;
M., and M, , are the moments of resistance acting on
the drive wheels; Upxs and Uss are the feedback
signals from the angle (AS) and speed (SS) sensors;
Vur and ¢ur are the MR’s current linear speed and
angular coordinate.

My,
RM h RT I

Vira Usps £y i SR Use ~® iURTCl i TC1 Urey M1 W gy i Var
i | |
l T S .

SD | | o —— | MP

\ |

P rrG Uspy € l Ur ‘ Urres! Ure O, ! D e
@ AR B s TC2 s M2 |—
| | | |
- - _ L ]
M,
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Ugg 3

Fig. 2. Functional diagram of the system for automatic control of spatial motion of the multi-purpose mobile
robot

The diagram works as follows. The operator
specifies the ¢ure and Vyre Vvalues through the
human-machine interface, and the setting device SD
converts the analog signal into a signal to be
perceived by the robot (Usps and Uspa). After the
adder, the g5 and ¢, error signals are supplied to the
AR and SR. They determine the Uar and Usz voltage
values to be applied to each thyristor converter (TC1
and TC2), so that the latter generate the Urc; and
Usc, voltages for the DCMs M1 and M2. Thereat,
the RT and LT caterpillar tracks are equipped with
the same TC and DCM, only the LT receives a
negative signal from the angle regulator. Hence,
after all the transformations, each TC receives some
signal Ugrrcr and Ugrep. Next, the motors with the
angular speeds of rotation being oz and wg, drive
the wheels of each caterpillar track (RT and LT) of
the MR. The moments of resistance A, and M, on
each track are created by the MR’s motion resistance
forces. The robot’s angular displacement (the
angular coordinate qyg) is monitored with the angle
sensor AS, which generates a feedback signal U in
order to adjust further movement. Meanwhile, the
robot’s speed (the coordinate Vyg) is tracked with
the speed sensor SS, which generates the feedback
signal Uss to bring adjustments to further movement.

The functional diagram of the ACS for the
MR’s spatial motion contains two converters that
separately power two motors driving the robot’s
caterpillar tracks. The MR’s mathematical model
(discussed in [16]) includes the gear ratio, since each
driving wheel is equipped with a gear unit to reduce
the rotational speed and increase the rotating
moment (torque) of the DCM. Calculation of the
basic parameters of the ACS for the MR’s spatial
motion for the purpose of its further modeling
should follow the methods given in papers [25, 26].

In order to perform modeling and obtain output
dependencies, the following basic parameters of the
MR have been specified: loaded weight of 300 kg,
length of 1 m, width of 0.7 m, driving wheel radius
of 0.3 m, linear speed of movement of 0.3 m/s, two
drive motors 2PB132MH [26], and gear ratio of 80.

3. Computer modeling results

The specified parameters of the MR and the
developed model of the MR’s ACS (Fig. 2) shall be
used to obtain the transient processes regarding the
MR’s speed and angle of rotation, as well as the
major control quality indicators. In this case, by the
transient process we mean the system’s response to a
step input. The ACS analysis involves identification
of the quality indicators by which the system’s
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properties are assessed. Compliance of the ACS
guality indicators with the required values is a
sufficient condition for its serviceability [12].
Figures 3 and 4 render the transient processes
of mobile robot control employing a PID speed
controller and a PD angle controller accounting for
the mutual influence of the MR’s speed and angle
control systems. The results of computer modeling
provide an opportunity to specify the quality
indicators for the developed automatic control
system intended for the MR’s linear speed and angle
of rotation at the step input supply (the system

I/vM’R:- m/s

launches from the initial position with ¢ur = O rad
and Vyr = 0 m/s according to Figures 3 and 4).
Major quality indicators of the ACS for the MR’s
spatial motion with regard to the mutual influence of
the speed and angle control systems are as follows:
trs is the control time for speed, tys = 0.74; ty, is the
control time for angle, t;a = 0.96; omx IS the
overshoot, p is the oscillability index, and ds is the
static error. In our case oma, p and ds are equal to
zero for MR’s speed and angle control systems
(taking into account the mutual influence of the
speed and angle control systems).

0.2
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0.1

0.05

0

-0.05 \ i

L
0 0.5 1 1.5

2 25 3 3.5 fs

Fig. 3. Transient process of the MR’s speed control system taking into account the mutual influence of the
speed and angle control systems
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Fig. 4. Transient process of the MR’s angle control system taking into account the mutual influence of the
speed and angle control systems

Next, let us consider the following transient
processes:

- the transient process of speed control
excluding the angle control system from the general
diagram (in Fig. 2);

- the transient process of angle control
excluding the speed control system from the general
diagram (in Fig. 2).

Fig. 5 and 6 demonstrate the transient processes
of the systems for automatic control of the MR’s
speed and angle of rotation, both taking into account
and disregarding the mutual influence of the speed

and angle control systems with the MR’s PID speed
and PD angle controllers.

It is clear from Fig. 5 that the ACS for the
MR’s speed has a much shorter response time, a
slight fluctuation at the beginning of the process and
uneven growth of the controlled coordinate when
taking into account the angle control system’s
influence as compared to the ACS disregarding this
impact.

Fig. 6 reveals that the ACS for the MR’s angle
of rotation has a slightly longer response time when
accounting for the speed control system’s influence
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as compared to the ACS ignoring this effect. The

Vg, m/s

overshoot is zero in both cases.
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Fig. 5. Transient processes of the speed control system: 1 — with account for the mutual influence of the
speed and angle control systems; 2 — disregarding the angle control system
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Fig. 6. Transient processes of the angle control system: 1 — with account for the mutual influence of the
speed and angle control systems; 2 — disregarding the speed control system

In their essence, the obtained results are similar
to the transient processes manifested in the real
MRs, which testifies to their qualitative adequacy to
actual characteristics [27]. In order to eliminate
undesirable speed fluctuations at the beginning of
the transient process, smooth out the graph of the
controlled coordinate and improve the quality of
control of the MR’s main coordinates, further
research should consider the effectiveness of
artificial intelligence methods and tools [28, 29]
with the control algorithms being implemented on
the basis of embedded and network technologies
[30, 31].

Conclusions

The publication renders the development of the
simulation model of the spatial motion ACS of the
multipurpose MR intended for moving and
performing specified technological operations on
inclined and vertical ferromagnetic surfaces. The
model, which has been developed with the help of
the automatic control theory, takes into account the
mutual influence of the MR positioning parameters,

namely, the value of the course angle and speed of
movement on an inclined surface. Synthesis of the
regulators in the MR’s speed and angle channels is
conducted through optimizing the control quality
parameters. The study also considers the MR’s
behavior under given input actions and disturbances.
The results of computer modeling confirm that the
behavior of the obtained model of the ACS for the
MR’s spatial motion corresponds to that of actual
samples of such equipment, and the control quality
indicators are rather high.
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MOJAEJJIIOBAHHS CUCTEMHU ABTOMATHYHOI'O KEPYBAHHS ITPOCTOPOBUM
PYXOM MOBUIBHOI'O POBOTA BAI'ATOLHIJIBOBOI'O ITPU3HAYEHH S

0. B. Kozaos', I'. B. Konaparenko'?, O. C. Tepacin’, X. Minrkcun®

1 . . . . . .
Hayionanvnuii ynigeepcumem xopabnedyoysanns imerni aomipana Maxaposa
2 . . . ; . .
Yopromopcwkuil nayionanvHuil ynieepcumem imeni [lempa Mozunu
3 . v o .o
Anvuenacokuil npogecitinuil iLcmumym npoMucio8ux mexHonI02i

Anomauia. B pobomi npedocmasnena imimayilina Mooeib CUCEMU ABMOMAMUYHO20 KepYBaAHHS.
0a2amoyinbosuM 2yceHuYHUM MOOLTbHUM POOOMOM 3 OKPEMUMU OCHOBHUMU NPUMUCKHUMU MASHIMAMU OJis
nepemiujenHs ma BUKOHAHHS 3A0AHUX PISHOMUNHUX (060X 1 Oiiblle) MEXHOI02TYHUX ONepayill Ha NOXUAUX MmAa
BEPMUKATLHUX  (DEPOMACHIMHUX NOBEPXHAX 8 CKIAOHUX ab0 Hebe3sneunux O0Ja JH0OCbKO20 ICUMMms mda
300pos’si ymosax. Pospobnena ghynxyionanvha cxema cucmemu asmomMamuiyHo2o Kepy8aHHs, aKa 8paxo8ye
63AEMHULL 6NIUE NAPAMEMPIE NO3UYIOHYBAHHI MOOIIbHOZO poboma, a came: 3HAYEHHA Kypcy (Kyma
nosopomy) i AiHitHOI WeUOKOCmi nepemiujennss no noxunii nogepxwi. Kpim moeo, poszensamymi ocHoémi
BIACMUBOCME  KEPOBAHO20 MUPUCHOPHO20 NEPEmEOpPIosayd, CeHCOPHOI YACMUHU, pe2yisamopie ma
MobinbHO20 poboma 6 yinomy O OO0CHONCEeHHS NO8ediHKU poboma 6 pi3Hux ymosax. Buxomnamo
HANQUIMY8AHHA pPe2YIAMOopi6 WEUOKOCMI ma Kyma HOBOPOMY MemoooM NAPAMEempUdHoi Onmumizayii
OCHOBHUX NOKA3HUKIB AKOCMI KEPYBAHHS 3d 00NOMO2010 CYUACHO20 NPOSPpAMHO20 3abe3neuenus. Ompumani
nepexioni npoyecu cucmemu Kepy8aHHs KymoM ma WeUOKiCmo MobOiibHo20 poboma 3 Ypaxy8aHHAM
630AEMOBNIUBY KOHMYPIG YNPABTIHHS WEUOKICTNIO MA KYIMOM, d MAKodiC 6e3 Ypaxy8auHs ix 63acMHO20 GNIUBY.
Pezynomamu komn 1omepnozo mMoOenioganis NOKA3yi0msb HASIGHICMb CYMMEBO20 6NIUGY KOHMYPY KePYB8aAHHS
KYpCOM HA Xapakmep nepexioHo2o npoyecy 3a WeUoKicmio, 8 moil Jce 4ac, KOHMyp Kepy8aHHs WEUOKICIIO
MA€ He3HauHUll 6NIU8 HA Xapakmep nepexioHozo npoyecy 3a Kypcom. OmpumaHi Xapaxkmepucmuxu
NOKA3YI0OMb GUCOKY A0EeK8AMHICTb NOBEOIHKU PO3POOIEHOT MOOeli cucmemu A8MOMAMUYHO20 KepyEaHHs
NPOCMOPOBUM PYXOM MOOIIbLHO20 POOOMA ICHYIOYUM 3PA3KAM NOOIOHO20 00IAOHAHHS MA GUCOKT NOKAZHUKU
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AKOCMI Kepy8amuHsi, 30KpemMa 05l KepoBaHUux KOOPOUHAM NPOBOOUMbCsL AHANI3 HACY NepexiOoHo20 npoyecy,
nepepezynosants, CIMamuyHoi ROMUIKU Ma KOAUBANbHOCII.

Knrouoei crosa: 2ycenuunuii ModinoHutl pobom, npocmopose nepemiujerts, iMimayitine MoOea08aHHS,
cucmema asmoMamuyHo20 KepyeanHs, JHIUHA WEUOKICMb, Kypc, nomunxa kepyeanus, I1[/{-pezynismop.
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