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Abstract. A mathematical model of the automatic control system for an autonomous un-
manned underwater vehicle operating as a group agent has been developed. The ACS was
modeled in the MATLAB Simulink software. There has been carried out the simulation of the
maneuvering motion of the AUUV, in which the device maintained at a safe distance from the
given agent (object of the group) in the specified distance range: the adhesion mode, or the
cohesion mode. The proposed control system contains two major control units: the distance
control unit and the course control unit. For the implementation of the task, fuzzy controllers
of the Mamdani-type were chosen, with defuzzification via the Center of Gravity method.
Keywords: mathematical modeling, automatic control system, group control, adhesion and
cohesion, fuzzy controller, maneuvering motion.

Anorauis. IIpencraBieHo po3poOKy MaTeMaTHdHOi MOJENI CHUCTEMH ABTOMAaTHYHOTO
KepyBaHHS aBTOHOMHHUM HEHACEJICHUM ITiIBOJHUM arapaToM, 110 MPAIOE K 00 €KT IPYIIH.
MopnemtoBarust podotn CAK mpoBommnoce B cucremi Simulink cepenosuma MATLAB.
[IpoBeneHo cumymsIito podotu maneBpoBoro pyxy AHIIA, mpu sskoMy amapar yTpuMyBaB
0e3TeyHy IUCTAHIIIIO i3 3aJaHUM 00’ €KTOM (ar€HTOM IPYTIN) Y 331aHOMY JTiara3oHi BiICTaHeH!:
pEeXUM aaresii, pexKuM Koresii. 3amporroHoBaHa CHCTeMa KepyBaHHS MiCTUTh JIBa OCHOBHUX
OJOKM perymioBaHHA: OJOK KOHTPONIO AWCTAHINI Ta perymsatop Kypcy. Hms peamizarii
MTOCTaBJICHO] 3a/1a4i OyiTo 0OpaHO HEUiTKi peryasTopu Tiiry MamaaHni, 3 nedasngikaliiero mo
METO/y LIEHTPA Bar.

Korouogi cjioBa: MaTeMaTHdHEe MOJEITIOBAHHS, CHCTEMA aBTOMAaTHYHOTO KEPYBaHHSI, TPYTIOBE
KepyBaHHS, a[re3ist i Kore3ist, HEYITKUIA PeryIsaTop, MAaHEBPOBUH PyX.
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Problem statement. Within the framework of the task — identifying the set of goals to be addressed by the
of control of a group of autonomous unmanned under- | system;

water vehicles (AUUVS), there is a relevant issue of the — specifying the sets of input and output variables of
synthesis of automatic control systems (ACSs) of their | the controller;

coordinated movement. During the movement, it is nec- — listing possible situations in the system operation;

essary for each AUUV to maintain a safe distance to the — forming a base of rules;

neighboring vehicles in a given range of distances: when — choosing the fuzzification methods;

the minimum distance between them does not pose a — specifying the output mechanism and defuzzifica-
risk of an emergency collision (adhesion mode), and the | tjon methods.

maximum distance guarantees sustaining the group and When controlling the maneuvering motion of an

does not pose a threat of an individual vehicle leaving | AUUV, especially if it operates in a group that performs
the range of the sensors of other members of the group | g joint mission, application of regular control methods
(cohesion mode) [3]. During the development of data | || not ensure the adequate level of accuracy. It is also
management systems for these objects, one often faces | necessary to consider the substantial non-linearity of the
the problem of the ambiguity of the decision when form- parameters to be monitored. The use of fuzzy logic al-

ing a control signal. _ . lows solving a number of problems without applying the
Therefore, the use of fuzzy logic provides an ap- regular linearization

proach to designing the neces_szilr_y control S}/stem (fuz_zy A linear continuous PD controller y(t) =
control) and ensures the possibility of solution to a wide de(t) .

range of problems in which the data, goals and con- = Kpe®) +K, Tdt can be replaced with a fuzzy con-
straints are either too complex or ambiguously defined | troller (similar in control strategy and logic) if the value
and, therefore, are not subject to precise mathematical | of the control action y(t) is considered its output variable:
description.

k) =K _g(k)+ K, Ag(K) .
By fuzzy control we mean a control strategy based y(k) )+ KaAs(k)

on the empirically acquired knowledge of the function- Thus, for the input variables &(t), Ae(t) and the
ing of the object (process) presented in a linguistic form | output variable y(t), a fuzzy controller can be syn-
as a set of rules [1]. thesized; it would implement the nonlinear law y(t)

A generalized procedure for the synthesis of fuzzy | = F[e(t), Ae(t)] and would be equivalent to a PD
control algorithms can be formulated as follows: controller [2].
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Currently, the development of a mathematical model
of the control system for the AUUV maneuvering mo-
tion, which is implemented in accordance with the prin-
ciples of fuzzy algorithms, is quite a relevant task.

Latest research and publications analysis. In the mod-
ern world, the range of intelligent means used in the
study of deep sea missions employing AUUVs is ex-
panding due to the development of robotics in general
[1]. The reference book [2] proposes a new methodologi-
cal framework for the development of distributed intel-
ligence systems for collective control of moving AUUV
groups. This framework helps solve the essential tasks of
the coordinated operation of the AUUV group.

At present, the scale of AUUV systems is being ex-
panded and their deployment is being enhanced, which
leads to an increase in the complexity of AUUV missions
and, consequently, to the continuous improvement of mo-
tion control laws [6]. One of the stages of this process is
incorporation of the artificial intelligence and fuzzy logic
elements, in particular, into the laws of the AUUV motion
control and the creation of combined control structures.
The key problem of including the artificial intelligence el-
ements into AUUV autopilot (self-guided mechanisms) is
the distribution of control functions between the classical
and fuzzy components of the combined autopilot.

Several techniques applied to control underwater ve-
hicles are explained in [13], including control via PID
controllers, linear quadratic Gaussian control, fuzzy log-
ic control (FLC), adaptive control, slide control (SMC),
static state control, prognostic control, and neural net-
work based control. They manifested a high reliability
and convenient settings. Since almost all of the control
methods have some advantages and disadvantages, an
appropriate controller can be made by combining the
classical and the modern intellectual methods.
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Publication [11] proposes the ACS for an AUUV
group which takes into account the constraints of com-
munication in the underwater environment. A special
feature of the system is the possibility for all the vehicles
to share the computing resources of the group.

The MORPH project offers the concept of an under-
water robotic system that is formed through integration
of various mobile robotic modules with additional re-
sources [12, 13]. Each node of the MORPH units (a set
of small and inexpensive robotic marine vehicles) is an
AUUYV capable of performing particular tasks.

One of the main problems of group control of a
swarm of robots is to provide a mode of coordinated
movement of the vehicles along a predetermined trajec-
tory or route. Thereat, it is important to keep the robots
not far from their groups and to avoid merging individual
groups, that is, the cohesion and segregation modes [10].

THE ARTICLE AIM is to develop a mathematical
model of the control system for an autonomous un-
manned underwater vehicle operating as an agent within
a set of other objects.

Basic material. To coordinate the work of agents (un-
derwater vehicles or objects that perform a joint mis-
sion), a control system has been developed that has the
following structure (fig. 1).

This system consists of two main controllers: the
distance controller and the course controller.

If a vehicle changes its course and starts moving
away or approaching another agent, the sensors capture
the change of parameters, and the controllers produce a
new trajectory.

The unit of distance sensors forms a vector of dis-

tances to the nearest target o, = [d, d, d, d,]. The dis-
tance to the target is calculated according the expres-
sion (1):

Qr
> o ; F.M
i Qi +< Qe u L.
» Distance - // <n  Course - PSC . > AUUV hull
-l controller controller
?  cCourse | .
sensor
d | d/dt e d . Distance *dx_ Distance |
calculation sensor

Fig. 1. Structural diagram of an AUUV ACS
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d=(d )/ 2;
dminl = di ||dl_d|.1‘—>min; (l)
d

mint + Oimin2

min2 = g |\d,_d,,l|—>min’

whered . d  arethe parameters of a pair of distance
sensors with the minimal difference of values, m; i=1..3.

Fuzzy controllers are used to solve this problem. The
distance (course) controller is a fuzzy Mamdani-type PD
controller with defuzzification of the control variable via
the center of gravity method.

The input parameters for the distance controller are
the deviation ¢, = d - d and the deviation derivative
ég=d, —d.

The variable is represented by the following lin-
guistic terms: Out of Range, Missing, Track, Object Ap-
proximation (Danger). The variable £ is represented by
the following terms: negative (N), zero (Z), positive (P).
The controller output is the deviation ¢, from the given
course, which is represented by the following terms: neg-
ative large (NL), negative small (NS), zero (Z), positive
small (PS), positive large (PL). The base of rules of the
controller is presented in Table 1 [11].

Table 1. Base of rules for the distance controller
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&y OutOf ;

£, Range Miss Track Danger
N VA PL PS NS
Z Z PL Z NL
P VA PS NS NL

The course controller, in turn, receives the input
comprising the control signal and the signal from the
course sensor. At the output, the course controller gener-
ates the control signal for the propulsion and steering
complex (PSC), which consists of a separately excited
DC motor and a steerable shrouded propeller [12, 13].

N1 (9) 2018

The mathematical modeling of the developed con-
trol system has been performed in the Matlab Simulink
system.

Fig. 2 shows the structural diagram of the ACS,
which allows studying the operation of the underwater
vehicle together with the agent deviating from the given
course.

The developed mathematical model allows maintain-
ing the control object at a certain distance from the given
agent. At that, the distance controller monitors the agent
approaching or moving away with a specified control accu-
racy (in this case, 0.5 m.) The course controller forms a new
AUUYV trajectory. Fig. 3 shows the structure of the fuzzy
course controller implemented in the Simulink system.

The signal coming from the distance controller is de-
termined by the following terms: OB is a negative large
angle (the object is rapidly moving away over long dis-
tances); OM is a negative small angle (the object is grad-
ually moving away); Track is the object moving along
the given trajectory; PM is a positive small angle; PB is
a positive large angle (see Fig. 4).

The next step is to compare this signal with the sig-
nal from the course sensor, which, in turn, determines the
error between the nearest agent and the angle of rotation
of the AUUV steering nozzle (see Fig. 5).

At the output, there is a vector that determines the
voltage applied to the motor (setting the vehicle’s speed)
and the angle of rotation of the nozzle, which allows for
the formation of a new motion trajectory (see Fig. 6).

Modeling results. Let us simulate a situation in which a
given object (for example, another underwater vehicle)
will move along a sinusoidal trajectory, and the con-
trolled AUUV will maintain a set distance from it.

Fig. 7 presents the signal coming to the distance
controller from the sensor which records that the target
changes its motion trajectory.
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Fig. 2. Structural diagram of the AUUV ACS implemented in the Simulink system
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Fig. 3. Structure of a fuzzy course controller
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Fig. 4. Terms of the deviation angle signal

Fig. 5. Terms of the control error
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Fig. 6. Setting the input control signal
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Fig. 7. Input signal from the distance controller

Fig. 8 and 9 represent the result of operation of the
course controller, which forms the vector of signals for
the propulsion and steering complex.

Fig. 8 shows the signal that forms the angle of ro-
tation of the steering nozzle. The second signal (Fig.
9) accounts for changing the speed of the vehicle. The

degrees

combination of these signals forms a controlling ac-
tion on the PSC, which changes the trajectory of
the AUUV.

Itis clear from the simulation results that the vehicle
changes the motion trajectory when the agent operating
together with it violates the set range of deviation.

20 =

10

1]

=10

0 5 10 15 20

25

Fig. 8. Signal about the change in the steering nozzle’s angle of rotation

m/s

Fig. 9. Signal about the change in the vehicle’s speed
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CONCLUSIONS.

1. There has been developed a mathematical model of the
automatic control system for an autonomous unmanned
underwater vehicle operating as an agent within a set of
other objects.

2. The developed control system consists of two
main control units: distance control and course control,
which were implemented on the basis of Mamdani-type
fuzzy controllers with defuzzification of the control vari-
able via the center of gravity method.
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3. The Simulink system was employed to simulate
the operation of the AUUV with a task to control the set
range of motion deviation from a given object moving
along a sinusoidal trajectory. It is important to note that
the AUUV cannot exactly repeat the motion trajectory
of the controlled object, since it takes time to change the
course and speed of movement.

4. The obtained results allow improving the quality
of control of a group of remotely operated unmanned un-
derwater vehicles at their maneuvering motion.
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