§HIPBUILDING smi.nuos.mk.ua | editor@smi.nuos.mk.ua N22 (10) 2018

MARINE INFRASTRUCTURE ABTOMATM3ALIA TA KOMM'IOTEPHO-IHTEFTPOBAHI TEXHOJIOTIT

BypyHiHa
XaHHa
OpiiBHa

Kopuubkun
BikTop
IropoBu4

CipiBuyK
AHppin
CeprinoBuu4

BouTacuk
AHppin
Mwukonanosu4

AnobGa Knoukos
Jleo TociH OnekcaHap
NMasnoBun4

VK 629.584:681.5

EXPERIMENTAL STUDY OF GROUP CONTROL LAWS
FOR AN AUTONOMOUS UNMANNED UNDERWATER
VEHICLE AS A GROUP AGENT

EKCMEPUMEHTAJIbHE AOCNIAKEHHA 3AKOHIB rPYNOBOI0o KEPYBAHHA
ABTOHOMHWM HEHACEJIEHUM NIABOAHUM ANNAPATOM IK ATEHTOM
reynmn

DOI 10.15589/SMII. 2018.02.12

Zhanna Yu. Burunina JK. YO. BypyHiHa, KaH/. TeXH. HayK, JOLI.
zhanna.burunina@nuos.edu.ua
ORC ID: 0000-0001-7631-7213

Andrii M. Voitasyk A. M. Boifracuk, acr.
andrii.voitasyk@nuos.edu.ua
ORC ID: 0000-0002-9409-6108

Leo T. Aloba Ano6a Jleo TociH, BUKIL.
alobat@gmail.com
ORC ID: 0000-0003-0426-1219

Viktor I. Korytskyi B. I. Kopunbkuii, BUKII.
vic.koritskiy@gmail.com
ORC ID: 0000-0002-9968-1568

Andriy S. Sirivchuk A. C. CipiBuyK, BHKII.
sirivchuka@gmail.com
ORC ID: 0000-0003-2927-2600

Aleksandr P. Klochkov  O. I1. KiioukoB, BUKIL.

ORC ID: 00000-0002-6426-3374

Admiral Makarov National University of Shipbuilding, Mykolaiv
Hayionanvuuii ynisepcumem xopabnedoyoysamnns imeni aomipana Makaposa, m. Muxonaig

Abstract. Underwater works are effectively performed with the use of underwater vehicles.
The use of groups of autonomous unmanned underwater vehicles for the monitoring of big
volumes of underwater space is particularly effective. In this paper, modern approaches to
group control of the motion of autonomous unmanned underwater vehicles are analyzed.
The composition and configuration of the system of external environment sensors are pro-
posed; the system allows an underwater vehicle to identify the presence of objects in close
proximity and the direction of their motion. The structure of the automatic control system of
a group of autonomous unmanned underwater vehicles in the mode of coordinated rectilin-
ear motion is proposed. The system is based on the principle of subordinate control with the
help of fuzzy logic controllers. The results of field trials of the system operation in the adhe-
sion and cohesion modes of two underwater vehicles confirm the operability of the proposed
approach.

Keywords: autonomous unmanned underwater vehicle; automatic control system; fuzzy con-
troller; field trials.
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Anoranis. B naniii poOoTi 3aponoHOBaHO CTPYKTYpYy CHCTEMH aBTOMATHYHOTO KEPYBaHHS I'PYINOI0 aBTOHOMHHX
HEHACEJICHUX IMiJIBOJHHUX alapariB B PEXHMi y3TO/DKEHOTO IPSIMOJIHIHHOTO pyXy. 3alpoNOHOBAaHY CHCTEMY
OpraHi30BaHO 3 BAKOPUCTAHHAM IIPUHLHITY ITiAMOPSIKOBAHOTO KePyBaHHs Ha 0a31 HEUITKHX peryistopiB. Pesynsrarun
HaTypHUX BHUNPOOYyBaHb (YHKIIOHYBAaHHA CHCTEMH B peXHMaxX anresii Ta kore3ii JBOX IIiBOAHUX arapariB
HIITBEPIUKYIOTh MPaLe3AaTHICTh 3aIIPOIIOHOBAHOTO 1 IXO/Y.

Kuro4oBi cjioBa: aBTOHOMHUI HEHAacelEeHWH MIJBOJHUX amapar; CHUCTeMa aBTOMAaTHYHOIO KEepyBaHHS; HEWiTKUM
perynsTop; HaTypHI BUIIPOOYBaHHSI.
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Problem statement. Joint performance of tasks by
a group of autonomous unmanned underwater vehicles
(AUUYV) improves the efficiency of underwater opera-
tions, taking advantage of the parallel data capture and
processing. Particularly effective is the application of
the group control principle for AUUVs when solving
complex problems, for example, in the process of rescue
operations, in the search for sunken objects, search and
inspection works, etc.

To ensure the effectiveness of the mission, a group of
vehicles must have the property of self-organization, which
would protect neighboring vehicles of the group from col-
lision (adhesion mode) and prevent dispersion of the ve-
hicles in the underwater environment (cohesion mode).

Synthesis of the control laws for the AUUV group is
a complex problem, which is associated with the devel-
opment and tuning of appropriate controllers. Computer
modeling is an effective way of studying the operability
and accuracy of control laws and systems both for single
AUUVs and for those constituting a group.

In model tests under laboratory conditions, it is im-
possible to achieve complete hydrodynamic similarity
between the model and the actual vehicle [11, 18], since
the behavior of the vehicle is not controlled under water
at the stage of synthesis and verification of the automatic
control system (ACS). Therefore, full-scale tests (or field
trials) are conducted for a final verification of calculation
results and model experiments.

Setting of field experiments and processing of their
results are very often difficult to implement, therefore,
techniques and setups are being developed that allow re-
search to be carried out under the conditions close to full-
scale. An example of experimental setups is the work on
creation of a simulation complex with the appearance
of the first working-class underwater robots that tackle
practical problems [5].

Besides, a full-scale field experiment intended to
prove the operability of the ACS for the AUUV motion
within the group entails substantial time and money ex-
penditure. In addition, there is a risk of losing either one
or anumber of AUUVSs participating in the experiment in
the event of a non-routine or emergency situation. There-
fore, it is expedient to carry out the field experiment us-
ing two mock-ups with the functions sufficient to pro-
vide for the mode of their coordinated movement. The
results obtained during such an experiment can then be
generalized for a group of vehicles of an arbitrary size,
and the components of such a group can have different
hardware and software configurations.

The
development of approaches to the design of AUUVs and

Latest research and publications analysis.

automation of their control began in the 1960s. However,
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the AUUVs developed back then were intended for solv-
ing a number of specific problems. Currently, there is a
wide range of issues on the topic of joint control of the
motion of underwater vehicles, both from the theoretical
and from the practical point of view [14].

The use of a group of interacting AUUVs was first
considered in the 1980s. One of the first operations was
the sea test of the GREX project. It involved a fleet of two
AUUVs performing a simple coordination task based on
acoustic communication between the vehicles [7] with a
common architecture for the purpose of joint control of
marine vehicles during modeling.

There were also considered theoretical and practical
issues of developing promising systems for the control
of motion of groups of autonomous marine vehicles with
coordination of heterogeneous autonomous systems un-
der uncertainty [16]. The main difficulty in the develop-
ment of such systems is the unstable connection between
the elements of the group due to the impact of noise and
interference on the information exchange process. These
features were taken into account in the project with the
communication package GREX BOX, which can be in-
tegrated into any AUUV.

Paper [15] describes sea trials conducted during the
development of a hydroacoustic communication system
for the group control and navigation of the AUUVs and
autonomous surface vehicles in an uncertain environ-
ment. The processes employed a fuzzy logic controller
and a genetic algorithm [7]. An onboard sonar installed
on the AUUVs provided detection and prevention of
collision with obstacles [13]. It should be noted that the
accuracy of determining the location of the AUUV us-
ing long-range sonar navigation systems significantly
depends on the degree of correspondence between the
measured and actual distances between the navigation
objects [6].

In 2016, there was presented a method for collective
control of a heterogeneous group of vehicles with a given
motion trajectory. It took into account the speeds of the
vehicles, special features of the information exchange
channel, and the accuracy of the navigation component
of the system [10]. The efficiency of the proposed ap-
proach was confirmed by the results of field trials.

Publication [11] proposes an ACS for the group of
AUUVs which takes into account the limitations of com-
munication in an underwater environment. The peculiar-
ity of this system is the possibility of joint use of the
computing resources of the group by all its vehicles.

The MORPH project offers the concept of an under-
water robotic system created through integration of vari-
ous mobile robotic modules with additional resources
[9, 12]. Each node of the building blocks (a set of small
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and cheap robotic marine vehicles) of the MORPH is an
AUUYV is capable of performing particular tasks.

One of the main tasks of group control of a robot
swarm is to provide a mode of coordinated movement
of the vehicles along a specified path or route. It is im-
portant to keep the robots close to their group and avoid
merging separate groups, that is, to maintain cohesion
and segregation modes [17].

It is worth noting that scientific literary sources ex-
tensively cover the issues of automatic group control.
This work deals with experimental study of the operabil-
ity of the automatic control system for the AUUV as a
group agent.

THE ARTICLE AIM is experimental verification
of the correctness of operation of the ACS for the coor-
dinated movement of AUUVs as group agents, in par-
ticular, implementation of adhesion and cohesion algo-
rithms.

To achieve this aim, the following problems were
formulated and solved:

— there has been developed a generalized diagram of
the marine field experiment on the coordinated motion of
two AUUVs along a common route. A remotely operated
vehicle in the mode of flat subsurface motion was used
as the AUUV under study (AUUV-1), while a radio-op-
erated boat (ROB) was used as a neighboring underwater
vehicle of the group (AUUV-2);

— there has been developed an automatic system for
the control of the AUUV’s stabilized plane motion [18],
which reacts to the AUUV-2 with the help of surface sen-
sors installed on its mast and operates in the cohesion
and adhesion modes.

Basic material. The ACS for AUUVs includes a
module for simulation of the external navigation envi-
ronment and a unit identifying navigation threats. The
task of synthesis of the navigation environment simula-
tion module as an element of the underwater vehicle’s
control system is a relevant applied scientific task.

AUUVs are used in two basic modes: single navi-
gation and group navigation. The task of modeling of
the external navigational situation is relevant for both
modes, but it is most difficult to solve for the case of
group control, since the neighboring vehicles may cre-
ate threats that are changing very rapidly and need to be
detected and eliminated automatically in due time.

Let us assume that the vehicles are controlled only
in the horizontal plane, and there is no vertical maneuver
(or it is implemented in the case of emergency, when hor-
izontal maneuvers are not sufficient for the safe move-
ment of the AUUYV, or when it is a forced movement to
avoid collisions with neighboring vehicles).

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

ABTOMATU3ALLISA TA KOMIM'IOTEPHO-IHTETPOBAHI TEXHOJIOTTi

§HIPBUILDING

MARINE INFRASTRUCTURE

Since the uncertainty in automation tasks usually in-
creases with the increase in the functional hierarchical
level, the possibilities of fuzzy logic approaches are also
expanded. Fuzzy control at the base level can be attractive
for the processes in which only qualitative knowledge is
available and there are highly nonlinear properties.

It is necessary for each AUUV to maintain a safe
distance from neighboring vehicles in a given range of
distances. The minimum distance between them should
not create the threat of an accidental collision (adhesion
mode)io Meanwhile, the maximum distance should guar-
antee the safety of the group and should not promote the
movement of individual vehicles beyond the range of the
sensors of other members of the group (cohesion mode)
[1,3].

Fig. 1 shows how the AUUVs making various moves
will maneuver relative to the AUUV1. The AUUV2 is
in the Danger Zone, so it moves away from the AUUV1
(adhesion mode). The AUUV3 and the AUUVS are in
the Attraction Zone and therefore must operate in the co-
hesion mode, that is, approach the AUUV1. The AUUV4
is in the Track Zone and therefore must move along the
same route as the AUUVI. If the AUUV1 is beyond the
range of the distance sensors installed in the AUUVs, it
must move along a predetermined course.

The distance between two AUUVs is identified by
means of external environment sensors (EES); it is pro-
posed to use ultrasonic range finders for this purpose.
The operating principle of the ultrasonic sensors is based
on measuring the time of passage of direct and reflected
waves.

One of the main characteristics of such sensors is
the direction pattern, a graphic representation of the area
within which the object can be detected by the sensor.
Using an experimental setup (Fig. 2), the direction pat-
terns were constructed for four ultrasonic range finders
(model MB1003-EZ0 produced by MaxBotix).

The direction pattern is constructed according to the
scheme shown in Fig. 3.

The AUUV model is installed at the % distance from
the sensor in such a way that its diametric plane is per-
pendicular to the straight line drawn through the center
of the sensor and the center of the AUUV buoyancy.
Afterwards, the vehicle is shifted along the longitudinal
axis to the left until the sensor readings change abruptly
= to the value corresponding to the maximum distance.
The [ distance is then measured between the initial and
current locations of the AUUV; the latter is shifted to-
wards the initial location until the sensor readings are
same as in the beginning.

In the same way, the /, distance is measured with
the vehicle being shifted to the right. The measurement
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Fig. 1. Operation of a group of vehicles in the adhesion and cohesion modes

Fig. 2. Exterior of the setup for the construction of the direction pattern of ultrasonic range finders: / — power supply; 2 — ultra-
sonic range finder; 3 — oscilloscope; 4 — auxiliary equipment; 5 — AUUV mockup; 6 — extension cord
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Fig. 3. Scheme of the experiment for the construction of the direction pattern of an ultrasonic range finder
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is repeated for the range h = [1.0; 3.0] m with the incre-
ment of 0.5 m. For the distances obtained, the maximum
angles of the target deviation from the center of the sen-
sor are calculated:

a, = arctan(/,/ h).
The experiment results are presented in Table 1.

Table 1. Results of the experiment on direction pattern of sen-

sors
Sensor no.

r}; 1 2 3 4
I,m |/ ,m|[ m|/, m|/,m|/[,m|/,m]|[,m
3 1-0.48|0.57 | -0.56 | 0.59 | -0.55| 0.64 | —0.56 | 0.56
2.51-0.57(0.57 | -0.55|0.63 | -0.52 | 0.61 | —0.66 | 0.77
2 |-0.51]0.55|-0.57|0.67 |-0.69| 0.63 | -0.84 | 0.58
1.5/-0.81]0.80 |-0.65[0.75| -1 |0.71 |-0.76 | 0.98
1 1-0.96|1.01-093|1.07| —-1.1 | 0.91 | -1.08 | 0.93

In the automatic control problems, the integration
of readings from several sensors enhances the quality
of control processes in transient and steady-state condi-
tions (as compared to feedback control of one sensor). If
several identical sensors are used, combining the obser-
vations will improve the estimation of the position and
speed of the target. The statistical advantage is achieved
by adding N independent observations (for example,
estimation of the target’s location or speed is improved
proportional to N'?), provided that the data are combined
in an optimal way. The same result can be obtained by
combining N observations from a single sensor.

The direction patterns obtained from the data of
Table 1 were combined in such a way as to achieve the
maximum possible diagram width without substantial-
ly reducing the maximum object recognition distance
(Fig. 4). For the sensors under consideration, this effect
can be achieved by arranging them so that the straight
lines passing through their centers are at an angle of
no more than 10° to each other. In this case, the direc-
tion pattern width made up 2.5...3 m in the near zone
(h=10.3..2 m) and 4 m in the far zone (4 =2...3 m).

3

5 1 52 25
Distance to the object. m

05

0

@

45 4 05 0 05 15 2 28
‘Width of the direction pattern of the group, m
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The field trials of the ACS for AUUVs are performed
to check the operability of cohesion and adhesion modes.
The scheme of the field trials on coordinated movement
of two AUUVs is presented in Fig. 5.

A remotely operated unmanned underwater vehicle
controlled via the software of the power and control post
(PCP) is employed as the AUUV-1. This solution allows
recording and analyzing the experimental data in real
time. The AUUV-1 is connected to the PCP with the help
of a communication cable. The impact of the cable on the
controlled movement of the AUUV is nondeterministic;
it can significantly affect the quality of control processes.
Therefore, the process of cable removal/collection is au-

tomated using a cable winch (CW).

The AUUV-1 is driven by a propulsion and steering
unit based on AC motors; their control signals are gener-
ated by the ACS for the AUUV-1 movement. This system
(see Fig. 5) employs the external environment sensors
(Fig. 6) and the navigation system sensors (NSS) as feed-
back links. They provide data on the spatial orientation
of the AUUV-1.

A radio-operated boat (ROB) is used as the AUUV-2;
the operator controls it manually with the use of the
control panel (ROB CP). The ROB PSU provides the
rectilinear motion and flat circulation modes, which is
sufficient for the field trials of the ACS for the AUUV-1.

The field trials consist of a series of experiments,
each making it possible to test the operability of a par-
ticular mode of the ACS for the AUUV-1 under various
environmental conditions (position, speed and spatial
orientation of the AUUV-2, perturbations caused by wa-
ter waves and the AUUV-1 cable, etc.).

The block diagram of the generalized algorithm of

the experiment is given in Fig. 7.

Distance to the object, m

5 2 2 25

45 4 05 0 05 1 15
‘Width of the direction pattern of the group. m

b)

Fig. 4. Direction pattern of four range finders: @ — arrangement of sensors; b — total direction pattern
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Fig. 5. Scheme of the field trial on coordinated movement of two AUUVs

Fig. 6. Exterior of the EES system and its arrangement on the AUUV-1

Start

ST T Jt o)

Fig. 7. Experiment algorithm
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The experiment begins with the operator entering the
desired speed of rectilinear motion of the AUUV-1, the
course and depth of its immersion. Then four process-
es take place simultaneously. If no objects are detected
within the range of the AUUV-1 EES (condition C1), the
vehicle moves rectilinearly, maintaining the motion pa-
rameters specified by the operator.

If there is a foreign object within the range of the
EES, the ACS for the AUUV-1 performs one of the fol-
lowing actions (condition C2):

— if the object is detected in the Track Zone, the
AUUV-1 will resume its rectilinear movement along the
specified course;

— if the object is detected in the Danger Zone, the
ACS for the AUUV-1 will implement the adhesion mode
(the set of rules SM1), that is, the control actions gener-
ated by the ACS will be aimed at increasing the distance
to the object;

— if the object is detected in the Attraction Zone, the
vehicle’s ACS will function in the cohesion mode (the
set of rules SM2), that is, the control actions generated
by the ACS will be aimed at reducing the distance to the
object.

The ACS of the CW minimizes external disturbances
generated by the communication cable through control-
ling the process of cable removal/collection during the
movement of the AUUV-1. In addition, during the ex-

- AUUV-1
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periment, the AUUV-2 operator controls the movement
of the ROB with the help of a special CP.

At the end of the experiment, the experimental data
are processed (the function EDP). The described pro-
cesses are repeated cyclically until the quality indicators
of the control processes achieve the desired values.

Field trials of the ACS for the coordinated movement
of AUUVs were carried out in accordance with the “Pro-
gram and Methods of Marine Research Tests of the ACS
for AUUVs” and GOST 24.026-80 in the marine labora-
tory “Delta” of the NUOS, which is located on board of
the research vessel “Delta”. The trials took place in the
Bug Estuary (Mykolaiv, Ukraine) in 2017 (Fig. 8).

Experimental study of the distance controller should
be started with the testing of the adhesion mode. Before
the beginning of the experiment, the AUUV was with-
drawn to the distance of 0.5 m from the neighboring ve-
hicle; the board with the EES was located parallel to the
neighboring vehicle. The graphs showing the transient
process are provided in Fig. 9.

At the amplitude of the input step being equal to
1.5 m, the transient process has an aperiodic character
with the overshoot of 6.7%. The transient process lasts
for 25 s. The AUUV follows a specified course but for
the end of the transient (time interval of 1...20 s). In this
case, the PSU of the vehicle cannot develop the specified
rate of the course change, which leads to the overshoot.

AUUV-2

Fig. 8. Mutual arrangement of the AUUV-1 and the AUUV-2 during the experiment testing the operability of the adhesion mode

a)

Fig. 9. Graphs of the transient process in the adhesion mode: ¢ — distance; b — control action
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Next, let us study the operability of the ACS of the
AUUYV in the cohesion mode. The graphs of the transient
process are shown in Fig. 10.

The transition process also has an aperiodic charac-
ter. The overshoot is 2%, and the duration of the tran-
sient process is 10 s.

Next, let us confirm the operability of the ACS of
the AUUV when its body is exposed to external distur-
bances. The graphs of transient processes for this mode
are given in Fig. 11. At the beginning of the experiment,
the device was withdrawn to the distance of 1.5 m from
the board of the neighboring vehicle. At the end of the
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transient process, a disturbing action with the amplitude
of 0.8 m was generated by removing the AUUV-2 away
from the AUUV-1. The effect of this action was elimi-
nated in 15 seconds after the end of its application.

Let us study the dynamic properties of the ACS for
the AUUV by setting the control signal which varies ac-
cording to the sinusoidal law (Fig. 12). The control sig-
nal has the following parameters: displacement of 1.5 m,
amplitude of 0.5 m, frequency of 0.2 rad/s. The transient
process is completed 5 s after the start of the experiment.

The vehicle follows a sinusoidal trajectory with a
two-second delay relative to the control signal. Based on

20

b)

Fig. 10. Graphs of the transient processes in the cohesion mode: a — distance; b — control action
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Fig. 12. Graphs of the transient processes at the harmonic control signal: « — distance; b — control action
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the results of the field trials (see Fig. 11-12), we can con-
clude that the proposed approach is acceptable for the ap-
plication of group control laws to the AUUV movement.
Improvements in the quality of control processes can be
achieved by employing a more advanced component base
(distance sensors, navigation system) and optimizing the
parameters of the course controller as a component of the
ACS for the coordinated movement of AUUVs.

CONCLUSIONS. 1. There has been proposed a
block diagram of the automatic control system for the
motion of an autonomous unmanned underwater vehicle
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stabilization of the speed of the rectilinear motion of the
vehicle, the course and depth of its immersion, and im-
plements the adhesion and cohesion algorithms to ensure
the coordinated movement of two underwater vehicles.
2. An algorithm has been developed and field trials
were conducted for the automatic control system for the
coordinated movement of two autonomous unmanned
underwater vehicles. The overshoot occurring in the
transient modes does not exceed 7 %, which is within the
engineering error. There is no static error. Such results

as a group agent. The automatic control system provides

allow concluding that the proposed system is operable

and effective.
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