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Unmanned Powerboat Motion Terminal Control in an Environment
with Moving Obstacles

Abstract

The major point for consideration throughout this paper is controlling the motion of an unmanned powerboat in an obstructed environ-
ment with stationary and moving objects. It offers a procedure for the terminal control law development based on the powerboat programmed
motion trajectory in a polynomial form and proposes position-trajectory-based control algorithms. A hybrid method based on virtual fields
and unstable driving modes, taking into account powerboat speeds and obstacles, is used to plan motion trajectories for obstacle avoidance.
There were experiments carried out to test the developed methods and algorithms meanwhile estimating the energy consumption for control,
the length of the trajectory and the safety indicator for obstacle avoidance. The novelty of the proposed approach lies in the method used
to develop a local movement trajectory in the field with obstacles and in the hybridization of trajectory scheduling methods. This approach
allows us to achieve a given safe distance when avoiding obstacles and virtually eliminate the chances of an emergency collision. The
presented results can be used in systems of boats autonomous motion control and allow safe stationary and dynamic obstacles avoidance.
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®rAQY BO lOxHbIV PegepanbHbIl yHUBEpPCUTET, TaraHpor

TepMuHanbLHoe ynpaBneHue 6e33KNUnaXxHbIM KaTepom
B cpeAe C NOABWXHbIMU NPEenATCTBUAMU

B dannoti pabome 0CHOGHbIM NpeOMemMoOM UCCACO08AHUS ABAACMCA CUCMeMd YNPAGAeHUA 08UNCeHUeM 0e39KUNANCHO20
Kamepa 6 HeonpedeaeHHOU cpede cO CMAYUOHAPHBIMU U NOOBUNCHBIMU NPENnAMCMBUAMU. AKMYaibHOCMb paspabomku makou
cucmembvl 00ycaoeaeHa mem, 4mo 0e33KUNAdNCHble Kamepa QYHKYUOHUDYOM 60AuU3U NOopmoe, cy00X00HblX hapeamepos u
6 Opyeux mecmax ¢ NAOMHbIM O8udCeHueM opyeux cydos. Ilpu amom u3-3a omcymcmeus 3KUnaica Hem 603MOICHOCMU CO-
2aacoevieams 0sudiceHue ¢ Opy2uMi cyoamu, HO3MOMY CUCIMeMA YNPAGACHUS MAK020 0e33KUNANCHO20 Kamepa 00ANCHA NPO-
KAa0bleamsv Mapupym, y4umoléas mpebo8aHus K c60emy NOA0NCEHUI) 8 KaxCOblll MOMeHm 8peMeHU.

B cea3u ¢ smum 6 cmamoe npedaoxcena npouedypa pa3padomiu mepmMuHaIbHO20 3aKOHA YNPABACHUS HA 0CHO8e NPOZPAMMUpYe-
MOU mpaexmopuu 08UNCeHUs Kamepa 8 NOAUHOMUANLHOU (hopme, Ha OCHOBe KOMOPOI Peaiu308aHbl NO3UUUOHHO-MPAeKMOPHble a120-
pummbl ynpaeaenus. Ipu smom npoepammuas mpaeKkmopus Cmpoumcs KaK pewierue 3a0a4u mepmuHaibH020 YAPpAeAeHUs 6 CUAbHOLU
nocmanoske, a NO3UUUOHHO-MPACKMOPHYIL Pe2yAsimop ompadamuiéaem NOAYYEHHYI0 MPAeKmopuio 8 pamkax caaboeo mepmuHalb-
Ho20 ynpaeaenus. [is yuema npensamcmeuil npu NAGHUPOSAHUU MPACKMOPUU UCNOAb3YeMCS 2UOPUOHbLI Memod, OCHOBAHHbII HA
BUPMYANbHBIX NOAAX U HEYCMOUYUBHIX PENCUMAX OBUIICEHUS C YHemOM CKOpocmell U yCA08ull 08udiceHus 06e39KUnajicho2o Kamepa.
B pabome npueoosmcs pe3yabmamol YUCACHHbIX U HAMYPHBIX IKCAEPUMEHMOE N0 anpodayuu pa3pabomanHsiX Memooos u ai2opum-
mos. Tlonyuenvt oyenku sHepeo3ampam Ha ynpasaeHue, OAUHbL MPpAeKmopuu U nokazamens bezonachocmu npu 00xode npensmcmeuil.

Hoeusna npedaazaemozo nooxoda 3axKao4aemcs 6 UCNOAb308AHUU HOB020 Mem00a NOCMPOeHUs A0KAAbHOU MpaeKmopuu
deudceHus 8 nojse ¢ NPenamcmeuamuy u 6 2ubpuduzayuu memoooe nAaHuposanuss mpaekmopui. Takoi nodxod nozeonsem
obecneuums 3a0aHHYI0 0€30NACHYI0 OUCMAHYUIO NPU 00X00e NPenAMCmEull U NPAKMUYecKu UCKAIOYUMb ePOSMHOCHb A8d-
puiinoeo cmoakHogenus. Ilpedcmaesaennvie pe3ysomamost Mo2ym Obimb UCNOAb30GAHbI @ CUCMEMAX AGMOHOMHO20 YNPABACHUS
deudceruem Kamepos u no3eoasiom 6e30nacHo 06xo0ums CmMayuoHapHsle U OUHAMUYeCKUe NPenSIMCmeEus.

Karwueeuvie caosa: mepmuHaibHoe ynpaeierue, Memod NOMEeHUUANbHbIX I’lO/leLZ, NO3UUUOHHO-MpAeKmopHoe ynpaenenue,
nokasameau kavecmea, ynpagieHue cCKopocmsho, 0e39KunaNcHolil Kamep
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Introduction

Autonomous moving objects (robots) are con-
trolled in two-dimensional and tridimensional
space, as well as in various environments (in air,
above water, under water, on the surface). The con-
trol is implemented in automatic as well as auto-
mated modes in both deterministic defined and
non-defined environments. Automatic movement of
moving objects (MO) can be performed either along
the prescheduled trajectories or in an unspecified
environment with specified coordinates of the goal
point with stationary and moving obstacles. There
may be no time limits for the goal being reached;
however, there may also be a requirement for the
MO achieving the goal within the time set. Mul-
tiple practical examples can be cited with relation
to controlling a single or a group of MOs in dif-
ferent environments under different conditions for
the goal achievement. One example is an aircraft,
when being autopiloted, is capable of performing
an autonomous flight along a prescheduled trajec-
tory and of independent landing onto a specially
prepared aerodrome using navigation systems [I].
Other instances include quadcopters, which will
automatically fly along a predetermined trajectory,
and robotic sea powerboats, which are already in
service with a number of countries. A good example
is Tesla autopilot vehicles [2] and similar vehicles
by other developers (Toyota, Volvo, Mersedes, etc.)
that are already in use on the roads.

Software control systems are undergoing steady
improvement, and nowadays control systems can
identify the environment [3—7], solve problems of
moving a single MO and groups of MOs using ana-
Iytical methods [8§—10], or, under significant un-
certainty, using neuro-fuzzy networks, genetic algo-
rithms, contingency approach and methods aimed
at enhancing the specialists’ knowledge of [11—135].

Even though up-to-date scientific methods and
MO control technologies allow solving MO move-
ment problems in complex, non-deterministic en-
vironments, the terminal control problem remains
quite relevant [16]. When solving the terminal con-
trol problem, the MO setting off from the starting
point is supposed to reach the goal end point at a set
time, given the fact that the operating environment
is uncertain, which is the major focus of this paper.

The task of terminal control remains relevant
and has been the subject of consideration in mul-
tiple scientific papers, since different methods have
been suggested to solve this problem. One solution
to the problem has been by using sliding modes,

for example, paper [17] covers a sliding mode im-
plementation in some classes of nonlinear control
systems. Another solution suggests using nonlinear
control models, for example, paper [18] describes
the two-mode nonlinear model implementation of
control over a nonlinear object under given con-
straint concerning the state and control. The control
is performed with several parameters being selected
a priory, which evaluate the terminal area and pa-
rameters. When the object under control moves,
these parameters are optimized in real-time mode
by the terminal controller to achieve the goal set.
The solution of the terminal control problem can
also be based on a special kind nonlinear similarity
conversion, which means with control over the state
feedback, the transition of the initial system into a
linear and stationary system is ensured in a special
way [19]. This is the task for weak terminal control
over discrete nonlinear systems with scalar output.

The problem of planning the motion trajecto-
ries of the mobile objects in environments with ob-
stacles has been considered in in numerous papers.
A lot of papers considered the implementation of
the potential field method. For example, the paper
[20] proposed and analyzed control algorithms in
environments with moving and stationary obstacles,
providing MO control that prevents it from falling
into the local minima of the potential field. In the
paper [21], the application of methods for trajec-
tories planning of moving objects based on fuzzy
logic was considered. The authors have created
elementary MO behavior models, and proposed a
mechanism for their integration for MO manage-
ment in an uncertain environment.

They pay attention to the use of unstable traffic
patterns when scheduling MO trajectories. For in-
stance, the paper [22] illustrates the use of control
actions which stabilize robot trajectories in obsta-
cle-free zones, as well as the application of the third
Lyapunov theorem (the instability theorem) when a
moving object is spotted in zones of stationary or
non-stationary obstacles at distances less than the
tolerable. The symbiosis of unstable driving modes
and the method of potential fields can be consid-
ered, which allows the creation of hybrid control
methods, as shown in papers [23, 24].

The analysis of known works enables us to iden-
tify prospects for further research in the field of ter-
minal control using the potential field method, for
scheduling the movement of an unmanned power-
boat in case obstacles appear, and a method based
on unstable modes, in case of a dangerous approach
to them, which is the subject of this article.
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The paper is organized as follows. Section 2
presents a mathematical model of a vessel, descrip-
tion of the onboard control system, and the synthe-
sis of terminal control. Problem statement is given.
Section 3 describes the obstacle avoidance method.
Section 4 presents experimental results.

The mathematical model of the vessel
and the synthesis of terminal control

Fig. 1 represents the experimental prototype
of the vessel. The powerboat features the follow-
ing overall dimensions: height 0.6 m, width 0.7 m,
length 1.8 m. The superstructure (bulkhead) hosts
the engine control unit 1, the autonomous mo-
tion control unit 2, camera information processing
unit 3, batteries, WiFi router and integrated naviga-

Accumulator 2

tion system (see fig. 2). The mast places 3 cameras,
WiFi and GPS modules.

Let the mathematical model of the vessel, in ac-
cordance with the coordinate system presented in
fig. 1, s, have the following form:

cosp sing 0
S=|-sing cosg 00, (1)
0 0 1
MQ =F,(0,S,8,0,t)+
( ) o

+F;(P,V,W)+F,(G,AR),

where S =[x, 2z, ¢]" stands for the gravity
center coordinate vector of the vessel and the
orienting angle in the fixed coordinate system;
o=, Vv, my]Tstands for the projection of the
velocity vector on the axis of the coordinate system
associated with the power boat XYZ (see fig. 3); ¢
signifies current course, and o, is the angular ve-
locity of the vessel relative to the vertical axis QY;
F;(P,V,W) — (3x1) represents the vector of non-
linear dynamic elements, including Coriolis forces,
F,(G,A,R) — (3 x 1) means the vector of mea-
sured and non-measurable external disturbances;
M — (3%3) stand for the matrix of mass-inertial pa-
rameters, whose elements are mass, inertia moments,
apparent masses F,(Q,S,a,/,t) — (3 x 1) is the
control forces and moments vector (/ is the vector of
design parameters, « is the deviation angle of engines
from the X axis, 7 is time). A more detailed descrip-
tion of the mathematical model is presented in [25].

It is required to synthesize such a control algo-
rithm that would ensure the vessel movement from

Navigation
svstem

Video cameras

Motor 1 Regulator 1 m @ Q @
. & 1 2 3
N T
1 Y
v Control unit 1 ol Control Unit 2 Control Unit 3
Servo drive Accumulator 1
& | B2 il
Atmel AVR based Micromax Intel Nuc
Motor 2 Regulator 2 Receiving set WiFi router
v ol N

ﬂi)--v-—&ﬂ-‘%

Remote Control
Unit

Fig. 2. Block diagram of the onboard control system

nﬁ:;::@nE

Ground control
post

MexaTpoHuKa, aBTOMaTH3alMusd, ynpasienue, Tom 22, Ne 3, 2021



Fig. 3. The unmanned vessel coordinate system

the initial position P = (xy,z,) to the final position
P, =(x;,z;) atagiven moment of time = T}, and the
speed at the moment of time 7= T}, should be zero, i.e.

O =(VeVii0,) =0,

To solve the problem of synthesizing the termi-
nal control, we will define the programmed motion
trajectory of the unmanned vessel in a polynomial
form and present it in the matrix form:

S*=CLS" =CL, (3)
where

3 3 1

—(x; —x5) —=(x, —x
o X 0 Tkz(k o) Tk3(k 0) . P
- , L=,
% 0 i(Zk—zo) i(Zk—Zo) !
¢ T 3

C is a matrix of constant coefficients depending
on the initial and final position of the vessel, as well
as on T} which is the specified positioning time.

The degree of the polynomial L is determined
by the number of terminal parameters. In this case,
these are two coordinates and the speed.

It can be also shown that:

S*=CD|L,
S* =CD,L,
000 0 000 0
1000 000 0
where Di=1o 5 0 0?72 0 0 of
00 3 0 06 0 0

The terminal control law is developed basing on
position-trajectory algorithms [22]; to this end, the
real trajectory deviation error is set from the given
program in the following form:

¥,=85-5 =5-CL.

Let wus introduce an additional variable
¥ =¥, +T -¥,, where T, is the diagonal matrix
of constant dimensions (2x2), ¥, =S -CD,L. We
also set the desired behavior of the closed-looped
system in the form below:

where 7, is the diagonal matrix of constant dimen-
sion (2%2). Thus, the desired behavior of the sys-
tem, expressed through ¥, has the following form:

\.I:’tr +Tl‘ijtr+T2 (qjtr +T1\P1r)=0’ (4)

where W, =S -CD,L, ¥, =S -CD,L.

Upon substituting in (4) the equation of the ves-
sel mathematical model (2) and expressing the cor-
responding control forces and moments vector F,,
we obtain the following control algorithm:

F,=-MR'[RQ-CD,L+T\¥, +

. , ®)
+ LY, + 1Y) - Fy.

To perform the stability analysis, we substitute
the resulting expression (5) into the equation of the
mathematical model (3).

S=RQ
RQ-CD,L +T,(RR-CD,L) +
+T,(RQ + RO -CD,L +
+T;(RQ -CD,L))

O=R"

We shall set the Lyapunov function in the fol-
lowing form:
V=vTwwy,

where W is a diagonal positive definite matrix of
size (2x2). Then the derivative of the Lyapunov
function has the form:

V =-2[RO-CD,L+T)¥,]x

X W[—Tz (0-CD,L+ TI\P,,)]
We shall define the W matrix to be WT, =G
where G the diagonal positive definite dimension

matrix of (2X2), so we obtain the following expres-
sion for the derivative V' (x):

V =-2[RQO-CD,L+T¥,]x
xG[RQ-CDL+Ty¥,].
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Since G is a positive definite matrix, the function
V is negative definite at all points. It is enough just to
show that the value of Q = -R™' (CD,L+T;-¥,,) is
not a solution of system (6). Thus, it can be affirmed
that system (6) is asymptotically stable, taking into
account the addition of Barabashin-Krasovsky [26].

Let’s note that control algorithm (5) does not con-
tain a singularity at the target point. This property is
very important for terminal control systems [27, 28].

The local planning algorithms

General concept. Basing on the terminal control
algorithm (5) the vessel moves in an unobstructed
environment to the coordinates of the end point 7.
In case of obstacles in the field of repulsive forces of
the virtual field (fig. 4), a local trajectory of circum-
venting the obstacle is formed and the coordinates
of the unmanned powerboat are planned based on
the method of potential fields, while the coordinates
of the end point P, are replaced by Pk* . Besides, if
obstacles arise in the vessel safety zone, coordinates
are scheduled using the method based on an unstable
driving mode. When the obstacles leave the virtual
zone of repulsive forces, the regular terminal control
mode is restarted, and a new of initial conditions
vector is formed for the algorithm (5).

Now let us consider the methods for the power-
boat coordinates planning.

Method of forming a local obstacle avoidance
trajectory. When forming a local obstacle avoidance
trajectory, the vision field of the vision system is di-
vided into sectors, as shown in fig. 5. In accordance
with fig. 5, the value of B determines the chord,
which subtends the ends of the sector, and is equal
to the radius of the safety zone of the boat.

To determine the number of sectors in the loca-
tor’s view, you need to perform the following se-
quence of actions. First, the sector angles are cal-
culated according to the formula:

B: =2 arcsin(%j , (7)

where B: is sector angle; D — stands for the range
of the sensor system of the boat.
Then their number is determined by the formula

N = lrﬂ*—‘a
Bs

where p is the angle of view of the technical vision
system of the boat, H is the operation of extracting
the integer part of a number, rounded upward.

®)

By virtue of the fact that the locator vision field
must be completely covered by sectors with identical
angles, sector angles have to be adjusted in accor-
dance with the expression

)

If obstacles are spotted within the sector, the lat-
ter is marked with figure of one, as being prohibited
for movement; otherwise, it is marked as free. The
boat movement process can be organized in this
case as the following sequence of steps.

Zone of repulsive force

| |
| |
1Z - - |
| Zg - A I
| g ~ |
| e N l
| X AN |
| 4/ N Goal |
| ’ Safety zone \ _e |
| / mT T~ N - |
’ - ~ -
! ’ e \\\ \ /// |
| / p . A |
| ’ \ - |
| 1 / \ - \ _ |
| i J Vi . - |
| |' h Vpobs |
| |
: | i i ) Obstacle :
\ \
| \ \ obs 1 ]
\ !
l \ N , , |
| \ \ ,/ / |
| \ AN P + Vo=V +Vposs |
| \ ~ i< / |
\ S Pid /
| \ ~S—o_ -7 / |
7/
N : |
,
. ,
| N . |
| S 7 |
| AR - |
| ~~. - |
| T |
b e e e e ————— o — 4

Local

Fig. 5. The division of the vision field of the boat sensor system
into sectors
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Step 1. The sensory system visual field sectors are
analyzed: if there is an obstacle in the sector, the sector
is marked as prohibited (1), or otherwise, as free (0).

Step 2. The sector analysis towards the target point.
Proceed to step 6 if the sector is marked as free (0), or
to step 3 if the sector is marked as busy (1).

Step 3. Search for the nearest free sector towards
the target point: if there are none, proceed to step 6,
otherwise go to step 4.

Step 4. Calculation of the coordinates of point A4
in the middle of the sector.

Step 5. Calculate the coordinates of point C at a
distance of 1/3 from the boat to point A.

Step 6. The end.

After point C becomes target for the boat, and
one is used in the calculation of the potential field
forces. As soon as it is reached, point A becomes the
target. If all sectors of the visual field are busy, the
movement direction is selected randomly beyond
the vision field of the technical vision system.

The method of virtual (potential) fields. The vir-
tual (potential) fields method is a widespread method
for planning the moving objects trajectories [29, 30]
due to a number of advantages, in particular:

— Low requirements for the moving object on-
board computer;

— Low requirements for the moving object sen-
sory subsystem;

— Inaccurate (approximate) information being
tolerable to use, concerning the coordinates of the
obstacles and the target point;

— Ample opportunities for modification.

However, alongside with the advantages, this
method features a number of the disadvantages lis-
ted below:

— the emergence of areas with local minimum
fields throughout which a moving object can not
continue moving towards the target point;

— low efficiency when used in three-dimen-
sional environments and in flat environments with
complex obstacles;

— the impossibility of taking into account the
dynamics of a moving object which results in inef-
fective implementation of the scheduled trajectory.

These drawbacks hinder the independent use of
this method to schedule the moving objects trajec-
tories in an environment with obstacles. Neverthe-
less, the considerable room for modification allow
synthesizing hybrid scheduling methods that reduce
the drawbacks above.

Let us consider a nonpotential field when repul-
sive forces depend on the moving object speed and,
therefore, are non-conservative (see fig. 4).

In this paper, the components of the attracting
virtual force to the target point are defined by the

‘ {FM}:,{M

10
i e (10)
where x,, z, are the moving object coordinates; x,,
o stand for the target point coordinates; d,, is the
distance between the moving object and the target;
k is the coefficient of attractive force (k > 0).

The distance between the moving object and the
target is calculated using the expression:

dy = \/(x, - xg)2 +(z, + Zg)2,

The components of the repulsive potential force
from the obstacles are determined by the expression:

{Fm} — _c.e P {VP:' cos (O‘i)} (12)

F, Vpisin(o;)

rzi

(11)

where g; is the distance between the moving object
and the i -th obstacle; o; is the orientation angle of
the moving object in relation to the obstacle i -th
obstacle; V, is the projection of the relative velocity
of the moving object and obstacle; ¢, B — are the
repulsive force coefficients (¢ > 0, B > 0).

The orientation angle of the moving object with
respect to the i-th obstacle is determined by the
expression:

a; = atan2 (2, — 2., Xo; — X, ), (13)
where x,;, z,; designate the coordinates of the i-th
obstacle; atan2 is a function for calculating the tan-
gent of an angle in the interval —n < o < 7.

The distance between the moving object and the
i-th obstacle is determined by the expression:

di = \/(xr - xoi)2 + (Zr + zoi)2' (]4)

After calculating the attractive force of the MO
to the target point and repulsive forces from ob-
stacles and the boundaries of the working area, the
components of the resultant force of the virtual field
can be found by the formula:

ZFrxi

FZx _ Fax 15
|:FEZ}_|:FM}+ ZFrzi ' (1
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Fig. 6. Local minimum areas occurrence illustrated

The planned end point coordinates of the MO
movement with the step determined by the expression:

X F
p =|:xr:|+{ 2x:|Af,
zp Zr FZz

where At is the time step; x,, z, are the coordinates
of the planned moving object trajectory.

As indicated above, one drawback of the poten-
tial field method is the possibility for a moving ob-
ject to fall into the local minimum of the field. In
the local minimum of the field, the configuration of
the medium and the potential forces are such that
the resultant force F is equal to zero at each time
instant (fig. 6, a, b) or constantly changes its sign
for the opposite (fig. 6, c).

Either does the moving object stop or recipro-
cate, but cannot move to the target point. The local
minimum area of the potential field for the cases
shown in fig. 6, a, b are determined with F = 0.

The situation presented in fig. 6, ¢ can be di-
agnosed by analyzing the moving object direction.
If the sign of the potential field resultant force Fy,
projected onto the line, connects the moving object
and the target point at k£ and k + 1 steps, it is re-
versed, which means the angle

<Fz(k)‘ﬁz (k+1)> (17)
‘Fz (k)HFZ (k"'l)‘

(16)

X ="n— arccos{

does not exceed some small value of ¢, it is necessary
to take additional steps to lead a moving object out of
the field local minimum. Model experiments have es-
tablished that with £ < /60 this case is well diagnosed.

To solve the problem of getting the MO into the
local field minimum, we use an approach based on
the temporary replacement of the global target point
with a virtual target [31].

If one of the virtual field
local minimum areas is diag-
nosed, the virtual target point
coordinates can be calculated in
accordance with the expression:

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

a z 2 a

| | ng X X g

| Obstaclel Fsi>0, Fspi <0 Obstacle2 : = { r} -Ho ,  (18)
| E 4 %

| Boat |

i o «J@ _ _ (_}.Oal i where x,,, z,, represent the vir-
! Fy ! 7 F, ! tual target point coordinates;
! 0 ! | o — is the coefficient deter-
| |

mined by the nature of the me-
dium, the obstacles configura-
tion and the distance between
the target point and the moving object (c < 1); H —
is the rotation matrix.

cos (&) sin(&)} 19

H:{—Siﬂ(é) cos (&)

where ¢ is the angle set randomly from *r/2.

The time #, of the reverse substitution of the vir-
tual target point for the global one is determined by
the moving object dynamics and the operating en-
vironment state. It is necessary to choose 7, so that
the moving object does not return to the potential
field local minimum area. Thus, the placement of
virtual targets allows organizing the movement of a
moving object in complex environments.

Obstacle avoidance method based on unstable
driving patterns. Such a bionic approach to cir-
cumventing obstacles does not require preliminary
mapping, and thus reduces the requirements for the
intellectual support of the vessel. The essence of
the method is as follows: a bifurcation parameter
B is introduced into the structure of the regulator,
the value of which depends on the distance to the
obstacle. If the distance from the unmanned boat to
the obstacle is exceeds the tolerable distance R*, the
bifurcation parameter § = 0 and the closed-looped
system are both in a stable state. In case this dis-
tance is less than tolerable R*, B # 0 and the system
becomes unstable. Since this instability is due to
the distance to the obstacle, it is natural that the
unstable state deviates the vessel from the trajectory
on which the obstacle is located in order to increase
this distance to the obstacle.

We define the bifurcation parameter in the fol-
lowing form [22]:

B=|R- R’

(k-F),
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where R is the distance to the obstacle measured
by the sensor, R is the allowable distance to the
obstacle, i.e. the distance at which it is necessary to
begin the procedure of divergence with an obstacle.
|| — modulus of number, i.e. its absolute value.

It is easy to show that if R > R", then B = 0,
which means the value of the bifurcation parameter
is zero, even if we found an obstacle, but the dis-
tance to it is even more acceptable. If R < R, then
B = —2(R — R). Taking into account that (R — R)
<0, B>0.

As noted, the behavior of the system will be sta-
ble if the matrix G = Q7, is positively defined. It
follows that in order to bring the system into an
unstable mode, one of the diagonal elements of the
matrix 7, must be made negative. We equate it to
our bifurcation parameter, i.e. 7,(1,1) = —p.

The proposed controller operates as follows. The
algorithm is executed until the vessel reaches the
end point P,. If an obstacle occurs on the vessel’s
route, and the obstacle is outside the danger zone,
ie. R> R ie. p =0, then the usual terminal con-
trol is calculated by the formula (5). If the condition
R > R is not satisfied and B = 0, then the bifurca-
tion parameter is calculated, and the vessel is put
into an unstable mode.

Simulation and experiment results

To study the proposed methods, a mathematical
model of the surface mini-motorboat "Sigul" was
used. The actuators are two propulsion devices
based on brushless asynchronous motors and a
servo drive shown in fig. 5. Motors and screws are
mounted on a movable frame and may deviate from
the longitudinal axis by the same angle o (fig. 7).
The motors and servo drive are controlled by local
regulators, with a PWM signal being applied to their
inputs. The inertia of the motors and servo can be
neglected compared with the inertia of the object.

To study the synthesized regulator, we will use
the following parameters:

— Weight m = 50 kg;

— Moments of inertia J, = 15.1 kg / mz;

— Elements of the matrix of added masses
Mg = 1.08 kg, A3 3 = 11.43 kg, A5 s = 20 kg;

—The initial position of the unmanned vessel
P 0= [0, O]a

— Target point P,[45, 45];

— Terminal control time 7), = 15 sec;

— Maximum speed of the boat and moving
obstacles V., = 2 m/s;

— The value of the functional matrices in

equation (SM:{mx 0}): R= cgscp e ,
2 0 m, —sing cosQ
F,=| ~ x2 , F, =0
_csz

Sensors mounted on the vessel mast are three video
cameras with a total view field of 135°. The cameras’
software allows detecting objects on the water surface
at a distance of 50 meters, determining their contours,
sizes and distances from a crewless powerboat.

Figures 8, 9 demonstrate the results of the vessel
movement modeling. Fig. 8 shows the boat movement
of the through the environment with a single stationary
obstacle, while fig. 9 displays the boat moving in an
environment with two moving obstacles.

As can be seen from the modeling results in the
control system, the trajectory of the vessel movement
calculations were correct when passing obstacles. In
all model experiments, the target point was reached
within a set point in time with the boat speed being

Fig. 8. Trajectory planning with a single stationary obstacle
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Fig. 10. Experiment results

its center as shown in fig. 10, and in 40 seconds. On
one side of the square, an obstacle in the form of
a floating buoy was situated. A screenshot from the
shore control panel is shown in fig. 10, b.

As a result of the experiment, the boat completed
the task for a specified time. The minimum distance
to the obstacle was 4 m.

equal to zero. The range of the repulsive forces of
the virtual field corresponded to the range of the
boat technical vision system. The minimum distance
from the boat to the obstacle was 3 m.

To confirm the effectiveness of the approach,
a full-scale experiment was conducted in the
Taganrog Bay of the Azov Sea. The boat needed to
sail offline on the sides of the square and finish in
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Conclusion

The paper presents algorithms for terminal control
and scheduling for moving an unmanned boat in an
environment with obstacles, based on the position-
trajectory algorithm and a hybrid scheduling method
based on virtual fields and unstable modes.

The novelty of the proposed approach lies in the
method used to develop a local movement trajectory
in the field with obstacles and in the hybridization of
trajectory scheduling methods. This approach allows
us to achieve a given safe distance when avoiding
obstacles and virtually eliminate the chances of an
emergency collision. The presented results can be
used in systems of boats autonomous motion control
and allow safe stationary and dynamic obstacles
avoidance.
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