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DEVELOPMENT OF AUTOMATIC CONTROL
SYSTEM OF MOTION OF AN UNMANNED
SURFACE SHIPS WITH A SAILING
INSTALLATION
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1. Introduction

The creation of unmanned sea ships, or in other words,
sea drones, is engaged in all the leading marine countries
of the world [1, 2]. First of all, this is due to the wide
horizons of the application of such technical systems at
relatively low operating costs. The development of Ukraine
as a maritime state [3] provides for innovative activity,
which is also associated with the creation of robotic ma-
rine equipment. The problem of creating marine robotics
in Ukraine is addressed by the Admiral Makarov National
University of Shipbuilding in the city of Mykolaiv [4, 5].

Spheres of application for unmanned surface ships (USS)
can be security activities related to natural resources, water
areas, facilities, monitoring of underwater/surface situa-
tions, search and rescue operations, etc. The main problem
when creating USS, especially a small tonnage, is a low
battery life. This drawback significantly limits the demand
for such marine equipment from interested parties. This
circumstance determines the relevance of research related
to increasing the USS autonomy, in particular, sailing,
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the time spent in the sea is practically unlimited. Thus,
the object of research is an unmanned surface ship with
a sailing installation. And the aim of research is studying
the control processes of an automatic sail of an unmanned
ship, as well as the spatial motion of a ship with a sailing
propulsion system.

2. Methods of research

As it is known, traditional sails are poorly integrated
into marine unmanned technologies, and above all with
autonomous surface ships. Rigid wings with aerodynamic
profiles can be used as alternative sails [6, 7]. It should be
noted that the problems of using sails of a rigid structure
are given a lot of attention [8, 9]. In automatic sailing
installations, the most optimal solution is to use wings
with symmetrical profiles [10, 11]. The aerodynamic forces
on the symmetrical aerodynamic profile are identical in
modulus, but are mirror-oriented relative to the chord
of the profile at the same angle of attack with different
signs. At o=0° (0.=%180°), the aerodynamic force consists
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only of the drag force, which can
reach several percent of the maxi-
mum value.

The advantage of rigid sails with
a symmetrical profile is excellent
handling. With the help of a single
electric drive, it is easy to control
the angle of attack, and hence the
vector of aerodynamic forces and,
ultimately, propulsive (driving) force.
The use of rigid sails with a sym-
metrical aerodynamic profile makes it
possible to solve two main problems
relatively easily.

1. To ensure the same sail opera-
tion modes when the ship is mov-
ing left and right tack and a simple
transition from motion with a direct
course to the motion of tacks and
vice versa.

2. To ensure the practical inac-
tivity of the sail when the angle
of attack a=0° (a=180°) to stop
the ship or in stormy conditions. In
other words, to carry out weather
vane sails.

Fig. 1 is a block diagram of the
algorithm of the automatic control
system of a sailing installation with
a rigid sail — wing based on a sym-
metrical aerodynamic profile.

The angle of attack o of the sail-
wing is maintained automatically in
such a way as to constantly pro-
vide the maximum aerodynamic force
o=f(F—max).

As shown in the diagram of Fig. 2,
the input data is the course angle
of the apparent wind B and the
given tack. The first parameter is
measurable using a wind direction
sensor. The system compares the
actual incidence angles of the ap-
parent wind with the ship’s course
relative to the wind. If B coincides
with the corresponding course, the
system sets the required angle of
attack o. The given tack of the ship
is also controlled, which is neces-
sary for the motion of the sailing
ships against the wind, and in some
cases also in the wind. Obviously,
the direction of the apparent wind f
depends on the change in the given
course @ of the ship. This makes it
necessary to take into account the
process of controlling the angle of
attack of the sail in the ship head-
ing control system.

Fig. 2 shows a functional diagram of a sailing instal-
lation in combination with a steering complex for an un-

manned ship.

The signals V4 and B measured by block 1 are sent

to the sail orientation calculator.
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Fig. 1. The control algorithm of the angle of attack o of the sail-wing, depending on the angle
of the apparent wind [ and tack
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Fig. 2. The general functional diagram of the sailing installation of unmanned ship:
1 — measuring complex of speed and direction of the apparent wind; 2 — sail orientation calculator;
3 — course plotter; 4 — autocontrol; 5 — satellite navigation system (SNS); 6 — angle of attack regulatar;
7 — electric sail rotation; 8 — sail; 9 — blade regulator; 10 — blade electric drive;
11 — blade; 12 — hull

If B is within £0+50° with respect to the course of the
ship (that is, the head wind course), then the sail angle

control system gives the u,p, signal to set a=0, that is,

puts the sail in the wind vane mode. At the same time,

the aerodynamic force and, accordingly, the driving force is

4
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absent, and the drag force of the sail is minimal and can be
overcome if necessary with an electric propulsion system.

If B is within +50+80° with respect to the heading of
the ship (i. e., the round wind course), then the angle of
attack control system generates the u,.z, signal to establish
0=%17.5° depending on the tack for maximum sail-wing
efficiency (Fig. 1). Similarly, the process is repeated if B
is within +80+150° with respect to the course of the ship
(i.e., the course is round wind, half wind, following wind).

If B is within £150+180° with respect to the course
of the ship (i. e., full large wind, following wind), then
the angle of attack control system gives the .z, signal
to establish a=+90° depending on the tack for maximum
aerodynamic drag sail.

The angle of attack controller 6, in accordance with
the dynamic and static properties of the sail control chan-
nel, generates a signal for controlling the electric drive
of the sail 7. The electric drive of the sail sets the angle
of attack o at which an aerodynamic force of a certain
direction with a moving component Fy is created on the
surface of the sail.

As noted above, automatic sail control is performed
in conjunction with boat heading control. Therefore, the
control device contains course plotter, in which all the
coordinates of the route are entered and which has three
modes of issuing tasks to the autocontrol:

1. Motion only with a sailing propulsive (propulsion)
installation.

2. Motion only with an additional propulsive installa-
tion. As an additional engine, an internal (external com-
bustion) engine or a propeller motor can be used.

3. Combined mode.

In the first course plotter mode, if necessary, generates
the ship’s trajectory in tacks in accordance with the given
route and the measured direction of the apparent wind .

In the second course plotter mode, it generates a tra-
jectory of motion, coincides with a given route, and the
sailing installation operates in a weather vane mode (for
example, a head wind course or another).

In the third mode, the course plotter generates the
ship’s trajectory in tacks in accordance with a given route
with the simultaneous operation of an additional pro-
pulsion system. In the framework of this work, the first
mode is considered.

An autocontrol is designed to stabilize the boat at
a given course and generates a u,y, reference signal for
the blade regulator 9, which with the necessary dynamic
characteristics generates a control signal u, of the blade
electric drive 10. The blade electric drive changes the

(b1)

)

RC

sum3

Qref By

position of the blade pen, which acts on the stern of the
ship and returns it to the desired course.

The satellite navigation system transmits the vector up
of the ship’s current coordinates (latitude ¢ and longi-
tude L), as well as the ship speed uy.

3. Research results and discussion

It is advisable to divide the task of controlling the
motion of unmanned ships with a sailing propulsion system
into two components (respectively, Fig. 2).

1. The task of the course plotter taking into account
the requirements for a sailing installation.

2. The task of ensuring maximum efficiency of the sail-
ing installation.

The first component is decided by the construction of
specialized autocontrol device (ACD), which takes into
account the specifics of the motion of the ship under the
force of a sailing installation. In addition to the ACD tra-
ditional for automatic gearboxes, it is necessary to include
a system for it that takes into account the ship’s tack
motion depending on the direction of the wind and the
desired direction of motion. For small marine transport,
it is advisable to use electric drives as steering machines.
Therefore, the general system for controlling the course
of an unmanned ship (Fig. 3) consists of the following
components:

- M — memory;

— SD - setting device;

— GPS - Global Positioning and Navigation System;

— CC - course corrector;

— CR - course regulator;

— CS - speed control;

— AM - actuating mechanism;

— CB - control blade;

— BH - boat hull.

Memory M is designed to store the course change coor-
dinates for the entire mission. These coordinates are re-
corded by the operator before the USS goes to sea.

The setting device SD is designed to determine the pro-
gram heading angle @, or the direction from the current
coordinates of the ship, received from the satellite navigation
system (SNS) to the following, recorded in memory M:

‘7=(a1,a2)r,=(kf

where A;, A,
current coordinates;
current coordinates.

¢ Fo, Mc

AM CB

7"0)((1)/_(1)6)7 (1)

— longitude, respectively, of the given and
¢;, ¢. — latitude of the given and

o, s

RS BH

GPS

Fig. 3. General structure of the control system for the unmanned surface ship taking into account the operating mode of the sailing installation
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Where the program heading angle:

(@) (d)g +(a2); (de)
Va2 +a? \Jd?2+d,?

Qg =COS™!

2)

where V — vector (ay, as) to the point of change of course;
N — vector (di, dy) to the north; ¢,, — program head-
ing angle.

In addition, the SD unit generates a request signal
b1 of the next coordinate when it reaches the specified
one. Fig. 4 shows the mechanism for forming a program
heading angle for a programmed route through points
ABCD. Based on the coordinates of the current point A
and the coordinates of the given point of change in the
course B, a motion vector V is determined. Then, on
the basis of V and the known direction to the magnetic
north pole N, expression (2) determines the necessary
program heading angle @,

Upon reaching point B, the SD block issues a request
b1 to the memory for issuing the next predetermined
point of change of course C, a new motion vector V and
a new program heading angle are determined. Next, the
process is repeated, and at the output of the SD block
over time, with successive passage of sections of a given
route, the necessary directions of the USS motion are
formed.

/_VA

Fig. 4. The scheme for determining the program heading angle @,
at the points of a given route ABCT

The course corrector (CC) block forms, based on @,
the signal of the given course ¢,z which can be corrected
for tack motion if the apparent wind relative to the course
acts at sharp angles. The block operation algorithm is
described by the following conditions:

[0 if £180 < <50, o
1=, £ (50~ |B]), if £50<p<0,

where B — the angle of the apparent wind.

Operation * means, if «+», then the motion by the left
tack (wind from the port side), if «—», then the motion
by the right tack (wind from the port side). The course

correction block, as follows from (3), is included under
the condition of £50<B<0.

In Fig. 3 CC course corrector contains a circuit consisting
of an integrator — int, an adder — sum1 and a compara-
tor — comp. The purpose of these elements is to ensure
the equivalence of the paths traveled when moving left
and right tacks. This is necessary to keep the ship at a
given program course @, For this, information on the
ship’s instantaneous linear speed — Vgp is fed to the in-
tegrator, which calculates the distance traveled .S:

8= [Veps (£)dt. (4)

On the summator, the calculated value of the trave-
led path is compared with the maximum allowed value
of this Syax parameter, which is set by the operator or
the corresponding subprogram. If §>Syax, then at the
output of the comparator a bit signal b3 is generated,
which signals the need to change the tack. After that,
the course corrector changes the set course @ for move-
ment by another tack, and at the same time changes the
bit signal b2, which resets the speed integration result
in the integrator to zero to calculate the path traveled
by the new tack.

In Fig. 5 at the time t1, the apparent wind B changed
its direction (from —60° to —10°), then the course cor-
rector enters the work, which changes the set program
course so that the sailing installation is able to create
a driving force. The ship will begin to move the right
tack. After passing a certain path Sg, the correction unit
will change course for the ship to move with a left tack
according to @, until the path S, is crossed. Thus,
the ship will move in zigzags along the given program
course @,;. When the apparent wind changes by a larger
angle of £50°, the sails are able to work without changing
the course angle and the corrector will switch to direct
mode on the program course when @ =@, as shown
at time fs.

The RC regulator is necessary to take into account
the dynamics of the hull and sea waves. In addition, this
regulator implements numerous course corrections, such
as magnetic declination, deviations, magnetic anomalies in
particular, own field, etc. A signal of a given blade angle
is formed at the output of the course regulator.

The RS speed controller is designed to take into ac-
count the dynamics of the electromechanical system for
moving the blade feather, to accurately establish the speci-
fied angle of rotation of the blade feather with the given
dynamic characteristics (¢ =optimum, & =optimum). This
regulator negative feedback on the angle of rotation of
the blade pen. The output signal of the RS controller
is the signal of the speed of the electric actuator of the
steering mechanism AM.

The on-board power supply system of the USS is sup-
posed to be powered by direct current as electric mo-
tors for driving the sail and blade, it is advisable to use
a direct current drive, drives with valve or motors. How-
ever, there are no significant restrictions on the use of
any type of electric motors, the main thing in this case
is high efficiency and an optimal control algorithm.

The last two blocks in Fig. 4 respectively describe the
dynamic properties of the blade and ship hull as solids
with an optical profile in the water stream.
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Fig. 5. Help the work of the course corrector and determine the set course angle @ when the ship is moving relative
to the wind heading left round wind — head wind — right round wind

The following can be identified as the main problem-
atic issues:

1. At the moments of the ship’s transition from one
tack to another (i. e., with B=0), there is an ambiguity
in the choice of heading relative to the wind direction,
which can be eliminated by taking into account the con-
trol history. For example, if the ship moved with the left
tack, then it is obvious that for =0 it is logical to move
with the right tack.

2. At the moments when the ship is moving from one
tack to another, there may be cases of speed loss and
uncontrolled movement under the influence of wind in
the leeward direction. To overcome this phenomenon, the
USS must necessarily have a backup propulsive installa-
tion for the possibility of maneuvering.

3. The component of the aerodynamic force, rotating
the ship around the longitudinal axis or heels it, affects the
effective height of the sail and the change in the length
of the chord of the profile in horizontal section. But it
can be considered that this influence is insignificant since
the design of the USS should have a very low center of
gravity and/or a high center of buoyancy to ensure the
highest possible stability.

4. The resultant of aerodynamic forces (except when the
ship is moving at half wind and following wind) creates
a torque relative to the vertical axis of the ship, since it
does not coincide with it. This leads to the deviation of
the ship from a given course. Overcoming this point is
quite possible with the help of the ship’s heading control
system.

4. Conclusions

The study presents relatively simple control algorithms
that are possible when using symmetrical aerodynamic
profiles for rigid sails. Such sails will make it relatively
easy to implement the modes of motion of an unmanned
ship with tacks and a mode of inactivity of the sail. Also
shown is the need to build a system that combines the
functions of controlling the angle of attack of the wing-
sail and course control. In this case, the control system
of the angle of attack is independent of the heading con-
trol system, and the heading control system must take
into account the sailing installation mode. Overcoming
the critical transition points of the ship from one tack to
another is possible using an additional propulsion device.
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