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Abstract. Formation control consists in stabilising distanbetween ships during their motion at the
same speed. Due to necessary coordination of mofidhe ships, a structure is composed which
allows constant distance to be kept between thesshith an assumed accuracy. Formation control
makes use of the Leader-Follower algorithm. Therstg structure includes the superior formation
controller and real-time trajectory controllersréit course and speed steering is executed using PD
fuzzy controllers. The application of advanced tethgies provides opportunities for reducing the
number of crew involved in at-sea reloading adsgiand increasing ship safety during operations of
this type.
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1 Introduction

Ship reloading operations performed at sea airpralonging the time of
ship’s stay at sea, which is limited by the voluafeshipped fuel and food reserves
[4],[9]. The first successful operation of this ¢yfwok place in 1899. USS Marcellus
completed coal reserves on the battle ship USS &dassetts. Since then, numerous
methods of reloading the reserves at sea havedmestoped. At present, reloading
operations at sea can be divided into two groupsinected replenishment and
vertical replenishment. In the connected repleneshinships are linked together by
a system of hoses. Most often the ships move imrallel formation, at a small
distance fromeach other. Another sometimes observed formatighastwo ships
sail one after the other. The vertical replenishintekes place with the assistance of
a helicopter.

For the time being, optical methods have not besaduin systems for
automatic ship formation control. However, lasengefinders were successfully
used for these purposes the role of which was tasore manually the distance
between ships during the operation of at-sea réigaf®]. The investigations have
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confirmed high efficiency of use of the range-firslén those operations and their
extremely high accuracy, as a result of which tiweye recommended for use in US
Navy.

In order to secure safe reloading between shipseat a Leader-Follower
algorithm was developed [1],[8], which makes useaofuzzy course and speed
controller for ship steering. The formation cotsisf two ships:

1. The main ship leading the entire formation — tleader.

2. The ship that follows the movements of the maip,sand mainly aims at

keeping the formation — the Follower.
The ships move along precisely defined passingdtajies, at a constant distance
between each other. Direct steering of engineiootak speed and rudder deflections
are executed by fuzzy PD controllers. The trajgctomtroller makes use of a virtual
ship as a reference object, a concept which wdigeased for steering a single ship
along an assumed trajectory [6],[7].

2 Formation controller

Formation control can be reduced to the task ofclsgonisation of ship
motion along assumed trajectories, certain diswnoetween the ships being
preserved by specialised distance measuring insttsrio secure safe motion of the
ships [3]. The formation control makes use of a ffiwd Leader-Follower algorithm.

The ship which leads the formation is the Leadieselects the trajectory
along which the entire formation moves. In indivatlgases, manual steering of the
Leader is possible. The Follower moves at Leadside. Its task is to follow
Leader's movements in such a way that the two skg®Ep a constant distance
between each other and their positions in the ftiomas a whole.

The Leader moves along the earlier assumed tamjecthe trajectory for the
Follower is parallelly displaced with respect tattlof the Leader, in such a way that
the condition of keeping the earlier assumed comstiistance between the two
vessels is met.

The formation control algorithm consists of thrémges:

¢ Phase 1: Synchronisation of ship motion. In thiaggh ships which have
been moving independently compose a common parfdighation
moving at a certain speed. The Follower modifies ritotion to take
position at a certain distance beside the Leader.

* Phase 2: Moving within the formation. In this phése ships move within
the earlier created formation. The distance betwéee ships is
determined precisely using laser range-finders taDRro4a made by
Leica. Distances between ships’ boards at bow and sterrmaasured,
and additionally in the middle of each ship (Fidl)2

« Phase 3: Changing formation. Changing distancegdget the ships in the
formation is possible, in both increasing and dasireg direction. The
Leader’s trajectory remains unchanged, while thdoler changes its
position in the formation. Once the manoeuvre hesnbcompleted, the
ships return to phase 2.

System control



Formation control of marine vehicles during 45

An important problem during the motion of ships q@sing

a formation is exchange of information betweenghips in order to steer safely the
entire formation. In Phase 1 and Phase 3 the Leaaeses the information on its
position and speed to the Follower. In Phase Arfeemation on relative positions
of the ships comes from Follower's measuring systeirhe Leader only sends
messages on its speed. This configuration sedueesinimum of the passed data. In
case of any failure in contact between the ships, distance between them is
continuously measured to allow safely the emergeaoyination of the motion in
formation to be completed, which their further rootiat a safe distance. An
additional argument in favour of the use of ranigeldrs is extremely short time of
measurement (up to 1 second) and high accuractp (s mm).

Figure 2.1. Distribution of laser range-finders on ships ia thrmation

3 Traectory controller

Figure 3.1 shows a scheme of the control systenmichvbonsists of the
superior formation controller and two trajectoryntrollers, which steer the Leader
and the Follower. The structure of the trajectaygtooller is identical for the Leader
and the Follower. What is different is the way ihigh the set values are determined.
For the Leader the information about the passe@ciay and current speed is
delivered from outside, for instance it can be pkh by the navigator. Leader’s
position and speed are passed to the formatiorrattemt to which the information
about Follower’s position is passed as well. Basadthese data and taking into
account the selected shape of ship’s formatioridhraation controller works out the
information about the trajectory and passes ih&Hollower’s trajectory controller.

The developed trajectory controller [6],[7] (Fig.1) consists of two
controllers working in parallel: the course conpland the speed controller. These
controllers were designed making use of the fuzel teeory. Their task is to
minimise corresponding course errogs(eifference between the set and real course)
and speed errors €difference between the set and real speed).

Studia Informatica 2(9)2007
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Figure 3.1. Block diagram of the control system

The input variables for the course controller dre ¢tourse error,eand its
derivative . (r,.=de/dt). The output signal is the rudder deflectiorb®opassed to

the steering engin&. Figure 3.2 shows the shape of the membershigiamfor the
fuzzy course controller.

NB NV NS NvE ZE PVS PS PNV PB

-4 -3 -2 - 0 1 2 3 a glr

Figure 3.2. Shape of the membership function for the courserober

The input signals were normalised within the rafide 4], while the output
signals were scaled from the range [-4, 4] to vadlies using scaling amplifications
(0e,, ar,, gu,). For the controlled defined in the above way 8les of control are
obtained (Table 3.1). For the course controllerftiiewing linguistic variables were
adopted: NB — negative big, NM — negative mediun§ N negative small,
NVS — negative very small, ZE — zero, PSV — positikery small, PS — positive
small, PM — positive medium, PB — positive big.

The second controller, working in parallel, is ggeed controller. The input
variables for the speed controller are speed cbemor ¢ and its derivative
(ry.=de,/dt). The controller produces the rotational spegdf the ship’s screw
propeller. The shape of the membership functiortHerspeed controller is given in
Fig. 3.3. Like for the course controller variableB,speed controller’s variables were
normalised using scaling amplifications ¢ggr,, gu,), to meet the range <-3,3>.
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Table 3.1. Base of rules for the fuzzy course controlleringuistic notation:
e, - course error, - course error derivative

r\e, | NB[NM[ Ns [ nvs| zE [Pvg Ps| Pm | PB
NB [NB NB NB NB NB NM NS NVS ZE
NM |[NB NB NB NB NM NS \VS ZE PVS
NS [NB NB NB NM NSNVS ZE PVS PS
NVS [NB NB NM NS NVS ZE PVS PS PM
ZE [NB NM NS NVS ZE PVS PS PM PB
PVS|NM NS NVS ZE PVS PS PM PB PE
PS |[NS\WS ZE PVS PS PM PB PB Pk
PM NVS ZE PVS PS PM PB PB PB PB
PB [ZEPVS PS PM PB PB PB PB PH

The base of rules for the fuzzy speed controllegigen in Table 3.2.

It consists of 49 control rules. The input and otitpariables can take the following
linguistic values: NB, NM, NS, ZE, PS, PM, PB.

Figure 3.3. Shape of the membership function for the speettaiter

Table 3.2. Base of rules for the fuzzy speed controllergliistic notation:
ey - speed erroryr- speed error derivative

rv\ey NB|NM|NS| ZE| PS| Prv| PB
NB [NB NB NB NB NM NS ZE
NM |NB NB NB NM NS ZE PS
NS | NB NB NM NS ZE PS PM
ZE |NB NM NS ZE PS PMPB
PS |NM NS ZE PS PMPB PB
PM | NS ZE PS PMPB PB PB
PB | ZE PS PM PB PB PB PB

The goal to be obtained by the trajectory contralieto minimise errors |E
and E, being, respectively, the lateral and longitudidaliation of ship’s position
from the planned trajectory (Fig. 3.4). They canafffected by changing the rudder
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angle and the main engine rotational speed. Duliag/oyage, as a result of turning
manoeuvre or the action of hydro-meteorologicaluizances, the real trajectory of
the ship motion moves away from the planned one ddurse controller working
inside the trajectory controller (Fig. 3.4a) ming@s the error [Fwith respect to the
turning point. The ship trajectory erroy ®ill decrease when the ship nears the set
target (at that point the error will be equal toageThat is why the modification of
the course controller consisting in making the eEpoindependent on the distance of
the own ship from the turning point was necesskoy. this purpose a concept of
a virtual ship as the reference point was introdud€ig. 3.4b). The virtual ship
moves exactly along the same trajectory, at amtistaR in front of the own ship.
Between the turning points the virtual ship movies@ straight line segments, while
during the turns it moves along circular trajeasriTo provide conditions for safe
sailing it was assumed that the distance R is anhsind is equal to 4L, where L is
ship’s length.

4

0

b)
Figure 3.4. Trajectory of a ship steered by the course cdetrah) with virtual ship,
b) without virtual ship

4  Ship asthe object of steering

The operation of the developed trajectory congrolvas simulated in the
closed control system, in which the mathematicatleh@f a container ship bearing
the shipyard symbol B-481 was used as a contrelabbj

The model includes the dynamics of the hull arertfain propulsion system
consisting of a single adjustable blade propetigider, and two lateral thrusters: on
the bow and stern sides (Fig. 4.1). The effectistuidances of environmental origin
(wind, waves, sea current) and changes in dynaosiased by shallow water were
also taken into account. The model allows analysiregbehaviour of the ship for
two load conditions: ballast and full load.

System control
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Fig. 4.1. Structure of the mathematical model of the owipsHfs— assumed pitch
of the main propulsion adjustable blade propeti&s;- assumed rotations of the main
propulsion propellefT — thrust of the main propulsion propelléy;- assumed deflection
of the blade ruddekltp* — assumed propeller pitch of the bow thrudtgg” — assumed
propeller pitch of the stern thrust#f,, K, — average speed and direction of the real wind,
% — direction of sea wave¥,, j, — speed and direction of sea currént,depth of the sailing
region,u — ship’s longitudinal speed,— ship’s transverse spee&d; ship’s angular speed,
L— drift angle s, ys— position coordinateg/— ship’s courseX, Y, N- forces and moments
acting on ship’s hull [2].

Kinetic relations for determining the positiontb& ship can be written by the
following formula:
Xs =V cos - B) +V, cosy,,
Ys =Vsin@ - B) +V,siny, (1)
g =r

where: V - resultant speedy — course, — drift angle,r — angular speed, all
referring to the own ship.
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Then dynamics of the main propulsion is has tileeng equation:
ns = (g —ng )/ Ten: Insl<t @)

where:Tss— time constant n’s — assumed propeller rotations.

The equations defining longitudinal, transversad angular motion of the
own ship take the following form:
@~ kyg) M= X
(@~ ko) IV =Yg (3)
(- kee) [ = Nigt

where:u - longitudinal speedy — transverse speed;- angular speed; 1, kao, Kes —

added water mass coefficients taking into account the effedtaib® water,X,

Yiot» Niot — total forces and moment acting on ship’s hull in dioegtiof X, Y and
Z axes. These forces are determined from the following relations

Xiot = Xk + Xs + Xg + Xgs+ Xz
Yot =Yk + Ys+ Yr + Yss+ Yz 4)
Niot = Nk + Ns+ Ng + Ngs+ N

where: Xy, Yy, Nx — hydrodynamic forces and moment caused by the hull ofvthe o
ship and defined by equations (5J; Ys, Ns — forces and moment from main
propulsion, defined by equations (8%, Yr, Nr — forces and moment from blade
rudder, defined by equations. (Rss Yss Nss— forces and moment from thrusters,
defined by equations (8%, Yz, N; — forces and moment from external disturbances,
defined by equations (9).

The mathematical model of dynamics of the hull of the ekip is defined by
the following relations:

Xy =@+ k22)vr—ﬂsg|n%7 arcsi 08‘;‘5% 15 SdV2

0 U1 s
Y, = —(@+k,)ur + 0=c? a,sin2BcosB+Y, W2 +a BEBZL rvsing==2  (5)
==k %y usin2pcosp+ ¢ +aaf LV singC 8

Ny = ékl}( — oLt 1| _me7176/2 + Lﬁ,rZ)ECmd sin(ﬂm)grg S‘: IZ'""

where: C,o, — hull drag coefficient in shallow (deep) wates; — corrections of
hydrodynamic coefficients taking into account the effect ballew water;
a1, ¢y Cmo Cowo W, — hydrodynamic coefficients, constant for given draught;
£ — drift angle;V - resultant speed of the shif; — calculated surface of the
immersed part of the hull section in diametral plané;- ship’s displacement;
L., — ship‘s length on water-lingq, — sea water density

System control
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xszim—r)tr
m
K
Yo =—1 6
s=- (6)
K
Nf%ﬂﬂ
z

where: 7 — thrust deduction factorT — propeller thrust,K; — specific thrust
coefficient,

1
Xg = —% PuwSpCrpVs|Vs| +C [Ty, T EE
1
Ye = —% PuSoCypaVsVe| + CIT T Eﬁ )
1 1
Ng =1, H PuSpCyuVsVs| + [Ty, T Ht
2 al,

where:c — constant coefficientc(= 0.74, § - rudder blade surfacé; — distance
between rudder axis and own ship mass cenjre; speed of the own ship with
respect to waterC,y1, Cipar Cyp1, Cyp2 — coefficients depending on effective rudder
blade incidence angl&-.

Xss= Xgsto™ Xsstr
Yss =Ysstp~ Ysstr 8
Nss=Ngsstp~ Nsstr

where: Xsstp Yssto Nsstp — forces and moment from bow thruster,
Xsstr Ysstr Nsstr— forces and moment from stern thrusters.

The model of external disturbances includes foeses moments from wind, waves,
and sea current, defined by the following equations

Xz =Xy + X +X,
Yz =Yy + Y +Y, 9)
Nz =N, +N; +N,

The equations composing the presented mathemaimael of the B481 vessel are
solved using a method based on the Runge-Kuttaitlgg presented in [5].

5 Reaults

Simulation tests of the algorithm operation made af the mathematical
model of the ship B- 481. Problems which were thigat of examination in the tests
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included synchronisation of motion of the ships @hanging the distance between
them in the formation.

Ship trajectories during the simulation are shawhig. 5.1a. The Leader and
the Follower start from different points. Then gachronisation phase takes place
in which the ships manoeuvre to create a paratiemnétion. The set distance
between the ships was equal to 50 meters. Counsespeeds are shown in Figs 5.1b
and 5.1c. The synchronisation phase ends wherp#erf the two ships is equal.

X [m

00

1 r n n n n n
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
t s

0 1000 2000 3000 4000 5000 6000
t s

Figure 5.1. Simulation results: a) ship trajectories: soliteli- Leader, dotted line — Follower,
b) ship courses: solid line — Leader, dotted linEollower, c) Ship rotational speed (n) and
longitudinal speed (v): solid line — Leader, dotlete — Follower, d) measurement error
values: k- longitudinal, & lateral

Ships’ behaviour was also examined during the charighe distance between them
in the formation (change from 50 m to 200 m durim@000 s). Parameters of
Leader’'s motion were not changed. The Follower rdaygart of the Leader to reach
the distance of 100 meters.

Distance error curves are shown in Fig. 5.1drepresents the difference in
the distance between the Leader and the Follovargathe X axis, while Ethe
same difference along the Y axis. The errpisgo tend to zero, while,Hs to tend
to the assumed distance between the ships. Actlia¢w of the errors are calculated
using the formula:

System control
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[E,0 [Tosa -sinaOx 0O [Cosy -sinadX:O (10)

%x E: %ina cosa %/LE_ %ina cosa %/FE

where: (x,y.) - Leader’s position coordinates,-{%) - Follower’s position
coordinatesq - assumed trajectory course.

6 Conclusions

The article presents the Leader-Follower algorithraking use of fuzzy
course and speed controllers for ship control. ddheantage of the presented system
in small number of data to be transferred betwéenships, with the Leader being
the transmitting ship.

The algorithm was tested numerically. Firstly, fiyachronisation time of the
ships moving as one formation was tested. Thenpgeaf distance between the
ships in the formation was checked. The algorithassed the test — the ships
successfully kept the set distance between them.
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