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THE PROBLEMS OF COLLISION AVOIDANCE AT SEA IN THE FORMULATION
OF COMPLEX MOTION PRINCIPLES
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The paper presents a mathematical model of a collision situation for objects afloat based on the rules of a multiple complex
motion. It also contains an analysis of the presented model and draws some conclusions from it. The method used to deter-
mine the minimum-time control of ships in a situation of colliding with other objects afloat is presented for a mathematical
model of a collision situation. It also includes the results of a simulation study conducted by means of this method. A paral-
lel approach of a ship to an encountered object was studied, i.e., a situation generating a critical case which is the collision
of two ships.
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1. Introduction position of the observation line are commonly referred to
as kinematic equations of motion. In fact, these equations

The methods used in maritime navigation are connectedare examples of constraints derived from mutually vary-

to the position of an observation line and, in particular, to ing positions of two points: the observation pole, which is

a change in the position of the point and the direction of moving in a general case, and the point which determines
observation. These methods share one common featurethe position of the moving object afloat.

they are classical examples of a complex maotion in gen-
eral mechanics (Suslov, 1960). The float motion is the
motion of the observation line and the relative movement 2. Model of a Collision

is the movement of the encountered object afloat.

In many cases, the treatment of the control of Objects The current situation of two ObjeCtS afloat which are go-
afloat in a collision situation as a constrained complex ing to collide, i.e., a ship at speed, and coursey,, and
movement with generalized constraints (Dubiel, 1973; an encountered object at spe€f and coursey; is pre-
1993) not only simplifies the analysis of the dynamics of Sented in Fig. 1Zak, 2001; 2002b; 2002c).
the collision situation and the synthesis of a controller but,
first of all, makes the method very clear. This approach
allows for an ideal separation of the controlled movement |,
from the movement in the deviation space which repre-
sents a transient control process (Dubiel, 1995a; 1995b;
1995c).

The equations of an ideally controlled motion de-
scribe the required position of an object afloat in a col-
lision situation. In order to determine the best movement
conditions, these equations are optimized. The optimal x
control program obtained in this way becomes the basis
for selecting the right method to avoid the collision situa- £ ;
tion, and the rule how to use it. It is equivalent to estab- © Yo \ % Y
lishing the motion of a floating system in which one axis %
is the observation line (Dubiel, 1997; 1999).

In the literature dealing with the methods of guid- Fig. 1. Movement of the analysed objects as
ance and self-guidance, the equations which describe the a complex motion.
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The equations of the ship motion can be formulated

as follows:
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where

F, = f1 (Vb, ¢, ws, B, a, &, n) — external forces which
have an effect on the axis of the ship,

Fy = fo (Vo,%0,ws, B, @, &, n) — external forces which
have an effect on thg axis of the ship,

M, = f5 Vo, Yo, ws, B, , &, n) — moment with respect
to the z axis,

mg, m, — mass of the ship together with the mass of

the accompanying water with respect to theand
y axes, respectively,

Vo, ¥o — speed and course of the ship, respectively,

wy, 3 —angular speed of the turn and angle of ship drift,

respectively,
n — rotational speed of the driving motor,

The equations of one-sided constraints result from
technical limitations:

a?—a2, <0,

max

o 3)
0 < & < dmaxs
and the limitations imposed on the control:
0<h<1,
, @)
us, —1<0.
The coupling relations are
dj o Kh E— Ms
dt — 2z,  2nl,’
da
= —§ 5
o= (5)
da 1 ks
da _ gy Bms o
dt Tys Tyus

where
n — rotational speed of the driving motor,
K, — coefficient connecting the setting of the fuel slat
with the effective rotational moment of the motor re-
duced to the line of the drive shaft,

1, — inertial moment of the driving unit,
M, — rotational moment taken by the propeller,

kays, Tas — gain coefficient and time constant of the
control machine, respectively,

a, & —angle and angular speed of the rudder fin deflec-
tion, respectively,

h, ue — control signals sent to the fuel slat of the main
driving engine and the steering unit, respectively.

The motion equations for thg-th encountered object

a, & — angle and angular speed of the rudder fin deflec- ¢an be formulated as follows:

tion, respectively.

The equations of two-sided constraints can be written

as follows:

dD;

T —Vocos (N; = ¢o + B8) + Vj cos (N; — 1;) ,

% _ Vj[sinap; + cos (N; — ;) sin Ny] @

dt Dj cos N;
Vo [sin (o — B) + cos (N — bp + f3) sin ]

Dj cos N; ’

where

D; —distance from thej-th object afloat,
N; — bearing on thej-th object afloat,

1, V; —course and speed of theth encountered ob-
ject, respectively.

dV; cos B3; 1 Mg
— = — F.+ 2V, )
dt COSQﬂj Mjy J +m]‘y 3 COSﬁJ
sin 3; 1 My
- F; Vi jz NE
cos 23; <mjy v+ Mg 35z €08
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dzz =7 M;. — (mjz — mjy) sin B; cos ;.
jzz




The problems of collision avoidance at sea in the formulation of complex motion principles

¥
X

i

¥

Fig. 2. Navigational situation in a collision area wijrencountered objects.

The symbols are the same as in (1) and the inglestands
for the j-th encountered object afloat.

In a general case, the number of the encountered
objects afloat in the collision area can B¢ (; =
1,2,...,M). The current situation of the ship which
moves at speedV; and coursety, passing j ob-
jects afloat, moving at speedB;, Va,...,V;,..., Vi
and courses), ¥, ..., ¥;, ..., Y, respectively, is pre-
sented in Fig. 2.

The equations of motion for these objects can be
written as follows:

X1 = A (X1, ),
Xy = fo (X, Us),

o (7)
X; = f; (X;,05),

Xu = fur (Xar, Unr) -

Two-sided constraints for this situation can be formulated
as follows:

Dy = fp (Xo,Va,¢1),
Nl - fN (X07D15N17‘/171/)1)a
Dy = fp (X0, Va,ta),
NQ - fN (XO7D2aN27‘/271/)2)a
. 8
D7 - fD (XOaVijwj)a
N; = fn (Xo,D;,N;,Vj,1;),
Dy = fp (Xo,Var,¥m)
Nur = fx (Xo, Dar, Nar, Var, ) -

Equations (7) describe the motion of a moving sys-
tem whoseD axis is the observation axis of the encoun-
tered object. The ship has an observation system on board,
and therefore its position corresponds to the beginning of
the moving system0Oy. Thus the ship with its moving
system implements a float movement.
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3. Analysis of the Collision Model

The equations of ship movement (1) with the con-
straints (2) and (3) and the coupling relations (4) allow the
determination of the parameters of the controlled move-
ment provided that the parameters of the encountered ob-
ject are known. For further deliberations the simplest
movement type of the encountered object is adopted, i.e.,
the rectilinear movement with constant speed. Therefore
the movement of the encountered object can be described
as follows:
V; = const,

¥; = const. ®)

In further deliberations we will analyze the con-
straints (2) with regard to safety at see, which will allow us
to classify the encountered objects into safe objects, threat
objects and dangerous objects. In a situation when a ship
is moving past an encountered object, the following cases
can be set4ak 2001; 2002a):

Dj>0
@ 3 . : :
N; <0, orN; =0, or N; > 0;

Dj =0
(b) : : . (10)
N;t <0, orN; =0, or N; > 0;
D; <0
(c) ) . .
N; <0, 0rN; =0, orN; > 0.

The first case takes place when the positions of the
encountered objects afloat with respect to the ship are out-
side the circle of radiug); after time A¢ (Fig. 3). Thus
they are moving-away objects. In the second case, the
distance between the ship and the encountered objects is
constant. Thus they will lie on the circle of radius;

(Fig. 3). The objects which meet these conditions are safe

according to the safe navigation rules. The third case takes
place when the encountered objects are close to the ship.
Their positions are inside the circle of radias; (Fig. 3).

Fig. 3. Area of mutual positions of objects afloat.

than the safe distanég under the given hydrody-
namic and navigational conditions, so the collision
situation does not exist.

Case 2. The positions of the objects afloat with respect to

the ship are inside the circle of radius,. Then we
have

Dmin
Dj +/ Djdt < Dy.
0

The ship will pass the encountered object at a dis-
tance smaller than the safe distanbg, so they will

be in a collision situation being too close to each
other. Such an object will be dangerous. This sit-
uation does not have to yield a direct collision, yet,
due to the assumed criteria, it is a dangerous situa-
tion and therefore a decision concerning appropriate
control measures has to be made in order to avoid it.

For D; < 0 and N; = 0 the situation is danger-

ous and leads to a direct collision of the ship with the

This case is most interesting since the encountered objectgncountered object. This situation corresponds to the pro-
are dangerous and for this reason it will be analyzed in de- hortional approach of two moving objects and for this rea-
tail. son, a decision of taking appropriate control measures has
to be made.

Analyzing possible situations and taking into account
Case 1. The positions of the encountered objects with re- the ILRM rules, we come to the following conclusions:

spect the ship are inside the circle of radil’s and o if the encountered object is on the board sidg, <

outside the circle of radiug),. We then have 0 and N; > 0, then it is necessary to make a ma-
noeuvre of passing the encountered object ahead of
its bow;

For D; < 0 and N; > 0 as well as forD; < 0 and
N; < 0, there are two cases:

T min .
D; + / D;dt > Dy,
0 o if the encountered object is on the board siﬂi;, <
0 and N; < 0, then it is necessary to make a ma-

noeuvre of passing the encountered object behind its
stern;

where T7 . is the time required to achieve the

smallest distanceD’ The ship and the encoun-

min*

tered object will pass each other at a distance no less
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e if the encountered object is on the port sidé,— <0 The problem formulated above can be reduced to
and Nj > 0, then it is necessary to make a ma- searching for time-optimum control that will not to lead to
noeuvre of passing the encountered object behind itsa collision with encountered objects. To solve this prob-
stern; lem, it is necessary to take into account the safe distance

Dy (Fig. 4) in the kinematic model. Therefore one of the

constraints will be changed. From Fig. 4 it follows that

when the ship is passing an object encountered ahead of
its bow at a safe distance, the relation connecting the bear-
ing with the safe distance can be formulated as follows:

¢ if the encountered object is on the port sidé,» <0
and NV; < 0, then it is necessary to make a manoeu-
vre of passing the encountered object ahead of its
bow;

o if D; < 0 and N; = 0, it is necessary to make a
manoeuvre of passing the encountered object behind N} = N; — arcsin &, (12)
its stern. ’ Dj
From the above analysis, it follows that when the

shortest distance of approaching theth object afloat

D’ is less thanD,, it is necessary to make a decision

whereas, in the case of passing behind its stern, this rela-
tionship can be expressed as

concerning further control such thd®’ . > D,. This 2 . Dy
. o . = . N3 = N; —. 13
constitutes the basic criterion of ship control in a colli- J j +arcsin D; (13)

sion situation, which ensures a safe passage of objects.

Additionally, we take account of the optimal criterion in  The above relations will be referred to as advanced bear-
the form of the minimal time loss on the anti-collision ings. Differentiating these functions with respect to time,
manoeuvre, which leads to time-optimal control. Adopt- we obtain

ing the starting time of the manoeuver 4 = 0 and

rk :.Tjj min» the quality criterion can be expressed as fol- le =N, + Dszj . (14)
ons: TJD min Dj DJ - Db
I= / dt. (12) '
0 : . DyD;
N2=N, — b—J (15)

X

Xnj

-

>
O Yoi \ ¥ Y
n

Fig. 4. Kinematic relations in a complex motion which accounts for a safe passing distance.




Substituting (2) into (14) and (15) and making appropri- An attempt is made to find control for which the min-
ate transformations, the following equations are obtainedimum dlstanceDfnm of approaching thej-th encoun-
(Zak 2002b; 2003): tered object is greater than the safe distangeresulting
from the geometric dimensions of the objects which are in
(1 DjDyy/Dj the collision situation, and from the dynamics of the navi-
J D; D5 + Dy gational situation, i.e., the control for which the condition

Dy < D7 is satisfied.
X [V cos (N = 95) = Vo cos (N; = o) In the process of searching for the control, the opti-

V;siny; — Vo sing mization criterion is taken into account in the form of the

D, cos N, ’ (16) smallest loss of time, which leads to time-optimal control.
Assuming the initial time for the manoeuvre as = 0
andt;, = TJ ., the quality criterion can be formulated
N? (1 ton N+ — Dij\/Dj> as (11).
J ) J 2 2
D; Dj + Dy The task is to find the minimum of functional (11)

subject to the constraints
x [V cos (N; — ;) — Vo cos (N; — o)] :

+ ‘/] Sin¢j - Vosin¢0
Dj cos N; '

p1 = Vo —asnlVy — (13V02 —ayn? = 0,

7
Y2 = ’IZ)O — Wz = 07
The task is to find the minimum of the functional (1)

=, — csViw, — cgVia — csVow, = 0,
subject to the constraints derived from (1)—(5), (16) or (17) ~° -2~ ©@ro®s—Gloa = srow

(Kitowski andZak, 2002). @4 = Dj + Vycos (N; —1bg) — Vjcos (N; — ;) =0
o . . : 1 D;Dy\/D;
4. Optimization of the Ship Trajectory ps = N} — | - tan Nj + —S5——o7 - 7
D; D3 + D}

in the Situation of a Collision

o V; cos (N, — ;) — Vi cos (N —
For further deliberations, it is assumed that the angle of X [V cos (Nj = 15) = Vo cos (Nj = wo)]

drift is 8 = 0 and the ship is not affected by any dis- Vjsint; — Vosingy 0
turbances. The equations of the ship movement related to - Dj cos N; -
velocities are or (19)
dVp 2 2 . 1 D;Dy\/D;
- = Vi Vv A2 ) Jjb J
a  @enYotasho taan ps = N — Htaanim
dyyo
o Y (18) X [V} cos (N; — ;) — Vo cos (N; — o))
dw, _ 9 ) ~ Visiny; — Vosingg
ar 05‘/0 wz + C6V0 a+ cgVowy, Dj cos Nj =0,
where . NwrNe—  Kpypn?D?
ap, as, as, Cs, Co, Cs — coefficients depending on ship  ¥6 ="~ ol ni, oml, 0,
dimensions,
Vo, o, wz, n, a —speed and course of the ship, an- ., = ¢ + 1 & — kﬂua =0,
gular speed of turn, rotational speed of the propeller, Tus Tus
and angle of rudder blade deflection, respectively. 08 = & (Chmax — &) + 2 = 0,

In the speed frame, the equations of the motion of
encountered objects are described by means of differential
equations of the form (18). V10 = @

In a general case, the ship is in a colliding situation
with M encountered objects whose current positions with ¥
respect to the ship are known, i.e., bearing, distance
D; and current parameters of movement spéédand
course);. 013 = Uq (Ue — 1) + ¢ = 0.

I
Q

~—~~ o~

o+ Omax) + (5 =0,
CY—Oémax)‘f'C:?:O»
1—-h)—( =0,

@IZZUQ(UQ+1)+CE?:07
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The function minimizing the functional (11) is
sought with respect to variable®,, vy, w., n, D;,
¢, G2 G35 Cay G5y G Nj or N7. To this end, the
function F (y,y,t) is assumed in the form

F()=1+ Z Aipi, (20)
i=0

for which the Euler-Lagrange equations are determined

from the relation

OF  doF
8yi dt é)yz o

(21)

The movement control of the ship is executed by

means of changing its speed or course. For further de-

liberations, it will be assumed that the collision avoidance

manoeuvre will be executed by changing the ship course.

In such a case, it is assumed tHgy and n are constant

and the limitations imposed by the change in the position

of the fuel slath are not taken into account. Thus the
Euler-Lagrange equations are obtained for individual vari-
ables as follows:

1. For variableyy:

— /\4V0 sin (Nj — ’(/J())

1
— A5Vb (DJ taan +

Doy ﬁ) sin (N, — o)

D? + Dy

A5 Vo cos

—Xs = 0.
Djcos N; 2

. For variablewz: —Ag — /\3C5V02 — A3V — X3 =0.

tan V; =

. For variableD;:
\ (_1 1.5D,+/D; — 0.5Dij\/Dj>
s | =
D3 (D3 +D})”
x [V} cos (N; — ;) — Vg cos (Nj — )]
‘/j sin 1,[13‘ — VO sin 1,[}0

X =0.
Djz cos N,

— )5

. For variablesV;} or N7: —X5 = 0.

A .
T—7 + AgGrmax — 2As¢ — A7 = 0.

MS

. For variabled:
. For variablea:
— A3¢6VE + Ao (20 + amax) + Ao (200 — Omax)
A7

 Tus

AsC1 = 0.

+ XgQmax — 26:As = 0.

. For variable(;:

&

8. For variable(s: A9l = 0.
A0¢s = 0.
A12¢5 = 0.

A13C6 = 0.

9. For variable(s:
10. For variable(s:
11. For variable(s:

12. For variableu,,:

k
_\, Rus

+ 2X12Uq + A2 + 2A13Uq — A13 = 0.
Tys

The best way to solve the Euler-Lagrange equations
is to start from Eqgns. (20) and (21), which have alternative
solutions

A2 =0 or C5:0,

G =0.

The first set of solutions, in accordance with the
Euler-Lagrange equations, leadstg, = 0 and A\13 = 0,
which, due to the arbitrariness of;s and A3, is ex-
cluded. At the same time, this excludes the solution of
uq(t). But the second set of solutions yields two bound-
ary values:

(22)

A3=0 or (23)

u, =0 aswellas u, = —1 (24a)

and

u, =0 aswellas u, = 1. (24b)
Depending on the sign of the initial angular speed
of the advanced bearing, this solution can be written as

follows: Lo
4 25
s (25)

Since only the sign of the angular velocity of the ad-
vanced bearing is important, it is sufficient to treat (16) or
(17) as the switching function:

D;Dy+\/D;
5(t) = (?taan + m)

D; D%+ D3

Uq = sign

x [ncos (N; — ;) — cos (Nj — )]

nsiny; — siny

26
DjcosN; (26)

whereD;, N; and, can be derived from Egs. (2), (16)
and the coupling relations (5).

The sought control in the general form can be written
as follows:

U =signd (¢t) [H (t —to) — H (t —tp)]. (27)

The dependence (27) contains two solutions;: =
signé (t) for t € (to,t,) andu, =0 for ¢t > ¢, but ¢,
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corresponds td (t) = 0. The change in the direction of
the ship motion requires a control impulse, which can be
calculated from (5), substituting the control (26), and tak-
ing into account the technical limitations (3). As a result,
for t, < a/dmax We obtain

a(tp) —a(to)

= Kurs (tp—to) sign 6(¢) [H (t—to) — H (t—tp)]

— ThsQmax (tp — to) , (28)
and fort, > a/dmax We get
« (tp) -« (tO) = iamaxa (29)

where « (¢,,) is the angle of the rudder blade deflection
affecting the ship movement so as to achieve the parallel
approaching of the point of safe passing.

The ship’'s course ensuring a parallel approaching
can be calculated from (16) or (17), and the second and
third equations from the set of equations (18). Thus
the duration time of the control impulse executing time-
optimum control is calculated.

5. Simulation Study

The same ship was used for testing purposes. Its displace
ment wasV = 213,758 [m?], the length on waterline

L = 36,3 [m], the width of the midship sectio®3 = 7

[m] and the draughtl” = 1,742 [m]. The ship has two
main propellers and two fin rudders, which are situated in
the shaft line.

A dangerous navigational situation was simulated for
arelative speed); < 0 and the speed of the change in the
bearing angleN; = 0, i.e., for a critical case of the par-
allel approach. The solution to the collision situation was

8000 . ‘ -
! ! Vi=10[W]. ¥} =270

7000

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

v =10[w]; ¥y =07
Dj =5657[m]; Nj =45"

6000

___________________________

5000

E. 4000}
=
3000

______________________________________________________

2000

1000

_____________________________________________________

0 . .
-4000 -2000 0 2000

Y [m]

4000

Fig. 5. Trajectories of the encountered object and the ship when
passing the encountered object behind the stern.

6. Conclusions

The relative motion of an encountered object with respect
to a floating system is of special importance. The equa-
tions of a relative motion are a very useful model to study
the dynamics of objects afloat. Subject to the process of
optimization, they produce especially valuable results to
be used in the synthesis of a control system of the most
useful structure. Such a structure offers the fastest disap-
pearance of transient processes, i.e., the fastest approach
of the real movement to an ideally controlled movement.

The introduction of moving coordinates is of special
importance for control because it decomposes the motion
of the controlled object into a float movement and a rela-
tive movement. The float movement includes the strategy
of navigation and thus it allows us to define a proper pro-
gram for ideal control. The relative movement permits the
control because its parameters are exactly the control er-
rors. These movements should be used as quantities to
form the control signal, which in turn allows a proper ex-

sought under the assumption that the encountered objec?CUtlon of the control program.

did not make any manoeuvres and was moving rectilin-

Making use of multiple complex motion rules to de-

early at a constant speed. For this situation a time-optimalscribe the collision situation of objects afloat shows a
control determining the safe trajectory for the ship was de- close relationship between theoretical mechanics and a
termined. The control of the ship movement was carried controlled movement of the object afloat. This concept
out through changing the course during the manoeuvre ofconstitutes a special case of a more general definition of
safe passing behind the stern of the encountered object athe controlled movement of the object afloat as a con-
a safe distance oD, = 250 [m]. For this manoeuvre strained movement with generalized constraints. The re-
we calculated the trajectories of the encountered objectduction of the concept to a two-dimensional geographic
and the ship, the distribution of their state coordinates, theplane leads to specific constraints, which are: segment
corresponding control signals and the solutions to the con-equations of theD; axis in the moving coordinates sys-
straint equations. The simulation results are presented intem linking the point of the observation system with the
Figs. 5-11. The control signal and force acting on the rud- mass centre of the observed object, and the angle of the
der are calculated for time-optimal control. observation lineN; contained between the north and the
direction towards the mass centre of the observed object.
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Fig. 6. Change in the relative positiaR; and deviation from a preset trajectory of the ship during collision avoidance.
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Bearing ; Changes of speed of the bearing angle &V,
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Fig. 7. Distribution of changes in the bearing and its derivative.

tual Thgtperfor;niq a?alﬁflstofl;/anocl;s sngalgons of mu- tobject generates a dangerous situation, and thus appropri-
ualpositions ot objects atloat allowed a quICK asseSSMeNty g o htro] has to be executed to avoid it. However, while
of a collision risk based on the speed of changes in mutual

object positions and the speed of changes in the bearing{ormulating the problem with constraints with respect to
angle. Dangerous objects are the ones for whith< 0 he advanced bearing angf€;, » depending on the safe

: S T distance of the approactv,, time-optimal control pro-
and N; = 0. In this situation it is necessary to make a

o : - rams can be used to solve collision situations at sea. The
collision avoidance manoeuver. The quick assessment o

1S - ) g boundary process of time-optimal control, i.e., the parallel
the collision risk and the separation of dangerous ObJeCtSapproach is possible only for angles for which the condi-

allows us to reduce the number of objects to be consid- iy, of the parallel approach is met as early as at time

ered, and at the same time, to shorten the time needed t@yp,\ioysly, this occurs when the angular speed of the ob-
determine the optimum safe manoeuvre and a new trajeCgaryvation line isN; — 0. In the case of employing the
i = 0.

tory for the ship. This is especially important in the case presented method to avoid a collision at sea and to cal-

of a large number of vessels in a water region. culate time-optimal control, there is always a possibility
The programs for time-optimal control have never of executing this control, since for a danger-posing ob-

been used in dealing with collision avoidance problems. ject the angular speed of the observation Iiné\@ =0,

In these problems, the parallel approach to an encounteredvhich means that a parallel approach occurs. Then the
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Fig. 8. Distribution of derivatives of the distance and passing angles of the bearing.
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Fig. 9. Course and angular speed of the ship turn during collision avoidance.

task for controls is to obtairNj # 0 and to reduce to From the simulation results it follows that the objects

zero the speed of the advanced observation Iije ., at were approaching parallelly, and therefore they lead to
the moment of switching the control, i.e., for= t,. At critical cases whereV; = 0 and D; < 0. After the col-

this moment both switching functions are cleared. Further liSion avoidance manoeuvre, in accordance with the cal-
control is executed with the use of the contrgl= 0 and ~ culated time-optimal control, the angular speed of the ap-
us = 0. It implements the so-called parallel approaching Proach becomes different from zerd'( # 0), whereas

of the advanced point, whose position is determined by the speed of the advanced observation line becomes zero
the safe distance of passirg, determined for given hy- ~ (Vj1,2 = 0). Thus the case occurs where the ship ap-
drodynamics and navigational conditions. proaches parallelly the advance point determined’hy

The trajectory which ensures passing the encountered ob-

The distribution of time-optimal control is rectangu- ject at a safe distance is achieved by the ship within a short
lar and constitutes ideal control, whereas the time to leadtime period because the executed manoeuvres are weak,
the Sh|p to a para||e| approach to advanced point dependg-.e., the Change in the course is performed within a small
mainly on the ship manoeuvrability, the initial value of the range.
angular speed of the observation line and the value of the At the moment when the encountered object has been
safe distance of the approadh,. passed, we have a change in the speed sign of the ad-
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Fig. 10. Angular speed and angle of rudder blade deflection.
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Fig. 11. Distribution of the control signal sent to the steering unit and the angle of the ship drift.

vanced observation lin€V;; » and in the speed of ap- . . ) o

proaching D;. Then the encountered object becomes a Dubiel S_. (1993):Gwdanc¢ methods in navigation as a con-
safe object. At this time the control signal is sent, bringing s‘traln?(]j\,co.mpl‘ex mc:'gn_ Prlog. 4-th N‘gdco.anLF’folma'd
the ship onto the preset trajectory. This signal has a value ;SH 107_22;%3“0'] and Control Systems, G>dynia, Foland,
opposite to the signal calculated for the collision avoid- ' '

ance manoeuvre and its duration time is twice as long. Dubiel S. (1995a)Dynamic effects of time-minimum intercep-
Such a signal causes the ship to turn and approach the tion program — Proc. Conf.Mechanical Engineering in
preset trajectory along which it had been moving before Aviation, Warsaw, Poland, pp. 105-113.

the collision situation occurred. Dubiel S. (1995b):A system-related approach to interception

as a complex constrained motion- Sci. Bulletins of the
Technical University of Rzeszéw, No. 135, Mechanical En-
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