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ABSTRACT The design of a vessel path-following control system based on a full, realistic, nonlinear
model is considered. The control objective is to force a surface, course-unstable vessel to track a predefined
geometric path. We study an underactuated ship characterized only by a surge control force and yaw control
moment, typical of many supply vessels. The assumption is made that the ship’s model parameters are
unknown, while significant external disturbances and unmodeled dynamics exist. Therefore, the design
procedures make use of robust and adaptive control techniques. The controller synthesis uses adaptive
output feedback linearization and H, optimal control techniques. In this way, the proposed control scheme
assures position tracking despite various uncertainties. Because the considered design method leads to a
nonminimum phase system, the problem of how to stabilize unstable zero dynamics arises. The presented
simulations are based on a realistic ship model in terms of the structure and experimentally identified
parameters. The simulations illustrate the effectiveness of the proposed algorithms.

INDEX TERMS Adaptive systems, control design, H infinity control, mathematical model, nonlinear control

systems, vehicle routing.

I. INTRODUCTION

Path following requires an automatic control device to be
designed so that it will able to steer the vessel by proper
rudder actions in order to maintain a preset reference path
that a route guidance system can generate [1].

Numerous advanced and precise guidance systems have
been designed [2], [3], but due to harsh and hardly predictable
sea conditions, the problem remains at present.

In reality, one has to deal with various uncertainties, such
as inaccuracies of the system model and random events such
as wind, current, waves and other external factors. In addition,
the ship examined in this study (according to the specific
model parameters) is unstable in terms of course keeping.

The design of a ship steering system therefore requires
techniques that account for nonlinear effects and uncer-
tainties. We address a ship model’s parametric uncertainty,
as well as unstructured internal and external disturbances.
These include the environmental impact, model approxima-
tion errors and path-segment changes.

Most of the numerous approaches to tackling the prob-
lem of ship path following, or trajectory-tracking, make use
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of oversimplified models or suggest complex algorithms,
so they should be considered theoretical studies, not practi-
cally functional designs.

The LQG approach to the track control of ships, based on
the simple Nomoto model and Kalman filter, is addressed
in [4]. In [5], surface ship path control is considered via the
geometric control theory, leading to a nonminimum phase
system. A sliding mode controller is designed to ensure
system robustness and performance. Hui and Jihong [6]
presented a controller based on virtual target guidance in
the Serret-Frenet frame. The study [7] proposed the path-
following problem for systems characterized by unstable zero
dynamics.

Recently, many publications have addressed these issues
based on the Lyapunov theory. In particular, the backstep-
ping method has been popular, e.g., in [8], [9]. However,
the resultant solutions seem quite sophisticated — not only
complicated in structure but also expensive in terms of
computation.

This article presents robust and adaptive control concepts
solving the previously formulated problem of ship path fol-
lowing. The main aim of the work is to design a controller
that will keep the ship on the path based on a realistic
ship model with three degrees of freedom [1]. Its linearized
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version serves as the basis for the design of the controller. The
controller developed herein, a robust and adaptive version of
the standard feedback linearizing controller [10], guarantees
position tracking in the presence of various uncertainties.

To approximate the system unknown dynamics, an
approximator-like structure of model basis functions is used.
The structure stores the knowledge contained in the general
model [11]. Then, we use adaptive control to adjust the
assumed structure of the model by tuning the parameters.
Eventually, the Hy, control term is introduced, compensat-
ing for unstructured inaccuracies of modeling and external
disturbances.

The ship model under consideration, which is experimen-
tally validated, was identified due to its structure and param-
eters [12], [13]. The new results presented here in relation
to [13] are based on the fact that the proposed controller (as
a robust-adaptive controller) does not require knowledge of
model parameters. Moreover, since it has an internal built-in
mechanism to eliminate steady-state error due to unmatched
disturbances, it does not require additional integral action.
Otherwise, to cope with this problem, the integral dynamics
of the path error should be introduced, making the controller
design more complicated, and the system performance cannot
be guaranteed.

The use of I/0 linearization when some uncertainties, such
as disturbing forces and modeling errors, exist causes the
cancellations through nonlinear feedback to be inaccurate and
the control results to be unsatisfactory. In fact, we employ
I/O linearization for the linear system, which cancels only
linear parts of the nonlinearities occurring here. This raises
the order of unmodeled dynamics or, following a different
interpretation, imposes additional disturbances. The use of
adaptive and robust techniques is a good approach to solving
such a problem. The assumed simplifications facilitating the
design process [14] seem to be rational.

The essential issue that impacts the I/O linearization proce-
dure is that the dynamics of the system under consideration is
split into external and internal parts. The possible instability
of internal dynamics is a crucial problem [15] that needs to be
examined thoroughly, particularly because the system turns
out to have unstable internal dynamics. One solution is to
apply the technique of redefining the output [5], [7], [10].

The paper consists of six sections followed by the con-
clusions and an appendix. Section II provides preliminar-
ies regarding robust and adaptive control, while Section III
defines the ship path-following control problem. The model
of ship dynamics in a mathematical form is demonstrated in
Section IV. The techniques of I/O linearization and controller
design are presented in Section V. Section VI includes a
simulation study and briefly analyzes the results.

Il. PRELIMINARIES ON ROBUST AND

ADAPTIVE CONTROL

This section presents some basic concepts and the main the-
orem that are used in solving the above-defined ship control
problem.
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A. GENERAL FORMULATIONS
Let us take a nonlinear nth-order SISO system

X(n) =f(x,)‘59 L ’x(nfl)) 4 g(x,)'c, - 7)6(”71))1/! +d
o M

where f and g are unknown but bounded continuous func-
tions, u € R is the control input, and y € R is the system out-
put. d denotes external unknown disturbances, also assumed
to be bounded. Let x = [x, %, --- ,x" D)7 ¢ R” be the
state vector of the system. The control aim is to force the sys-
tem’s output y to follow a given bounded reference signal y,;.

For an accurate system model not affected by any dis-
turbances d, i.e., for known functions f and g, and for no
disturbances d, the insertion of a simple output-feedback-
linearizing controller

u=g @[~ x) —kTe+ Y] @)

into the system (1) cancels exactly the two nonlinearities (f
and g) and brings the closed-loop dynamics to the form

e(”) + kne("_l) +---+kie=0 3)

where e := y — yg is the output tracking error and
k=[ki, ko, - ,k,]T € R"is the vector of coefficients.

By properly choosing the coefficients k; we can make
this system asymptotically stable. For (1) to be controllable,
we assume also that g(x) # 0, Vx € U, C R", where U, is a
controllability region.

Let us now consider a real situation with active distur-
bances d and in which the functions f and g are replaced
respectively by a linearly parameterized approximation struc-
tures £ (x, 0°) = 6/Tw/ | 3(x, %) = 65T w8 where

wo=1fi, o hl wE=1g1, g2, L gm]T ()
are model basis functions [11] and

o = o, 9{,--~,9,{I]T,

0 = [6f, of, . 05]' ®)

are unknown vectors of the system parameters.

Because only the estimates éf , 98 are accessible,
the approximate nonlinear functions of the system (1) can
be written in this form:,

A oA AT . A ~gT
foedy=8"w. .8 =6"we. ©)
Consequently, the certainty equivalent controller [16], [17]
obtains this form:
w=3"0, 0. 0) ke + ) +u. ()

The sub-control u, attenuates external disturbances d and the
error due to function approximation while adaptive control is
used.

The insertion of Equation (7) into to Equation (1) and
transformation yields the tracking error dynamic equation

e = ke + [(fx) — fx, 0
+ () — 2, 05Ul +ug+d  (8)
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or, correspondingly,

é =Ae + Bu, + B[(f (x) —f(X, éf))

+(g() — g0x, 05)ul + Bd,  (9)
where
0 1 0
A 0 0 0 :
-k —k —ky
0
0 T
B= . 3 e:[e5éa aen_l] 2[617627”'76}1]]-"
1
(10)

Let us define the optimal parameter estimates as

~fx. 80

— 8,091 (a1
where Qr, Q¢ and 2, are the sets of suitable bounds on o ', 08
and x respectively. We assume that ¢/, 0% and x never reach

the boundary of Qf, Q, and €.
The minimum (residual) approximation error is defined as

de = (f(x) — f(x, 0) + (g(x) — &(x, 05*u.  (12)

In addition, assuming that the adopted approximator structure
and the approximation domain render the d, bounded, we can
rewrite the tracking error dynamic equation (9):

¢ = Ae + Buy + BI(F(x, 0') — f(x,0))
+(8(x, 05%) — g(x, 0°))ul + Bld, +d]  (13)

% .
0 = arg mmafegf[supxegx

0%* = arg minggegg[SUPerx ||g(x)

or
¢=Ae+Bu,+ B0 w + 0 weul+Bd (14
where d = d.+ d are total disturbances and éf — ¢ - éf,

0% = 0% —6°.
Let us define the performance output

z=Ce + Du,. (15)

In the above equation, to avoid cross terms on the left-hand
side of the integrand of (17), we set D'C =o.

For further considerations, let us define that
Q=c’c, r=R=D"D. (16)

The design goal is to find a sub-controller u, and parameter

adaptation laws for (;7f, 0° (compare (7)) that will allow
to achieve Hyo tracking performance under the worst-case
disturbances d:

T
f (7 Qe+ rud)dt <e™ (0)Pe(0)+ ylé” 08 (0)
0 1

1~ ~ r.
+—8°T (0)8%0)+p? / Pdi (17)
V2 0
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VT € [0,00)and P = PT > 0,d € L,[0, T]

The adaptation gains are y; > 0, while p is a predefined
attenuation level (for more details, see [16], [17]).

If the system starts under initial conditions e(0) = 0
6~'f 0) = 0, ég(O) = 0, the inequality (17) means that the
L, gain [18] from d to the tracking performance output z(z)
(lz@)l3 = fOT (e” Qe + ru) dt) is less or equal to p, i.e.,

20l < o )] (18)

To obtain the optimal tracking performance H,, we aim to
reach the minimal attenuation level p*.

B. THE MAIN THEOREM
The solution of the above problem can be explained by the
following theorem.

Theorem: If we choose in the nonlinear system (1) the
robust-adaptive control law

[—ywa— e+y(")+ua] (19)

~eT
0% we
with the robustifying term

L7
r
and adaptive parameter tunings of the form

Af

6 =y wB Pe

18 T

0 = y,wEB' Peu (21

where r is a positive scalar value and P = PT > 0 is the
solution of the following Riccati-like equation

1 1
PA+A"P+Q— -PBB'P+ —PBB'P =0, (22)
r )

then the Hy, tracking performance (17) is achieved for the
preset attenuation level p. [

Remark 1: Assuming that there exists a positive constant
M such that [ d%dt < M, we obtain the bounded inte-
gral fooo (" Qe + ruz)dt from (17). According to Barbalat’s
Lemma [10], we can then infer that hm e(t) = 0. The proof
of this theorem as well as its variant that addresses the param-
eter drift problem, via the o-modification method, is given
in the Appendix. In this version the formulas (21) should
be replaced by (8A) and the cond1t10n (18A), guaranteeing
system stabilizability i.e. that g(x, ¢ ) of (7) is bounded away
from zero, should be also considered.

IIl. SHIP PATH-FOLLOWING CONTROL PROBLEM

This part defines the main problem of ship control along a
preset reference track. The planned track is normally defined
by waypoints. The ship proceeds at a constant speed U, while
the sway position y is controlled (Figure 1). The purpose of
following a waypoint route is to control the angle of heading
and the displacement of the sway, changing only the rudder
deflection. In general, in the case of a typical underactu-
ated vessel (more degrees of freedom have to be controlled
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than the number of independent control devices), the only
feasible thing to do is to impact the sway position along
the reference path and accept the course error. Therefore,
as various uncertainties exist, we can only ensure position
tracking.

XA

g

/ N T

r

FIGURE 1. Earth-fixed and relative coordinate systems.

A. DEFINITION OF PATH-FOLLOWING ERRORS

Let us make an assumption that the path to be tracked consists
of sections of a broken line defined by a sequence of ver-
tices (turn points) Py(x1, y1), P2(x2, y2), - - ., Pi(xi, vi), - - .,
P, (x,, yn). We will also specify the coordinate systems as
follows (Fig. 1):

- earth-fixed coordinate system (Xg,Y,) (where the coordi-
nates are determined by the GPS),

- a relative coordinate system (X,,Y,) with the origin
placed at point P;(x;,y;) and the axis OX, runs along
PiPi1(i=1,2,...,n).

Let the transformations

Xy cos ¢y sing,, O Xg — X
vy | =] —sin¢,, cos¢, 0 Yg — Vi (23)
(/s 0 0 1 Y — dro
tang,, = 2L "1 (24)
Xit+1 — Xi

define the relative ship position (x,, y,) and its relative head-
ing ¥ (¢r 1s an angle of the system (X, Y, ) rotation).

Now, we can define tracking errors for a given path
segment:

-y, cross track error
- ¥, heading error

These variables will be further treated as path-following
errors that correspond to a given segment.

For a curvilinear reference path, the local (relative) coordi-
nate system should be tangent to the path at the point that is
closest to the present ship position. This system has to then
be shifted and rotated from time step to time step in such a
way that it remains tangent to the reference path and that the
x-coordinate represents the arc length along the path.
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IV. MATHEMATICAL MODEL OF SHIP DYNAMICS

A. GENERAL MODEL STRUCTURE

We present below a general nonlinear model of the ship,
further employed as a model simulating its real dynamics.
This model is also used to derive a simplified, linear model
that will facilitate controller design.

The state variables that represent the ship’s movement are
defined by two vectors 5 = [x, y, w]T andv = [u, v, r]7, where
(x, y) are the coordinates of ship’s position; i is the vessel
heading; (1, v) are linear, body-fixed speeds (surge, sway);
and r is the rate of turn.

The general mathematical representation of the ship
dynamics is expressed by this equation [1], [19]:

Mv+Cyyw+Dyy=r1 (25)

where M is the positive definite inertia mass matrix, including
the added mass,
m—X; 0 0
M = 0 m-—Y, mxg—Y; |, (26)
0 mxg—N; I,—N;

and C(v) stands for the Coriolis centripetal matrix,

0 0 —C31
cC=] 0 0 (m—X;)u |, 27
c31 (m—Xy)u 0

where c31 = (mxg — Yi)r + (m — Yy)v.
D(v) is the damping matrix, T = [y, Ty, n]7 is the vector
of forces and moment that affect the ship movement,

—dll(v) 0 0
D(v) = 0 —dn) —dxi®) |, (28)
0 —ds) —ds3)

where

di(v) = Xiuju ul
dn(v) = Yiup lul + Yy V] + Yirpy [7]
d3(v) = Yyujr lul + Y vl + Yjppr I
d3(v) = Nyupy [ul + Npyjy [Vl + Nippy
d33(v) = Ny lul + Npyjr V] + Nyjpir 7] (29)
Under the assumption that the surge u = ug & constant,
sway and yaw (i.e., v and r) are sufficiently small, we can

linearize the nonlinear matrix D(v) to obtain its linear coun-
terpart Dy [19], [12]:

~X, 0 0
D~D,=| 0 -v, -V, (30)
0 -N, N,

For specific propeller revolutions and a fixed deflection
angle of the rudder, the generated thrust force is roughly
proportional to the square of the propeller rotational speed n,
so the nominal, linearized thrust ty = X,,n. The forces acting
on the ship hull normally depend on the rudder deflection
angle §, which is defined by the equations ty = —Ys§ and
™w = —Nsé.
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The components of the matrices (26), (27) and (30), known
as hydrodynamic derivatives, are given in the appendix
(Table 2). Determined through strict identification proce-
dures, these figures refer to the training ship ‘Blue Lady’
(more details can be found in [12], [13]).

B. DAVIDSON AND SCHIFF'S SIMPLIFIED LINEARIZED
MODEL
Models (25)-(29) are significantly simplified when we take
the linearized Dy version instead of the D matrix.

The longitudinal ship dynamics of the resultant model has
the form

(m — Xp)it = (m — Yy)vr + (mxg — Yi)r?

15'¢

—_—
+ Xuu 4 Xy lul - u + Xpn

while its transverse rotational dynamics is actually the David-
son and Schiff model [1]

M v + N(ug)v1 = G§ 31

wherev; = [v r ]T and

[ m-1 mxg —Y; |
Mi=lmg-N LN }

T —Y, =Yy 4+ (m—Xiuo |
NUOY =1 Ny + X — Yoo N + (mrg — Yf)MO]’

— _Yg

G- _NJ
or
V1 =Av; + Byd, (32)

where

_ a a - b
14121‘41 1N(u0)=|:a;i a;§i|; Bl:Ml 1G=|:b;i|

The model (31) outlined above makes up a basis for the
final model (35) suitable for the control system design.

C. THE MODEL FOR CONTROLLER DESIGN
The kinematic equations of vessel movement may be as
below [1], [12]:

X =ucosy —vsiny

Yy =usiny +vcosy

vo=r. (33)
As linear approximation of (33), we take the equations
¢r =r (34)

written in relation to the transformed (23) coordinates and
assuming that u &~ U. The first kinematic equation in the
model (33) is neglected because x, represents motion along
the path, which is not relevant in our considerations.

vr = Uty +v+dy;

120202

The combination of equations (32) and (34) results in the
linear model presented below, used for the controller design:

v all arn 0 0 )%

f‘ _|a1 an 0 O r

b=l o 1 0 oflw

Vr 1 0 U 0 yr
by 00
by 10 d,

Tlo|?T oo [dy] %)

0 01

with output
Y=D)r (36)

where

y,— relative abscissa of the ship position (cross-track error)

Y, — relative heading (course-error)

dy— uncertain parameter because of modeling errors and
sea currents

d,- environmental disturbances (constant or slow-varying,
wave/wind-induced torque).

V. 1/0 LINEARIZATION AND CONTROLLER DESIGN
Because the system (35), (36), representing the controlled
process, is nonminimum phase [10], after I/O lineariza-
tion, part of the dynamics will be unstable. To solve this
problem, we have to change the system structure or refor-
mulate the task, e.g., through a new definition of the
output [10], [14], [15].

A. OUTPUT REDEFINITION

One of the methods allowing a change of the nonminimum
phase system (35) into a minimum-phase system (a system
characterized by asymptotically stable internal dynamics) is
to redefine the new output [5] herein in this form:

Y=+ ki, (37)

where the constant k ought to be chosen in such a way that the
zeros of the transfer function (35), (37) are positioned in the
left-half of the s-plane, thus providing for the stability of
the system zero dynamics.

The reason for choosing the output (37) is that the helms-
man maintaining the vessel on a planned path takes account
of the cross-track error and the course.

B. ZERO DYNAMIC

To analyze the system zero dynamics, it is enough to examine
the original system (35), assuming that the output (37) is
identically equal to zero y(¢) = 0. This leads to the system’s
restricted motion [20] confined to the set

A {x:h(x):th(x)=0}
={x:y,+kv, =0 AN Uy +v+kr=0} (38)

The motion of the original system (35) on Z*, with the
input § = a(x) = —f(x)/g(x) (compare (41)), represents
the zero dynamic.
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To be more specific, by using (38) and the last two
equations of (35), we can get, after simple calculations,
the equation

yr +ky = C, (39)

which, after setting constant C to zero, is identical to the left
equation given in (38). This procedure proves that the last two
equations of (35) are satisfied on the set Z*.

The first two equations of (35) with § = «/(x) constitute a
linear system parametrized by k. This system represents the
searched-for zero dynamic, which can be made asymptoti-
cally stable via appropriate selection of k.

The same reasoning can be followed in the case of sys-
tem (35) with the output (36). However, the result obtained
this time proves that the zero dynamics may be unstable.

C. CONTROLLER DESIGN

To make the control synthesis based on the I/O linearization
method and to avoid the formalism of Lie derivatives, we dif-
ferentiate the new output (37) against time twice, obtaining
the equations

Vi =y
y2 = f(x) + gx)é, (40)
wherey =y =y, + k¥, y =y

f(x) = (a11 + kaz))v + (U + ar + kayn)r +d
8(x) = (b1 + kby)é. 41)

In this context, d is a total disturbance (i.e., distur-
bance and uncertainty combined), while the state vector
x=1[v, r, ¥, y,]T is regarded as measurable.

The partial transformation of the coordinates from x toy is
defined by the equations

VI=y=y+kYy, 2= +ky, =Uy,+v+kr+dy, (42)

After this transformation, we obtain a new system (40) of
the second order, representing the external dynamics. As the
original system (35) is of the 4™ order, the missing part of the
dynamics should be completed with the internal dynamics (of
the 2" order as well) analyzed above.

Remark 2: The question arises whether the ship (or
its original nonlinear model) will also be a nonminimum-
phase system — similarly to its linear counterpart. The affir-
mative answer, at least locally, results from a theoretical
analysis [5] and actual physical restrictions (input-output
stability imposes a stabilizing effect also on the inner state
variables [12]).

The nonlinearities f, g of (40) may be parametrized [11] as
follows:

3
Fexb) =Y 0fi=0v+0r+0]
i=1
1
2(x,0) =) 6fg =0;. (43)
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From these equations, we obtain a set of model basis func-
tions f;, g; and the corresponding parameters:

W= 1. 8 =[8. & &)

wé =1, 6% = éig, (44)

The controller (19) can now be written in the form:
5= (=0[v—8)r — 8 —kiyi —kay2 + 84)/65.  (45)

A simple analysis indicates that this controller uses all
information contained in the state vector x, although some
of it is used implicitly - through y and y (42). The con-
troller also executes integral action through parameter 9
(conf. Remark 4).

To obtain the final solution, we have to solve the Riccati-
like equation (RE) (22). To this end, we insert the control (45)
into (40) to yield the following formula

-1 [

A y B
+ [?}(fuf—i-égng(S)%- [ﬂa (46)

that defines matrices A and B required here.
The matrix @ and scalar r can be received by writing the
output (15) in the component form

=[]l L= 0]

C D

from which we can get matrices C and D; consequently,
Q0=C'C,r=R=DD.

Finally, using the Matlab function care [21], we can find
the proper numerical solutions P of equation (22) for different
values of the chosen attenuation level p > 0.

Since we wish p to be minimal (on the condition that
there is a solution to the RE), we have to use this procedure
iteratively.

Knowing the matrix P, we can obtain, according to (20),
(21), both the robustifying term §, and the parameter tuning
rules [14]:

1
b0 =——B'Py= _ (48)
r
Q{ Y1 vBT Pe = y1ve
9; y2rBTPe = yyre (49)
9§ vsBTPe = 3¢
éf = y4BT Pe = y4¢6
where BTPy =puy1 +pry=¢cand P = PT > 0.

Remark 3: Note that, in the case of nonadaptive control
—(ar1+kaz)v—(U+aiz+kaxn)r—kiyr —kayz

b1+kb; ’

(compare (41) and (45)), we can, by virtue of proper selection
of parameter k, modify the closed loop system parameters to

S=

(50)
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obtain stable zero dynamics. In a similar manner, the steady-
state parameters 6 of controller (45) can be modified in the
case of an adaptive system. It follows from the fact that the
error ¢ in (49) is a function of k.

It seems also that the existence of the feedback law for
the considered geometric path following problem may be
sanctioned by theorem 1 in [15].

Remark 4: Note that the tuning of parameter 6A‘3f (by the
built-in integrating action) compensates for the constant com-
ponent of the disturbances d, while the non-Gaussian part of
disturbances, with bounded energy (decaying disturbances),
is reduced by the robustifying term §,. Since the integration
employed here is put on the linear combination of the state
vector components, this type of integral action (cf. equa-
tion (49)) can be called a generalized integral action. In this
way, we can bring the old output (cross-track error) down
to zero, regardless of active unmatched disturbances (e.g.,
sea current, waves, drift forces), provided that we use the
error € = pa1yr + p22yr based on the old (35), (36) system
transformed state components. This practice can be viewed
as independent of the rest of the design procedure.

The baseline controller Ky = kyy; + kay» should be
designed to guarantee the stability of system (46), in which
the parametrical and external uncertainties are ignored. The
controller gains k; and k; can be reached by, for instance,
the Iqr technique.

Observe that all the state components of the original sys-
tem (35) are involved here (compare (42)). Notice also that
yr can be obtained via rotation of the ship-fixed coordinate
system (u,v), located at the ship’s center of gravity. Conse-
quently, all measurements needed to implement the controller
are the position via GPS and course via gyrocompass, while
the velocities can be calculated from them.

VI. SIMULATION RESULTS

The simulations presented below, aimed at verifying the per-
formance of the designed control system, are based on the
general ship dynamical, nonlinear model (25). The model
parameters were determined based on the identification pro-
cess of the ‘Blue Lady’ training ship [13].

350 T

|

current
original ship
position

| | | . . .
0 200 400 600 800 1000 1200 1400
oY [m]

300

North

FIGURE 2. Ship trajectory in the xy plane.

Figure 2 shows the path as a broken line defined by the so-
called waypoints (0,0), (0,700), (300,900) and (300,1400).

The vessel’s initial position, heading and rate of turn
(angular velocity) are (20.0), 30° and 0 rad/min, respectively.
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The assumed distance scale is 1 m, and the ship has a nominal
speed of 0.7 m/s at constant propulsion.

As additional disturbances, transverse current (dy =
—0.3 m/s) and a torque d, induced by the wind (correspond-
ing to a rudder deflection of 10°; Fig. 4) were considered.
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FIGURE 3. Ship headings versus time.
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FIGURE 4. Rudder deflection versus time.

Fig. 3 depicts a plot of the ship’s heading as a function of
time. The heading of a ship moving along horizontal path
sections (north) is approximately 25°, indicating a course
error. This occurs because the examined vessel has only
two actuators (rudder and propeller) responsible for steering,
so it is underactuated, and only its surge and heading can be
controlled.

The above behavior of the ship is necessary to compensate
for the effect of currents. It should be borne in mind that
the main function of the controller is to reduce the output,
the cross-track error, to zero. Simultaneously bringing v,
to zero in the presence of transverse current is sometimes
impossible for a ship with the actuators assumed in this study.
As a result, the process of following a specific path can only
be affected when a course error occurs (we can get only the
position tracking [3]).

\

mf'\ JI\ i 1

N

! .\‘ / " f’

o/ /
A

I I I
1] 500 1000 1500 2000 2500
Time [sec]

@

S
T
L

m)
n
S

b

Cross-track error [m]

FIGURE 5. Cross-track errors versus time.

Figure 5 illustrates the cross-track error as a function
of time. We can observe that our controller is capable of
effectively compensating for the steady-state error created by
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TABLE 1. Main details of the blue lady ship.

TABLE 2. Parameters of the mathematical model of the Blue Lady.

combined disturbance moments due to unmodeled dynamics,
external winds and changes in parameters.

As a criterion for selecting the moment of changing the
coordinate system relative to a given path segment, it is
assumed that the distance of the vessel to the turning point
Pi(x;, y;) is shorter than two lengths of the vessel. The result-
ing process perturbations are treated as additional distur-
bances. The influence of waves was modeled in the form of
a shaping filter driven by white noise [1].

In the ship simulation model, the steering gear was taken
into account. However, during the controller synthesis pro-
cess, its dynamics, as relatively small, was neglected.

VIi. CONCLUSION

Based on the Davidson and Schiff model of a ship augmented
by linearized equations of its kinematics, a robust and adap-
tive ship steering system along a preset path is proposed.
This disturbance-resistant system has been examined using
a realistic, full, nonlinear simulation model of the training
ship ‘Blue Lady’, taking into account various environmental
disturbances. Good control performance has been achieved
despite unknown dynamics of the controlled object.

APPENDIX

We now present the main details and parameters of the
ship that was used as a test object for the control algo-
rithm presented in this study. The training ship ‘Blue Lady’
is an isomorphic model of a real tanker made to 1:24
scale [12], [13].

We assume here that out of many actuators installed on the
ship, we actually use the rudder and main propulsion only;
therefore, we apply only the surge force and the yaw moment
as available control signals. Such equipment is quite typical
for many supply vessels [3].

In this part we will provide: (i) the proof of theorem of
Section II, B. (cf. [16]), (ii) its extension that addresses the
parameter drift problem; and (iii) the condition guarantee-
ing system stabilizability i.e. preventing g(x, (;g) of zero-
crossing.

(i) Let us define a Lyapunov function

votetper L§Td + L g (1A)
2 2y 2y,
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Length overall [m] 13.78 m =22934 I, =436 830 X, =-731
Length between perpendiculars [m] 13.50 Y, =-18 962 Y, =-183519 N,=00
Breadth [m] 2.38 N, =00 X, =194 i =2 351
Mean draught (full load) [m] 0.86 YMV =6 860 YHV =29 635 Y\M\r =7 842
Displacement (full load) [m’] 22.83 )‘Iv‘r —_18522 Y, =-12502 ]v\u\v =0.0
Nominal x coordinate of CG (xG) [m] 0.00 ]V\v\v -0.0 va —_40 007 N\ulr —55614
Maximum speed [knots] 3.10 N‘u‘v=12 502 ]V‘,.‘, — 843 900

Ys=—-115.50 N5 =471.70 X,=1.96

The time derivative of V is

1 ~g1 28

o 1 1 o sf
V= Si"Pe+ selPi+ —d"6 +—8"8°. (a

Y1

)2

<f A zg A8
By the fact§ = —60 ,0 = —60 and (14) and (20), the
above equation becomes

o 1 ¢
V=3 [eTATPe — 2¢"PBB" Pe + wT# BT Pe
r

N 3 1
+ uw$T 0BT Pe + dB” Pe +-¢” PAe — —e” PBB” Pe

r

+e"PBE" W + e PBO T wou + eTPBJZ]

1 ~raf
+—0"8 +
Y1
1 2
= zeT |:PA +ATP — —PBBTPi| e
r

1 2T\ ~f
n <eTPBwa L6 >0f+<e
Y1

1 ~gT 28

0”0

V2

1. i
+5 (dBTPe 4 eTPBd> .

1
TPngTu+—0g

K T) ég
V2

(3A)

Considering that ru2 = r~'e” PBBT Pe, from adaptive
laws (21) and the Riccati-like equation (22), we get

) 1 5 1
V= —E(eTQe +rul) — Z—pzeTPBBTPe

1 - i
+5 (dBTPe + eTPBd)

1
2

+ 1,02512 <

2

1/1 A1 )
— __(eTQeerg)—E <;BTPe— pd> <;BTPe— pd)

1 1
—E(eTQe + rul) + 3 p’d? (4A)

Integrating the above equation from # = 0to r = T yields

1 T T 2 1 2 g 52
VI = VO) = =3 | € Qe+ ndydr+ 5 [ 3t
0 0

(5A)

Since V(T') > 0 the (5A) implies the following inequality

1 (T 1 T
3 f (" Qe + r)dr < V(0) + E,o2 f d’dr. (6A)
0 0
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From (1A), the above inequality is equivalent to the following

1 T
3 /0 (e” Qe + ru)dt

1 1 -~ ~f 1 - -
< €T O)Pe(0) + —8" (08 0) + —8°" (0)8°(0)
2 1 Y2
1 2 T 32
+=p / d2dr (7A)
2" Jo
Thus we have (17).

(i) According to Remark 1. the theorem ensures per-
fect tracking i.e. tlim e(t) = 0 under assumption that
—00

fooo d%dt < M. However, to cope with the parametric drift
problem, leading to a blow-up phenomenon [22], we prove
a variant of this theorem that guarantees ultimately uniform
boundedness (UBB) [23], [24] of the closed-loop Tstem

=B,

under assumption that the total disturbance bound is ‘3
where the constant 8 > 0 is not available.

To this end, we introduce into the adaptation laws (21)
so-called o -modification term obtaining

f o

0 =y W B Pe—cb)

~8 T ~g

0 = y(WB' Peu — 00°) (8A)

<f Af x A8
Considering again the fact that § = —60 , Og = —60 and
substituting (8A) to (3A) the formula (4A) will take a form

. 1 1
V= —E(eTQe + rul) — 2—102eTPBBTPe
1/~ - T Af g A
+3 (dBTPe + eTPBd) +o@ 6 +6°6%
1 o L1, N1, b
=——(e' Qe+ruy)—= | =B Pe—pd —B' Pe—pd
2 2\p P
1 - ~ . ~ ~ ~
308 + 0@ @ )8 0+ - 0%
1 1 .-
= =5 (min(@) llell® + ru2) + Epzdz
-~ ~f 112 - ~oll2
+6(0ﬂ0f* - ‘)Hfu ) +o@ o5 — HogH ) (9A)

Based on identity

1 X y?
52 = (x—y)P -4+
X +xy 2(x y) +3

Using (11A), the formula (9A) will take the form

/\

V< - 2(Amm<Q>||e||2+m>
5 (1 -1
3o (0] - 1o ) + 3o

~5Omn@ el + 5o ([¢ [+ o)

(@)

+ %0 <H0f* e ||2> + %;ﬂ[iz (124)

Considering that

1 ¢T3
V = —eTPe+—0fT0f+
2 2n 2)/2

Diman(P) el +2—1ylﬂ”f |+

IA

1 ~o|2
— Hog H (13A)
2y)
we relate (a) to V, thus (12A) can be further derived as

. 1
V s —aV 4 S (@ma(P) = dnin(@) llel|*

1 ~r12 1 o2
ey (E-o) |+ 5 (%) o]

2 \n 2\»

1 * 2 x]2 1 2752
50 (o7 + lo= ) + 302 qany

By picking
. Amin(Q) }
a < min , V10, 20 (15A)
{Amax<P> ne.

we have

. 1
V< —O{V—FEG(HM*

P ||2) T TN
Hence V < 0 whenever

~ ~ 1 -2
(e8) ee={(e.8): v=or (o (Jo] + o)

+ p?sup &%)) } (17A)

This implies that (e, é) is UUB. Note that the size of the
set E is adjustable by proper choice of «, o, P, Q. Smaller
size E results in more accurate output tracking. However, this
parameter tuning is not always unlimited, as it may cause
controller saturation during the implementation.

(iii) At this point we will present amodified tuning law (49)
that would guarantee that g(x, 0° ) of (7) or estimates ¢
of (19) are bounded away from zero. This problem can be
solved by ‘projection modification’ method [22], [23], [25].

. (10A)
we obtain
6 0% — 6H2 < 8] o]
=5 (Jol=tort)" =5 (Jo] - 1or
2
< (He” 6% ) (11A)
ég— v4€68, If )élg‘ >01f11r1
Yo 05| = 655, A ed)sgnef” <0
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Hg = Hilnsgneg A (85)sgn9g > O]

(18A)
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Taking advantage of the fact that in our case g(x, ég) in (45)
is a scalar function élg (1), the general projection modification
formula takes the following simple form (18A), as shown
at the bottom of the previous page, where Gf* = by + kby

(cf. (41)). We also assume that sgn@f* is known and Hﬁlin

represents a known lower bound of )élg ‘ This formula can

be combined with the o -modification term [22]. .
The main goal here is to stop adaptation of Gf if the

parameter reaches its lower absolute limit value éf;in, with a

nonzero time derivative éf . The formal but elementary proof
of (18A), can be found e.g. in [25].
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