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An algorithm for generating a discrete-time stochastic adaptive control law in the presence
of model uncertainties is shown to be potentially useful for ship path-following during
navigation in restricted waters against current and wind perturbations.
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Abstract—A heuristic stochastic rudder control law for ship
automatic path-following in restricted waters is presented. The
objective is to make feasible an automatic pilot with an adaptive
capacity of operating in situations where there is a great lack of
knowledge of ship dynamics. State estimation and feedback
control determination are separately treated. The extended
Kalman filter is combined with a dynamical model compensation
technique and a state noise adjustment procedure, in a situation
where the observations have a high local level of information. An
adaptive scheme results where unmodeled effects are estimated
together with the system state. A feedback control law that uses
state estimation information and steering conditions is proposed.
In each discretization interval it takes a stepwise approximation
for the control, as the solution of a parameter estimation
problem. The performance of the resulting state estimator and
controller is illustrated by results obtained through digital
simulation. The test case selected is that of ship automatically
steering in a channel under severe geometric and environmental
conditions.

1. INTRODUCTION

MODELING of ship dynamics, incorporating all real
world conditions of operation is a very complex or
even an impossible task. In the case of maneuvering
and steering in restricted waters, the limitations are
mainly due to: (i) errors in the hydrodynamic
derivatives; (ii) suction forces towards the nearest
margin in channel operation; (iii) interference
between close ships; and (iv) perturbations of wind
and currents which can only be approximately
evaluated as functions of ship parameters and
environmental conditions.
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In this context, the problem of rudder control is
considered for ship automatic steering along
prescribed paths. Based upon concepts of modern
control theory (Jazwinski, 1970; Bryson and Ho,
1975; Gelb et al., 1977), procedures for a state
estimator and a controller, leading to an adaptive
stochastic control scheme, are proposed (Rios-Neto
and Cruz, 1979; Cruz, 1981). The objective is to have
an automatic pilot (Fig. 1) that keeps an adaptive
capability of automatic steering. It is designed to
perform well in spite of substantial lack of
knowledge of ship dynamics, as is the case during
navigation in restricted waters under perturbation
of winds and currents.

The extended Kalman filter (Jazwinski, 1970;
Gelb et al., 1977) is used to obtain estimates from
measurements of range and range-rate from the ship
to points of known coordinates, together with
measurements of yaw angle, yaw-rate and rudder
angle. To guarantee the quality of estimates, at each
measurement time the high level of information
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contained in the measurement sets is combined with
an adaptive scheme, to establish properly the state
noise level (Gelb et al., 1977) and with a dynamical
model compensation technique (Tapley and
Ingram, 1973; Cruz and Rios-Neto, 1980), to
include effects not explicitly considered in the
dynamics of the estimator. These unmodeled effects
are locally represented by a first-order
Gauss—Markov process which is then identified
along with the estimation of ship state vector.

A heuristic procedure is proposed to establish the
control law. The problem of the correction in rudder
action at each discrete time is reduced to one of
parameter estimation (Rios-Neto and Cruz, 1979).
Using the information given by the state estimator,
the control problem is separately solved. Guidance
conditions are generated by predicting one interval
ahead and constraining the rudder correction to
take the state closer to the prescribed reference path
and, with favorable kinematic conditions (in terms
of direction and velocity), to follow that path. This
results in an observation relationship of vector type.
This pseudoobservation is corrupted by noise due to
the state estimation error and also due to a
stochastic interpretation of the linearization error.
The latter is due to the high-order truncation errors
resulting from the linear perturbation of the
guidance conditions around the previous values of
the control and of the state estimate. The rudder
correction is then determined using a least-squares
fit.

The problem associated with the automatic
control of ship motion is certainly one where
adaptive procedures are necessary in many situ-
ations (Astrom, 1980a). In view of the complexity of
dealing with realistic nonlinear system dynamic
models, nonadaptive control systems are not
capable of accommodating the varying conditions
of operation and of environmental perturbations.
Recent publications in adaptive control (Parks et
al., 1980; Jacobs, 1981; Isermann, 1982) indicate
that control procedures, with linear system dynamics
involving parameter adaptive control algorithms,
are potentially capable of dealing with this problem.
Among these, the schemes of Model Reference
Adaptive Systems—MRAS (Landau, 1979) and
Self-tuning Regulators—STR (Astrom, 1980b)
predominate. In the present situation successful
implementations of autopilots for ships, using both
the MRAS (Van Amerongen, 1980) and STR
schemes (Kallstrom et al., 1979; Mort and Linkens,
1981), have been reported, though practical
applications are scarce.

For a given application, the procedures adopted
in this paper for state estimation and control lead to
an adaptive scheme where the nonlinear nature of
the problem is considered from the outset. Thus,
allowance is made for interactions between the dual

functions of estimation and control (Jacobs, 1981).
As a consequence, the algorithms used in the design
can give rise to a stochastic problem which is neither
neutral nor separable. In terms of structure,
following Parks et al. (1980), the corresponding
adaptive control system can be classified as one with
closed-loop adaptation (Fig. 1), since the effect of
controller modification is fed back, affecting its
adaptive adjustment.

To evaluate the performance of the proposed
scheme, tests were carried out for a Mariner class
vessel using digital simulation. The model con-
sidered to simulate observations of the real system
planar motion includes hydrodynamic derivatives
up to third order together with approximations for
the effects of wind, current and suction toward
nearest channel margin (Abkowitz, 1969; Str¢m-
Tejsen, 1965; Leone, Sotelo and Cruz, 1973; Chislett
and Strgm-Tejsen, 1965). The good performance of
both state estimator and controller is illustrated by
the quality of results presented, which correspond to
a ship maneuvering in a channel, under severe
geometric and environmental conditions.

2. REAL SYSTEM MOTION SIMULATION MODEL

Digital simulation was adopted for preliminary
testing of the feasibility of the proposed procedures
in ship automatic piloting. Thus, a mathematical
representation of the motion of the real system was
necessary. The approach taken for modeling of ship
dynamics was the one based on hydrodynamic
derivatives (Abkowitz, 1969; Norrbin, 1970). The
model adopted considers hydrodynamic derivatives
up to third order with the possibility of including the
perturbations of winds, current and suction toward
nearest channel margin (Cruz, 1981; Strgm-Tejsen,
1965; Leone, Sotelo and Cruz, 1973; Chislett and
Str¢m-Tejsen, 1965). For wind and current per-
turbations, coarse approximations were made
which are considered as reasonable for simulating
their order of magnitude and qualitative behavior
(Leone, Sotelo and Cruz, 1973). Roll (heel) and
pitch motions were neglected (Strgm-Tejsen, 1965),
thus restricting the validity of the model to
situations where these motions have little influence
on steering and maneuvering. The resulting planar
equations of motion, following Newton’s laws, in a
body fixed coordinate system (O, x, y, z) parallel to
the principal axes of inertia, but with the origin not
necessarily at the center of gravity (Fig. 2), are
expressed by (see Appendix):

th-I-ch-f-wa=m(l:t—rU—xGl"2), (1)
th—i—FCy—f-Fwy:m(i?-f-ru-l—fo‘), (2)
My + M.+ M, = Li + mxg (0 +ru), (3)

where Fy,, Fy,, M), together with F,., F.,, M. are the
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FiG. 2. Coordinate systems for ship motion.

hydrodynamic forces and moments depending
upon the ship motion properties, rudder action and
propeller conditions of operation; the hydrody-
namic forces and moment F,,, F,, and M, represent
the disturbance due to the contribution of nonzero
constant velocity and homogeneous current which
are artificially separated from the hydrodynamic
forces and moment, Fy,, Fy,, M,;, for the sake of
modularity in the configuration of the simulation
model (Leone, Sotelo and Cruz, 1973); F,, and M,,
are the force and moment due to wind effects; m is
the ship mass; u and v are respectively the O, and O,
components of point O absolute velocity; r is the
ship yaw angular velocity; x; is the O, center of
gravity coordinate; I, is the ship moment of inertia
with respect to O.; and the over dots indicate
derivatives wih respect to time.

Combining equations (1)—(3) with the results of
equations (A1)—(A9) of the Appendix, equations of
the following type are obtained:

A = fi(Au,v,1,0) + g1(V, ¥, ), (4)
0 = fo(Au, v, 1, n(X o, Y0),0) + g2(Viw, Voo ¥ s ),
®)
i = f3(Au,v,r,n(X o, ¥0),0) + g3(Vaws Vos ¥, Y Yro),
(6)

where the f;(.) come from the contribution of F,,,

Fyy, M), to equations (A1)—(A3); and the g;(.) come

from the perturbations due to the effects of wind and

current. Consider now that the components vy and
vy of point O velocity, in 0oX Yy, are given by:

vy = (u* + Au)cosyy — vsiny. )

vy = (u* + Au)sinyy + vcosy. 8)

Combining equations (7) and (8) with (4)—(6) and

after taking the derivatives, one obtains

Xo = Uy, (9)

YO = Uy, (10)

y=r, (11)

Ox = —rvy + (f1 + g1)cosy — (f2 + g2)siny,

(12)
by = rox + (fi + g1)siny + (f2 + gz2)cosy, (13)
F=f3+gs, (14)

where the arguments of f; and g; are omitted for
convenience of notation.

To complete the model, it is necessary to include
the rudder angle dynamics. If V% is the rudder rate
and 6, the commanded rudder angle, then an
idealized model could be:

Vi, Hos =810,
=140, ifd,—6=0, (15)
=Wy, Ho=—0<0

However, to have a model with the desired
mathematical regularity and dynamics sufficiently
close to that of equation (15), the following
approximation was taken (Fig. 3):

5 :f4(VR, A, 5)
Vel — exp(— (8, — 8)/A)), if 6, — 6 = 0,
z{—nu—emmx—&mn (E RS )
(16)

where A was adjusted to guarantee a response
sufficiently close to the idealized model of equation
(15).

3. STATE ESTIMATION

In the situation treated it is necessary to have a
state estimator that performs well, in spite of errors
in the modeled system dynamics. Only that part of
the dynamics which is feasible to be modeled is
explicitly considered in this state estimator. The
unmodeled effects are taken care of by a dynamical
model compensation technique (Tapley and
Ingram, 1973) and by a heuristic procedure for
evaluation of state noise level, as described below.

The lack of knowledge of the system model is
treated by a scheme where the unmodeled

F1G. 3. Rudder motion model.
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accelerations are estimated along with the original
state variables. These accelerations are included as a
first-order Gauss—Markov process, leading to a
dynamical model of the system state estimator given
by:

Xo = Ux, Yo = Vy, (17)
l.)X = —TIly +f1(UX’ Uy, llla rsé)'cosdl
= fa(vx, vy, ¥, 1,0) .sinyy + & +wy,  (18)

by = rvx + f1(vx, vy, W, 7, 0).siny
+f_2(UX’ Uy, lp, r, 5)-COS¢ + & + Wy, (19)

F =f3(UX7 Uy, l//a raa) + &3 + ws, (20)
l/} = r’é :f4(VRaAs 5)9 (21)
1 ;
&= ——¢& +wy, Ty =0, (22)
T
. 1 ,
&)= ——8& + Ws, TZ = 07 (23)
I,
. 1 ,
&3 = _?83 + weg, T3 = 0, (24)

3

where fi(.), i = 1, 2, 3, are coarse approximations,
resulting from the f;(.) defined in equations (4)—(6),

E[wi()] =0, E[wi(t)w;(1)] = a?(t).6;;.6(t — 1),
(25)

where i, j = 1,2,...,6; J;; is the Kronecker delta;
and J(t — t), the Dirac delta function.

The noise magnitude, o;(t) as suggested by Gelb
et al. (1977), is evaluated so as roughly to represent
the uncertainty introduced by the possible range of
variation of corresponding variables, w;(t), during
an interval between observations. For tin [t, t;+ 1],
the following heuristic approximations are taken:

- 2 _ o Piilti/te)
oi(t) = H-Ttk‘, (26)
A i\*k+1> 3
0?4 3(t) = W, (27)

=12 % =it =01 ASth. —t,
where 0 is a parameter to be adjusted; Pj;(ti/ty),
j = 3,4,5, are the estimator error variances of vy, vy
and r; Aty is the time interval between observations;
and Ag(ty+1,t;) are order of magnitude approxi-
mations for the possible range of variation of
accelerations ¢&(t) in [t,t+1], taken as (Cruz,
1981):

—w (Nr_Iz)(_Fw+EcK1) =
A = - T.A
Batici ) ( xaom !(Yf, Zm) (N, — L) — (N, — m.xg). (% — m.xg) ) s MR
Aey(ti+ 15 tk) = Ay (ti+ 1, t), (29)
(|Fw-xB| =g lﬁchl)F(YL = m)
Aes(tes 1, ty) = . Aty
Palg ) ’(n = x6) Ny — mxq) — (N, — L) (% — m)| i
Fo(te) = Cr.pa-(Ar + AL)Th, (31)

when the hydrodynamic derivatives of order higher
than 1 and those representing suction effects (Y,, N,,)
are disregarded; ¢,, ¢, &5 represent the unmodeled
effects to be estimated with ship state; Ty, T,, T; are
the process time correlation coefficients, also to be
estimated; and w;, i = 1,2,..., 6 are the state noises,
representing high frequency disturbances, assumed
to be zero-mean Gaussian white-noise processes
independent of past state and of measurement noise,
with statistical characteristics given by:

where 7, 7., 7,, are coarse but conservative guesses of
ship maximum angular velocity, current velocity
and wind velocity, respectively; and F, an
approximation of F,, (see Appendix).

The extended Kalman filter (Gelb et al., 1977;
Jazwinski, 1970) is then used to estimate the ship
state vector, with system dynamics given by
equations (19)-(24) and with noise corrupted
observations taken at discrete-time instants.
Adopting a concise notation to represent equations
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(19)-(24), the problem can be posed as that of
estimating the ship state vector X(t;), with the
equations:

X = FX,U(t),t) + W, (32)
Vi = he(X (&), te) + 1y (33)

where U(t) is the control, given by J, in the rudder
control problem; y, is the observation vector at t;,
related to the state vector through the nonlinear
relationship h,(X(y),tx); yx is corrupted by the
Gaussian noise r, which is independent of the state
and whose statistics are given by:

E[r] =0, E[l'kl'kT] = R;. (34)

The estimates are then given by the correspond-
ing sequential algorithm, which is summarized
below:

X(t/t) = X(tu/tr) +f F(X(t/t), 6., 7) dr, (35)

t

o t) =1, + Jt A(7). (7, ty) dr, (36)

P(ti+1/t) = Otes 1, )P (E/ti)P” (s 15 1)
+ Qs 1, (37)

T +1

Qu+1 = Ote+ 1, D)Q)P" (14 1,7) dr,

Elw(t)w' ()] = Q(r).4(t — 1),
0

Hpiy = X

h .+ I(X(tk+ 1/t tks 1),

oF o
A(r) = o5 R(t/t), 0., 7),

Ki+1 = P(tyr 1 /6)H 1 (Hyr 1 P(tes 1/8)
H{.i +Resq) 7, (38)

R(ta+1/ts) = R(tes1/t) + Kiw 1 (yas1
— b 1(X(ter 1/8), B+ 1)), (39)

P(tys 1/tk+1) = (I — Ky 1Hyey )P (81 1/tc),  (40)

where I, is the identity matrix of order n.

4. CONTROL LAW

The problem considered here is of the type where
the guidance information is given in the form of a
nonlinear geometric relationship, corresponding to
a curve to be followed. There is neither a reference
state trajectory nor any explicit time schedule, to
guide the control action. Thus, the usual scheme of
linear perturbation about a reference solution and

the approach of obtaining the control increment law
as solution of a LQG problem (Bryson and Ho,
1975; Gelb et al., 1977) cannot be applied. In the
procedure proposed, an optimum criterion of
minimum deviation from the guidance curve is
adopted (Rios-Neto and Cruz, 1979). Based on the
information given by the state estimate, the control
correction is constrained to drive the state closer to
the prescribed path, and with favorable kinematic
conditions to follow it, after one time interval of
prediction. In a typical interval [t;, ;. ], using the
state estimate X (t,/t,) and the state error covariance
matrix P(t;/t), the objective is to get a stepwise
feedback control correction, dU,, so as to reach a
system state vector at t,. ;, satisfying as close as
possible the guidance condition in the following
manner: the control,

U@®)=U, + 00U, t St = Gsys (41)

is used in the equation (32), resulting in:

d o = 5
K+ 0X) =F(X + 0X.U, + 6Up,0) + W, (42)

where
X =FX, U0, X(t) = R0/t (43)
E[0X(t,)0X™ ()] = P(t/ts), (44)

s0 as to obtain a 0X(t; ), to satisfy the guidance
condition at t 4, i.e.:

s(X(ty+1) + 0X(tx+1)) = 0, (45)

where s(X(t.+ 1)) is a vector relationship represent-
ing the guidance condition of getting closer to the
prescribed path and with favorable kinematic
conditions to follow it. The control U, is the value
previously calculated and applied in the interval
[tk 1, t - Taking the first-order variational equa-
tions associated to equation (42), one obtains:

0X(tk+1) = Ot + 1, i) 0X (1)
+ Lt 1, ) OU; + Wiy, (46)

Wit ~ N(O,Qp+ 1), L'(t+1, 1)
T+ 1

il S
= ot + l,r).ﬁF(X(t),U(r),t)dr,

tk

where ¢(t; + 1, ;) and Qy 4 ; are as defined in Section
3, in the equations (36) and (37), respectively.
Combining this with a Taylor series expansion of
equation (45), about the over-bar nominal values,
one gets:

Zi1 =Sk U + Vs 1, (47)
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where:

SIT+1 =

&S(X(tkn)); Skt1 = SEr 1 Tt 1,803

Zii1 =S 1Up — sX(te+1));

Vir1 = S 1 (Pt 1, t) . OX(t) + Wit 1) + &4 1
(48)

€+1 in equation (48) represents the linearization
errors, modeled by a Gaussian zero mean random
sequence, with a dispersion compatible with the
order of magnitude of the truncated higher-order
terms and given by (Cruz, 1981):

8+ 1/ = [Ske1.0X(tes 1)/ = /SE1/
/Ot 1, t)/ - /X ()] + /T (te+ 15 t)/
JOUY + /Wiri)),  (49)

where, for a given matrix A4, /A/ £ (la;j]), and the
inequality is meant for the corresponding absolute
values of elements in each member. Thus, from
equations (48) and (49) one obtains:

i+ 1/ = SEc1/. (Ot 1, t)/ - /26X (t)/
+ /T (te+1,t)/ - [0U + [2Wie1 1)) (50)

Since the objective is to establish the order of
magnitude of the error dispersion, a good
approximation seems to be to take /6X(t;)/ and
/Wi+1/ as vectors whose elements are the square
root of the diagonal elements of P(t, ;) and Q. 4,
respectively; and /0U,/ as a vector with the elements
calculated as the maximum admissible variations of
the corresponding control components, in a typical
interval of discretization. With these choices, a
vector e is defined by:

Byeg 2 /SEe1/ - (JO(ti+ 1, i)/ - /20X (ty)/
+ L(ti+ 1, t)/ - /0U + 2Wieiy/)  (51)

and the covariance matrix of v, is taken as:

Vs = diag(we?,,i=1,2,...,m), 0<o; <1,
(52)

where e, ; ; ; is the ith component of e , ; ; and o; are
adjustable parameters which allow one to calibrate
the relative weight to be given to the ith control
condition of equation (47).

With the stochastic modeling given to v, , the
control determination problem is reduced to one of
linear optimal parameter estimation with no a priori
information. Thus, the best estimate of U, is Uy,
given by a least-squares fit:

IAjk = (SIZ+1 -Vk_+11 . Sk+1)71 -SkT+1-V1;+11 Ly
(53)

5. TEST AND RESULTS

5.1. Simulation and control guidance conditions

Tests were carried out by digital simulation using
a PDP-15/77-D.0O.S. with principal memory of 32k
words. A merchant Mariner class vessel (Chislett
and Strgm-Tejsen, 1965) steering in restricted
waters was considered. The steering situation was
that of conducting the ship along the center line of a
channel, under the perturbations of wind, current
and suction effects. To simulate the real system
response to the inputs of the automatic pilot
controller (Fig.1), the model defined by the
equations (9)—(16), in Section 2, was used. The
hydrodynamic derivatives up to third order were as
given in Chislett and Strgm-Tejsen (1965) for a ship
with the following main characteristics:

Length: 160.1 m; breadth: 22 m;

Draft: 7.5m; displacement: 16 600 ton;

Velocity (u*): 15 knots; max. rudder angle (9,.):
35°;

Rudder rate (Vz): 4°/s; projected frontal area (Ay):
100m?;

Projected lateral area (4;): 800 m?;

A center of gravity coord. (x.): 2m.

The disturbing effects of wind and current were
varied according to the test cases and the effects of
suction were characterized through the dimension-
less (with respect to water density, ship length and
ship velocity variables) hydrodynamic derivatives:

Y, = 0.235E — 02, N, = —0.310E — 03.

The simulated real system response was used to
generate observations of range and range-rate to
some fixed land points together with those of
heading angle (y), yaw-rate () and rudder angle
(6). These simulated measurements were then
corrupted by pseudorandom Gaussian noise,
representative of instrument errors, with standard
deviation as follows:

Range: 3.0m, range-rate: 0.05m/s;
Yaw-rate: 0.2°/s; heading angle: 0.1°;
Rudder angle: 0.5°.

The control guidance conditions of equation (45)
were taken to accomplish the objective of steering
the ship along the channel center line (Fig. 2), with
the rudder as the control element. The first
condition was to constrain a ship reference point B
of Ox to be over the channel center line:

51(Xo, Yo, xp,¥) = ng =0, (54)

where 7 is the distance from point B to the center
line. The second was to constrain the ship to
maneuver keeping head direction parallel to
channel center line, yielding:
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0
52(Xo, Yo, ¥) = COSW~570G(X0, Yo)

. 0
-+ Slnl//.ﬁG(Xo, Yo) = 0, (55)
0

where G(X,Y)=0 is the channel center line
equation. The two previous conditions could be
called configuration conditions, since they involve
only the position variables. To guarantee the
tendency of keeping over the channel center line,
two kinematical conditions were also taken. The
first imposes the ship velocity vector to be parallel to
the prescribed path:

0
s3(Vx, Vo, Xo, Yo) = Ux-aTG(Xm Yo)
0

0
+ Uy.a—YOG(Xo, Yo) = 0. (56)

The second imposes the ship maneuvering to
maintain parallelism with the prescribed path:

Sa(vx, vy, 7, X0, Yo) =7 — % =0, (57)

where u, is the magnitude of ship velocity (Fig. 2)
and p, the local radius of curvature of channel center
line.

Note that the conditions of equations (55) and
(56) cannot be met simultaneously, due to the fact
that the drift angle § (Fig. 2) becomes different from
zero as the ship maneuvers. However, since they are
to be only approximately satisfied, and in view of
their distinct motivations, they were both included.
Note also that the condition of equation (56) should
refer to point B instead of O; however, point O was
used under the assumption that ship rotation is
small when compared to translational motion.

5.2. Test conditions

For the application of ship steering along the
center line of a channel, many adverse situations in
terms of (i) the lack of knowledge of the dynamical
model; (ii) the complexity of the geometry of the
path to be followed; and (iii) the environmental
disturbances were considered when the preliminary
digital simulation testing was carried out. The
results obtained were all of the same level of quality
as those of the test case selected for presentation.
This case corresponds to a combination of critical
conditions involving the adverse situations men-
tioned.

Steering and observation conditions. A channel
with sinusoidal form was considered. The radius of
curvature in sinusoidal peaks is 405 m, whereas the
ship tactical diameters are 794 and 829 m for the
rudder at 35° starboard and port, respectively. The
wind speed was taken as 40 knots, in the direction
opposite to 0,Y,, and the current speed as 2 knots,
locally parallel to channel center line, in the same
direction as the ship motion.

Initial conditions of the motion of the real system
are given in Table 1.

To simulate range and range-rate, point R
(xg = 100m) in the ship was taken as the reference
for measurements to four landmarks, P;, distributed
along channel (Fig. 4) margins as given also in
Table 1.

State estimator and controller. Discretization time
intervals of 2s and 8 s were used for state estimator
and controller, respectively. Dynamic model of the
automatic pilot was that of equations (17)—(24). The
initial conditions were taken as those of Table 2.

The first-order hydrodynamic derivatives used
were those of the real system corrupted by the
percentage errors as given in Table 3. These errors
were produced as outcomes of a numerically

TABLE 1. SIMULATION CONDITIONS

Real System Initial Conditions

Xo(to) = Yo(to) = 0.0, y(ty) = 60°

vx(to) = 7.5 knots, VY(to) = 13.0 knots

r(ty) = 0.0%/s, 8(ty) = 0.0°

Landmarks Along Channel Margin

X(1) = 1000 m X(2) = 1000 m X(3) = 3000 m X(4) = 3000 m
Y(1) = 500 m  Y(2) = 1500 m Y(3) = -500m Y(4) = 1500 m

AUTO 21:4-C
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FiG. 4. Range measurement.

TABLE 2. STATE ESTIMATOR AND CONTROLLER INITIAL CONDITIONS

Variable Initial Value Standard Deviation

Xo -10.9 m 5.0 m

Y 0 43 « S5m 5 = O m

v 0.4° 2.0°

vX 15.2 knots 0.1 knots

vY 0.0 0.1 knots

r 0.10/5 0.10/5

8 0.0° 0.5°

€1 0.029 m/s? 0.033 m/s?

€2 -0.035 m/s? 0.033 m/s?

€3 -0.05°/s2 0.025%/s2

T,y 1000.0 s 200.0 s

T, 1000.0 s 200.0 s

Ts 1000.0 s 200.0 s

TABLE 3. ERRORS IN HYDRODYNAMIC DERIVATIVES

X : =25.57 X.: 20.97 N : -19.67 Y.: -0.37
u u v r
Y : 5.0% N.: -6.0% N : 6.07 Y : 19.27
v T T r
N5: 10.1% YG: -14.6% YQ: -14.67 NQ: 13.8%
N*: 8.67 Yﬁ: 1.37% N*: 5.27% Y*: 17.17
u
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simulated normal distribution of zero mean and
standard deviation of 15 % of the real values. They
represent experimental errors present in the
determination of hydrodynamic derivatives.

The values adopted to characterize state noise
magnitude, in equations (28)—(31), and those to
characterize the calibration parameters in equations
(16), (51), (52) and (53) were as in Table 4.

5.3. Results

As shown in Fig. 5, even under severely restricted
conditions, the state estimation and control law
procedures lead to control actions that steer the ship
very closely to the channel center line and the largest
deviations, near curvature peaks, are of the order of
magnitude of twice the ship breadth (50 m). Figures
7-9 show the ability of the dynamical model
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the unmodeled acceleration has magnitude close to
the total acceleration, as is the case around 200 and
600s, for the 0, X, component. Note also that near
those points the unmodeled part of the angular
acceleration (Fig. 9) is much greater than the total
acceleration, which is close to zero. This implies that
modeled and unmodeled parts have the same order
of magnitude, but with opposite signs. Finally, from
Figs. 10-13 it can be seen that the extended Kalman
filter gives standard deviations of the state
estimation errors which are conservative evalu-
ations of real estimation errors in position (Axy in
Fig. 10 and A, in Fig. 11) and velocity (Ay in Fig. 12
and A, in Fig. 13). The maximum values for these
estimation errors after filter convergence, were:

; . . =0. =0.12°
compensation technique to estimate the unmodeled S =02, Ay = 0.12°
accelerations. Note that there are occasions when Ay = 0.12 knots, A, = 0.045°/s.

TABLE 4. ESTIMATOR AND CONTROLLER PARAMETERS
State Noise Parameters
© = 0.05 T =1.5%s v =3m/s v =30 m/s
Calibration Parameters
A =0.1 0.1=1.O (17_=1.0 0.3=1.0 (11.=0.3
o
/Gyk/ = /G(GC)/ = 30" , Xp = 8.0 m
@)
-1000.00 A P \\
rd )
-500.00 / O \\
0.00 ; - - / . . N Xo
e 50000  1000.00  1500.00 760.00 2500.00 300000 3500.00 4080.00
\ (M)
500.00 - \ @) /
N\ 7
1000.00 1 e
¥Yo (M)
@)

F1G. 5. Channel center line and ship controlled path.
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F1G. 8. Accelerations along 0, Y.
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REAL | ESTIMATED
TOTAL e e
UNMODELED ——~—|———

-0.14
-0.20 L 1 1 " 1 1 1 J
0.00 11250 225.00 337.50 45000 562.50 675.00 787.50 900.00
TIME(S)
F1G. 9. Angular accelerations.
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FiG. 10. Estimated standard deviation and true error in position.
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FiG. 11. Estimated standard deviation and true error in heading angle.
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0.20r

o
o
T

o
)

0.08

DELTA-V (KNOTS)

0.04

ESTIMATED — ———
TRUE —_—

0.00
0.00 225.00

450.00

675.00

TIME(S)

F1G. 12. Estimated standard deviation and true error in velocity.

0.50 r

0.40

DELTA-R (DEG./S)

0.10

ESTIMATED ————
TRUE —

0.00 .
0.00 225.00

450.00
TIME(S)

675.00 900.00

FiG. 13. Estimated standard deviation and true error in yaw-rate.

6. CONCLUSIONS

The results for state estimation indicate that with
the high level of information about the system
provided by the observations, the uncertainties in
the model can be conveniently taken care of by the
dynamical model compensation proposed. Not only
is divergence prevented but also a close estimate of
unmodeled effects is obtained. An important point is
the independence of the procedure to the nature of
uncertainties in the dynamics model, thus providing
the pilot with an adaptive ability to operate in
different environments. Further developments
would be: (i) to use a sequential and adaptive
estimation procedure for the state noise variance to
give a systematic treatment of the problem of the
level of state noise; (ii) to explore further the
possibility of treating the numerical errors in the
prediction phase of the extended Kalman filter as

unmodeled effects, thus simplifying the conditions
in the numerical algorithms.

The control correction law, formulated as the
solution to a sequential parameter estimation
problem, has been shown to be potentially useful for
ship steering. Though this aspect has not yet been
verified, results obtained indicate its suitability to
achieve real time operation as in the case of
automatic piloting. It is important to point out that
the capacity of having good estimates of the state of
the unmodeled accelerations was essential for good
performance of the controller. A further develop-
ment would be to explore the possibility of having
an adaptive procedure for determining the o; in
equation (52).

The quality of results obtained under the
conditions of digital simulation reported in Section
5 constitutes only an indication of feasibility to
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employ the proposed procedures in the automatic
steering of ships in channels. Before final
qualification, one should investigate (i) the effects of
other types of perturbations—such as those of
waves and of shallow waters; (ii) the results of
simulation tests for other types of ships, for example
supertankers exhibiting an unstable dynamical
behavior; (iii) the sensitivity of the proposed
procedure to extreme situations, for example, low-
speed operation; (iv) also the quality of results
under full-scale tests. However, good performance
in other situations can be expected keeping in mind
the inherent characteristic of the state estimator to
deal with state noise and its capacity of adaptive
model compensation.

At first glance the procedure might be considered
too complicated for practical implementation. One
could argue that there are too many equations to be
solved and too many parameters to be calibrated
[as the ; in equation (52)]. However, with present
computer hardware and software resources, it
should be feasible to implement the autopilot in a
ship on-board minicomputer. Regarding the calib-
ration of parameters, they can be determined in
advance in the development phase, through
simulation tests. The tests made have shown that
this task can be easily accomplished.

As a final comment, one should emphasize some
of the characteristics that are typical of the proposed
procedures. Depending upon the application, they
can constitute advantages over other existing
solutions. They are: (i) the extended adaptive
versions of the estimator and of the controller
permit the use of nonlinear models, thus not
imposing any constraint on the structure or
complexity of these models; (it) and, as a direct
consequence, the potential capacity of the autopilot
executing any physically feasible maneuver, as long
as the maneuver is characterized by a well-defined
geometrical path to be followed.

APPENDIX: SIMULATION MODEL OF MOTION

For the purposes of this study it was assumed that it would be
satisfactory to consider the following functional relationships for
hydrodynamic forces and moments:

th+ch=X(u—uc,v—vc,d, l}7 r, i? n, 5)9
Fuy+Fo=Y(Wu—u,v—u,u0rfmn,0),
My+ M, =N@u—u,v—1uv,u, 0,11, 0d),

where u, and v, are the surge and sway components of the
absolute constant velocity V, of current; # is the distance from
point O to the channel center line; § is the rudder deflection; and
the other variables as defined in equations (1)—(3). If a Taylor
series expansion is taken about the nominal conditions
corresponding to zero velocity current and to straight-ahead
motion at constant speed (u* = constant, v* = 0), with rudder
amidships and no deviation from channel center line, the
following nonlinear model results as an approximation to
equations (1)—(3):

(m— X2)i = X, Au + (X, A% + X0 + (X, + 2mxg)r?
+ X5502) + (X, + mvr + X500 + X570
+ HX oo Au + X,pu?Au + X 55,62Au)
+ X, orAu + X 5,00Au + X,5,00Au + F,,, + F,,
(A1)

(m— Yy)o + (mxg — ;)i = Y* + Y*Au + Yo + (Y, — mu)r
+ Y + Y30 + YEAW? + Y, 0Au + Y, rAu
+ YsudAu + Y,50,5 + H(YouvA? + Y, 0r?
+ Y,5500% 4 Yot Au? + Y,prv? + Y, 55752
+ Y5,0AU? + Y5,,00% + Y;,0r%)
+#(¥oust? o Yot o+ ¥350%) + Foy 4+ Figs - (A2)

(mxg — Ny)o + (I, — N;)i = N* + N¥Au + N,
+ (N, — mxgu)r + Njp + Ns6 + N Auw?
+ N, vAu + N, rAu + N;,0Au + N,,s0ré
+ (N puuAti? + Npvr? + Nyss002 + N,rAu?
+ N, 7% + N,5570% + Nsu0Au? + N, 007
+ Nsn61?) + §(Nyoot® + Noppt? + Nigs0°)
+ M, + M, (A3)

where Au is the deviation of u from u*; v is the deviation from the
zero value of v*. The usual notation has been used to indicate the
hydrodynamic derivatives corresponding to the partial de-
rivatives in the Taylor series expansion (Cruz, 1981; Abkowitz,
1969; Strgm-Tejsen, 1965). Only nonzero and nonnegligibly
small terms were kept and the hydrodynamic forces and moment,
F., F., and M,, represent the disturbance of nonzero constant
velocity current, artificially separated from the hydrodynamic
forces and moment, F,, Fj, and M;, which occur in the absence
of current (Leone, Sotelo and Cruz, 1973). As a consequence of
body symmetry, the hydrodynamic derivatives Y,, Y,,, Y., Y;

Ny, Nuw, Ny and N, are all zero. The zero order terms Y* and N*
account for nonsymmetrical side forces (for instance, due to
propeller action). To assure that the changes with speed in these
side forces are also taken into account, the terms Y,*, Y.* N* and
N}, are included (Strgm-Tejsen, 1965). For currents with
absolute velocity V, (with respect to 00X Y) in the direction of
V. (same orientation as y, ¥,,), the resulting force in the direction
of Oy (F,.) was disregarded and the corresponding moment M,
were approximately modeled by (Leone, Sotelo and Cruz, 1973):

Fc = Fcy = (VcSin (‘/j = l//c)) Yv g %(V;SIH (l// - lpc)):’- vav; (A4)
M. = (I/cSin (l// s wc))Nu + %(chn (lp L lpllc))s-vav- (AS)

For winds with absolute velocity V,, (with respect to 0 X Yo)
in the direction of Y, (measured in the same orientation as y in
Fig. 2), the resulting force F,, (applied on point Le Ox with
coordinate x;, in the body fixed Oxyz system) and the
corresponding moment M, were approximately modeled by
(Leone, Sotelo and Cruz, 1973):

F, = Cr.pa.(Apcos’ (Y, — ) + Apsin®(Y, — ). V2, (A6)

resulting:
Fuy= —F,.cos (¢, — ¥), (A7)
Fwy = _Fw-Sin (l//w = l/l)a (A8)
M, =F,,.xL, (A9)

where A, and A are the projected lateral and frontal ship areas
above the line of water; Cy is the air resistance coefficient; and p,
is the air density. The coarse approximation of taking wind
absolute velocity was considered reasonable since the main
purpose was to represent only the more significant disturbance of
lateral winds.
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