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Abstract: Since a ship yard usually provides insufficient data for developing a ship
control system, the course and track controller design is based upon a Nomoto
model determined with a Clarke estimation of hydrodynamic derivatives. Several
ships examined show a poor system performance with a course control derived
from these models besides parameter identification problems of adaptive control
concepts. Hence, the steering quality of the Mariner class is discussed and linear
model parameters are obtained by an interval approximation of Dieudonné’s spiral
curve in the working range of the rudder. This approach leads to a better controlled
nonlinear process. Copyright © 2005 I[FAC

Keywords: Ship control, Manoeuvrability, Stability, Parameter estimation,

Least-squares approximation

1. INTRODUCTION

In general, course and track controls of modern
ships are widely designed on the basis of linear
Nomoto models (Nomoto et al., 1957). Since only
rudimentary information, e.g., main data, dimen-
sions, and the proof of dynamic yaw stability,
can be obtained during the control design pro-
cess, the linear velocity and acceleration deriva-
tives of the mathematical model are usually esti-
mated by the hull geometry referring to (Clarke
et al., 1982). Another approach for determining
the hydrodynamic derivatives is to conduct exper-
imental methods measuring forces and moments,
especially for those new ship types equipped with
azimuthing propulsors. Problems still exist also
for older vessels in transferring these model-scale
results to full-scale (Mewis, 2001; Kleinau, 1976).

These experiences can be confirmed for different
types of ships in our institute showing that nonlin-

earities of the plant are still problematic to handle.
This may finally lead to inaccuracies in identifying
mathematical models, inefficient controllers, and
a higher rate of wear of the rudder engine (Korte
et al., 2002).

Therefore, in the first part of this paper, iden-
tification results of a modern ro-ro ferry used
for a maneuver prediction system are presented.
In order to show the importance of an accurate
hydrodynamic model and in absence of such a
model for the investigated vessel, the second part
consists of a controller design for the well ex-
amined Mariner class considering the nonlinear
model and Dieudonné’s spiral curve. The objec-
tive is to find Nomoto parameters depicting more
realistically dynamic properties and to develop a
PID-controller resulting in a better system perfor-
mance after a course alteration using the nonlin-
ear model of the vessel.



2. MANEUVER PREDICTION OF SHIPS

The MAPSYS project (”Manoeuvre Prediction
System for Ships”) aimed at improving the nau-
tical safety of ships in confined waters and har-
bor approaches with major current gradients by
developing a prediction system using external
current measurements (Korte et al., 2001). The
vessel ”Transeuropa’, a ro-ro/passenger ferry of
the Finnlines Group built in 1995, was exam-
ined during this project (L,, = 171.3 m, V =
11,646 DWT, ug = 21 kts). The prediction model
consists of an adaptive linear time-variant dy-
namic model and a cascade control module with
an inner course autopilot loop and an outer tra-
jectory tracking control loop.

Describing the dynamics of the ship, a nonlinear a
priori model is usually determined requiring many
parameters obtained by measurements or design
drawings. Furthermore, the hydrodynamic deriva-
tives depend on the loading conditions and the
surge velocity. Therefore, these models are inap-
propriate for practical purposes like a prediction
system of ship motion or a control system design,
since system identification with full-scale maneu-
vering trials is usually hindered due to economic
and nautical constraints (Korte et al., 2002).

2.1 Identification of a Linear Ship Model

Due to the reasons mentioned, only a few zig-
zag and course alteration maneuvers can be per-
formed. The gathered data is used for determin-
ing parameters of, at first, the Nomoto course
model and, secondly, the track model applying the
prediction-error identification method (PEM).

In order to obtain an overview, the parameters of
Nomoto’s 2nd-order model are estimated:

Kis 1
G == . 1
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where Kjg — gain and Tg = Ty + T — T3 —
Nomoto’s time constant.

This is not trivial because the measured signals
are disturbed and the number of estimated pa-
rameters is additionally increased due to initial
states, i.e., the rudder bias dgg, the course angle
19, and yaw rate rg.

The analysis of an automatic course alteration
maneuver and a helmsman-steered 5°-5° maneu-
ver at u = 20kts show both a good approxima-
tion of the measured and the simulated course
angle, see Fig. 1 and 2. Comparing the identified
Nomoto parameters K;s and Tg to those of the
”Montebello”, another ship with a similar size and
design speed examined during the former INIS-
project (Lampe et al., 1998), similar results should

Table 1. Identified Parameters of the
Course Alteration Maneuver.

Initial values  Estimated parameters

Krgins™ 1 0.06 0.1003
Ty in s 20.0 43.8563
Spo in © 0.0 -1.3766
roin ©s—1 0.0 -0.0304
o in © 0.0 0.1764

Table 2. Identified Parameters of the
Manually Steered Zig-Zag Maneuver.

Initial values  Estimated parameters

Krgins™1 0.06 0.2318
Ts in s 20.0 93.7038
SRo in ° 0.0 -1.1817
roin ©s— 1 0.0 0.2142
o in © 0.0 -3.2598

be gained applying fundamental laws of physics.
However, the calculated quantities are strongly
different and partially unrealistic, Table 1 and 2.
The approach of identifying the parameters in two
steps, which can be repeated in order to obtain
more converged results, leads to expected values.
For this case, the simulation provides unsatisfac-
tory results.
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Fig. 1. Automatically Driven Course Alteration
Maneuver without Transient.
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Fig. 2. Manually Steered 5°-5° Maneuver.

Therefore, the Nomoto model cannot reproduce
the true dynamics of this particular vessel. Al-



though the condition of yaw stability is fulfilled
for this ship, it is suspected that a nonlinear-
ity occurring within a small rudder range causes
this problem. It is indicated by major rudder
movements compared to the rudder angle of the
course alteration during a compensated straight-
line motion of the vessel at calm weather, Fig. 3.
The obvious wear of the rudder engine supposes
that these difficulties have been already existed
since implementing the control system at the yard.
(Korte et al., 2002)
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Fig. 3. Automatic Course Alteration Maneuver.

Similar observations were made for determining
linear model parameters of type 301 ”Pioner”
built on the ”Neptunwerft” shipyard Rostock
(Kleinau, 1976) and the Mariner class being exam-
ined in the following section (Chislett and Strgm-
Tejsen, 1965).

3. INVESTIGATION OF THE MARINER
CLASS

The known Mariner class (L,, = 160.9 m, V =
16,622 DWT, ug = 15 kts) is chosen for further in-
vestigations, since comprehensive Planar Motion
Mechanism (PMM) tests, and full-scale steering
and maneuvering predictions were performed in
Lyngby, Denmark, as well as several applications
in the field of modeling and control system design
were published, e.g., (Fossen, 1994).

3.1 Mathematical Model

The nonlinear 3 DOF equations of motion in
surge, sway, and yaw as derived by (Chislett
and Strgm-Tejsen, 1965) assuming an undisturbed
water surface are used as a reference model:
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where

X = Xou + Xuut? + Xpuutt® + Xppv? + X012
+ X, + X550% + Xyussud? + Xps00
+ Xuvsuvd,
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and my; =m — Xy, my =m—Y;, I, =1, — N;.

Allowing only small perturbations from nominal
values, i.e., u =~ wug = const. > wv, r, and
neglecting roll and heave, linear theory suggests
the state-space model for the steering motion:

t=Ax+bu, (3a)
y=Cz+du, (3b)

where = [v r w]T,uZ(S —(0r+0Ro0), y = x,

a1 a2 0 by
A= |az a2 0| ,b= |by|,C =I3x3,d=0.
0 10 0

Laplace transformation of Eq. (3) and some
rearrangements yields the transfer function of
Nomoto’s 3rd-order model:
\I/(S) Kis 1+ 1T3s
Gw(S) = = : ’
A(s) s (14+T1s)(1 4 Tzs)

which can be simplified to the 2nd-order model,
Eq. (1).

The derivation of the Nomoto model requires dy-
namic yaw stability. Referring to (Schmitz, 1961),
a ship is dynamically stable, if disturbances of the
drift angle or its angular velocity decay for a ship
on a steady trajectory. It can be proved that if
the real parts of the roots of the characteristic
equation are negative, the system is stable. This
criterion is fulfilled for a Mariner class vessel.

For the vessel given, the Nomoto parameters of
the course plant are determined through lineariza-
tion at system equilibrium, i.e., the nominal value
is dge = 0°, and shown in Table 3.

Neglecting the influence of the rudder rate limiter
for design purposes, the dynamics of the rud-
der engine are approximated as a PTj-element
(Mierau, 1983):

. A(S) - KA
GA(S) - AC(S) - 1+ TAS ’ (5)
where K4 =1s"1and Ty =1 s.



3.2 Analysis of the Turning Ability

In this subsection, Dieudonné’s spiral and its in-
fluence on the turning ability of a ship is discussed.
The spiral curve provides a nonlinear relationship
between constant (commanded) rudder angles .
and steady-state yaw rates at a particular nominal
surge velocity ug.
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Fig. 4. r—0 Diagram, Nomoto’s Characteristic
Line, and Global Rudder Characteristic Line.

As depicted in Fig. 4, the spiral curve of the
Mariner class can only be linearly approximated
in a considerably small section, i.e., —2° < dg. <
0°. It indicates that the conventional Nomoto
model linearized at dp. = 0° cannot be used
for a course controller design meeting sufficient
dynamic results, because usually a larger rudder
range is required. Due to the steering effect of the
propeller, an offset of the origin dpy = —1.11° is
caused, commonly referred to as rudder bias.

Therefore, a least-squares method is adopted in
order to determine the linear regression of the
spiral curve in the defined rudder range of interest
(see dashed line box in Fig. 4). It is calculated as

yi = fo+ brzis i=1,...,N (6)
where the regression coefficients are
N 5 N
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For this case, the dependent variable y corre-
sponds to r and the regressor x to dg.. The regres-
sion coefficients for this interval approximation
are computed as

Bo =0,0705° s~ ; B =0,0658s " .

This so-called ”global rudder characteristic” shall
reproduce a realistic turning behavior in the rud-
der working range. Since Dieudonné’s spiral is
a static curve, its interval approximation cannot

Table 3. Nomoto Parameters at Differ-
ent Nominal Values.

e =0° Ope = —4°
Krgins™! 0.1850 0.0643
Ti in s 7.3836 7.1267
T in s 123.1729 37.6596
T3 in s 18.0786 16.4644
Ts in s 112.4779 28.3219

provide the required model parameter. Using engi-
neering judgment, the tangent slope at dg. = —4°
approximates well the slope of the global rudder
line. Hence, Eq. (2) are linearized at this nomi-
nal value in order to calculate the second set of
Nomoto parameters (see Table 3).

It must be noted that the slope of the tangent
relates to its plant gain so that K¢ of parameter
set 1 is higher compared to that of set 2, cor-
responding to Fig. 4. Assuming an equal system
gain, it can be expected that the controller gain
for the first set of parameters will be smaller and
for the second one higher.

3.8 PID-controller Design

This subsection shows the controller design per-
formed separately for each linearized system. For
simplicity, Nomoto’s 2nd-order model is used for
the design process. Priority is given to compa-
rable designs, because both determined PIDT;-
controller are finally applied on the same nonlin-
ear system comparing their performance.

Using the root-locus method, a control system
of the course angle is designed restricted to the
following performance specifications:

e maximum overshoot €,,q4, < 5%,
e gsettling time t. < 90s,

e settling interval e = 3%,

e rudder angle 6 < 15°.

For achieving the desired performance, the root
loci are reshaped by inserting a phase-lead com-
pensator into the open loop so that two branches
intersect a pair of dominant poles. This pair of
dominant complex-conjugate closed-loop poles is
placed at the desired location specified by the
damping ratio D and the natural frequency wq
calculated with the specifications.

The transfer functions of the controllers are:

TDS
=K 1
Gppr (s) R ( + 1+Ts) ; (8a)

1 TDS
G =Kgr|1l+ — 8b
pipT; () R( +T13+1+Ts>’ (8b)

where Kr — proportional gain, Tp — derivative
time constant, T' — delay time constant, and 77 —
integral time constant.



Table 4. PDT;-Parameter and Perfor-
mance of Step Response Ay, = —5°,
Linear System.

Spe =0°  Ope = —4°
Kpins T 0.21 0.60
Tp in s 112.5 15.0
T in s 11.2 1.5
emaz in % 3.6 3.8
te in s 80.4 123.6
SR.maz in © 9.3 -16.0
Table 5. PIDT;-Parameter and Perfor-
mance of Step Response Ay, = —5°,
Nonlinear System.
dpe =0°  dp. = —4°
Krins | 0.21 0.60
Tr in s 150.0 429.0
Tpin s 112.5 30.0
T in s 11.2 3.0
emaz in % 11.3 12.8
te in s 494.4 311.0
SR.mae in © 9.6 9.9

The determined parameters Kgr, Tp, and T are
used for the PIDT;-controller, while the integral
time constant 77 is derived from the condition
that an actuator disturbance input of dg. = 1°
shall be vanished within the settling interval in
1000 s (Fossen, 1994). For both controllers, the
I-gain K; = Ij(,f is chosen to be equal, because
both sets of parameters are determined for the
same ship with its asymmetric properties.

In order to compare both controller designs, the
most important design criterion is

Kr1Krs1 = KroKrsa, 9)

where the index 1 denotes Nomoto parameter set 1
and index 2 set 2, respectively (Table 3 and 5).

This design process is conducted for both sets of
Nomoto parameters. For the first set, the speci-
fications are met for the phase-lead compensator
after a course step (¢.(t > 0) = —5°) is applied on
the linear system. For the second set, the PDT;-
controller cannot achieve the requested rudder
angle criterion due to the small derivative time
constant in conjunction with the required perfor-
mance. Therefore, the settling time is increased
to 150 s so that the specifications can now be
fulfilled (Table 4). The determined parameters of
the PIDT;-controller shown in Table 5 meet the
criterion of Eq. (9).

3.4 Comparison of the Course Controllers

Both developed controllers are compared with
course step and ramp functions of the nonlinear
plant given in Eq. 2.

For a step of the commanded course angle of
Ay, = —5° the responses of the controlled
nonlinear system show that the course angle of
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controller 2 (dp. = —4°) is settled in less than
two thirds of the time compared to controller 1,
although the overshoot is quite similar, see Fig. 5
and Table 5. It may be noted that the system
performance is slower than expected and the spec-
ifications of Subsection 3.3 cannot be met. This
is caused by the I-element of the controller and
rough approximations of the linearized model used
for controller design. Figure 6 shows that for the
second controller design, the amount of the maxi-
mum rudder angle is slightly increased. The early
flattening of this rudder angle is probably the
result of a high controller gain associated with a
higher gain of the nonlinear plant for small rudder
angles.

Finally, results of a course alteration maneuver
are presented which is chosen for its practical rel-
evance. This maneuver is simulated with a ramp
function, Ay, = 20° in t = 50 s. Figure 7 shows an
approximately identical overshoot for both con-
trollers (11.3% vs. 10.0%) while the commanded
course angle is reached clearly faster (225.0 s vs.
504.0 s). The plot of the rudder angles shows
whether an advantage nor disadvantage (Fig. 8).
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4. CONCLUSION

The investigations outlined in this paper aimed at
designing a course controller for ships where the
turning ability is strongly influenced by nonlinear-
ities of the plant.

Therefore, the linear controller design uses an
interval approximation of Dieudonné’s spiral in
the working range of the rudder to provide bet-
ter results while applying the controller on the
nonlinear course plant. A distinct faster settling
of the course angle is observed in conjunction
with a similar rudder deflection. This alternative
approach results in a more realistic turning ability
for a larger rudder range than the conventional
Nomoto model.

It is shown that the positive proof of yaw stabil-
ity is insufficient in applying the Nomoto model
linearized at rudder zero to nonlinear plants. The
difficulties in identifying the vessel ” Transeuropa”
support the argument that theoretical examina-
tions even for modern ships are required in prac-
tice. Therefore, more hydrodynamic information
provided by the ship yard is needed for a suitable
controller design.

A possible criteria for recognizing nonlinearities
of a plant might be the fact that different results
of parameter identifications are obtained for the
first part of a course alteration maneuver and a
complete one. Thus, additional experimental and
theoretical investigations has to be carried out to
clarify this issue.

Further fields of investigation lie in a concept
of a nonlinear controller design for considerable
nonlinearities in spiral curves and adaptive course
and track controls with an online parameter iden-
tification.
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