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ON THE DESIGN AND ANALYSIS OF SHIP
STABILIZING FIN CONTROLLER

Ching-Yaw Tzeng* and Chung-Yi Wu**

Keywords: Stabilizing fin, Roll reduction, Internal model control, Sensi-
tivity function, Reference conditioning technique, Notch
filter.

ABSTRACT

A ship stabilizing fin controller based on the Internal Model
Control (IMC) method is described in this paper. The proposed
method directly shapes the output sensitivity function which relates
the wave disturbance to the ship roll motion to achieve good distur-
bance rejection. The adopted IMC method gives a controller that
depends explicitly on the model parameters and a design parameter
that specifies the desired system response. Moreover, under the IMC
structure, the sensitivity functions depend linearly on the design
transfer function and this makes it easy to satisfy the internal stability
condition. A reference conditioning technique is employed in the
design that takes the limited actuator authority into the controller
design consideration to avoid unknowingly pushing the actuator
beyond its saturation and slew rate limitation boundaries. Numerical
results indicate that very good roll reduction is achieved for sinusoi-
dal disturbance and reasonable roll reduction is obtained for a narrow
band type of disturbance generated by passing a white noise sequence
through a second order shaping filter.

INTRODUCTION

Stabilization of ship roll motion induced by wave
disturbances has received considerable attention. This
is because of excessive roll motion would make the
crew feel uncomfortable and may also cause damage to
the cargoes and equipment on board. Various types of
anti-rolling devices are introduced to reduce undesir-
able wave-induced roll motion [1]. Specifically, bilge
keels are the earliest anti-rolling devices in use, which
provide extra roll damping to the ship to attenuate the
roll motion [2]. Anti-rolling water tanks have been
introduced in the early 1900's. Water in the tanks is
shifted in response to the wave motion to counteract the
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wave- induced roll moments [3].

Stabilizing fins are the most effective and popular
anti-rolling devices in use. Stabilizing fins have been
used extensively for high speed vessels, particular on
war ships and cruise ships. Lift forces are generated by
the fins and a coupleis produced to counteract the wave-
induced roll moment. Sincethelift force depends on the
relative inflow speed, the stabilizing fins are effective
only when the ships are sailing at relatively high speed.
Quite some methods have been introduced. Specifically,
a multivariable control approach to the design of anti-
rolling fins for a war ship has been proposed, where the
rudder and the fins are considered simultaneously to
reduce the wave-induced roll motion without sacrific-
ing the yaw control performance [4]. Fuzzy control
method basing on empirical if-then rules has also been
introduced to the design of the fin stabilization system
[5]. Application of the adaptive LQ method to the
stabilization for a monohull ship is reported in [6], and
an H-oo control design method has been employed in the
design of arobust stabilizing fin controller [7].

Rudder roll stabilization has gained much interest
recently. Thisisdueto its cost effectiveness and saving
of space as compared with the conventional stabilizing
fin systems and anti-rolling water tanks [8]. However,
to achieve effective roll reduction by using the rudder,
the rudder rate has to be as high as 10-15 deg/sec, which
is considerably faster than most attainable rudder rate
aboard ships, where 3 deg/sec is the typical value [9].

Even though the rudder roll stabilization system
has gained much attention recently, the stabilizing fins
are still the most effective anti-rolling devices in use
[10]. Inorder to gain good roll reduction performance,
the fins have to be moved quickly to counteract the
wave-induced roll motion in time. Consequently, satu-
ration (SAT) and slew rate limitation (SRL) are inevi-
table and they may introduce phase lag and even cause
system instability [11].

To maximize the fin stabilization performance,
without causing instability to the system, the SAT and
SRL have to be taken into design consideration. A
reference conditioning technique will be employed that
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modifies the reference input such that the fin command
is always equal to the actual input into the plant [12].
Thisallowsfull utilization of the limited actuator power,
without pushing beyond the saturation and slew rate
limitation boundaries unknowingly.

Since the disturbance rejection performance of the
stabilizing fin depends on the sensitivity function that
reveals the effect of the disturbance on the roll motion
of the ship, it is reasonable to directly shape the output
sensitivity function under the internal model control
(IMC) framework. The IMC design method is charac-
terized by a model-based approach that provides ex-
plicit relationship between the structure of the control-
ler and that of the plant model. Moreover, the controller
can be conveniently parameterized in terms of a speed
of response parameter, which allows the user to tune the
controller to meet specific control objective [13]. Nu-
merical simulations with respect to a ship model re-
ported in [14] will be conducted to evaluate the perfor-
mance of the proposed design method.

SYSTEM DESCRIPTION
1. Ship-fin system

The configuration of the stabilizing fin system is
illustrated in Fig. 1. Thelift forces L; generated on both
fins will result in a stabilizing roll moment M; that
counteracts the wave-induced roll moment in order to
stabilize the ship.

The transfer function describing the input-output
relationship from the fin angle a to theroll angle ¢ can
be determined from model test data or full scale seatrial
data via system identification technique. Specifically,
the roll angle-fin transfer function of a ship reported in
Ref [14] has been determined

ws) _ K

G@O)=—= =
© as) s?2+0.06s+0.1225

(1)
where K is a speed dependent gain coefficient.
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M
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Fig. 1. Ship-fin system.

Specifically, K = 0.461 for a car ferry at the speed of 11
kts.

2. Fin saturation and slew rate limitation

The fin actuators have associated with them two
nonlinearities; that is, the saturation (SAT) and slew
rate limitation (SRL). The fin angles are assumed to be
within £25deg and the fin rate limits are within +20 deg/
sec. The fin SAT and SRL are implemented in the
structure given in Fig. 2.

The value of ¢ in the time lag box can be adjusted
to represent the achievable slew rate limitation.

3. Wave disturbance

The wave disturbance will be modeled as an output
disturbance, which is generated by passing a white
noise through a second order shaping filter defined by

H(s)

— K WS
T2 2
S°+2CwW.s + W,

)

where K,, is a coefficient that can be adjusted to repre-
sent wave strength effect ; { isadamping ratio and s is
the encounter frequency. Typically, { is between 0.05
to 0.1 and @ is between 0.3 to 1.3 rad/sec [11]. Inthe
simulation study, ¢ is set to 0.075, w, is 0.4 and K, is
10, which result in a narrow band type of disturbance.
To afirst order approximation, wave motions are linear
and the hull response can be obtained as a superposition
of the wave induced motion and that created by fin
activity. In order to examine the effectiveness of the
proposed controller, a pure sinusoidal type of wave
disturbance will also be employed in the simulation
study.

4. Fin stabilization system structure

The anti-rolling fin stabilization system can be
represented in the block diagram given in Fig. 3.

The reference signal @ is set to zero, which
indicates the desired stabilized horizontal position. The

1
I+es
- 0ma £+ Uax
+ Gmin + umin
SRL SAT

Fig. 2. Finsaturation (SAT) and dew rate limitation (SRL) implementation
diagram.
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Fig. 3. Fin stabilization system block diagram.
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controller C will be designed with the internal model
control (IMC) approach presented in latter section, and
the fin SAT and SRL will be directly taken into the
design consideration.

INTERNAL MODEL CONTROL (IMC) METHOD

The IMC design method will be discussed in this
section. Specifically, the advantages of IMC method
will be highlighted, and the design procedure described.

1. IMC parameterization

A block diagram of the IMC structure is shown
inFig. 4A. The IMC and classical feedback structures
(see Fig.4B) are equivalent under the following
transformations:

_ Q
" 1-QG (33
- C
T 1+CG (30)

where C is the controller, G is the process being
controlled, G is the process model, and Q is a design
transfer function. In Figs. 4A-4B, r is the reference
input, y is the output, u is the control, d; is the input
disturbance and d, is the external disturbance. Equiva-
lence between Fig. 4A and Fig. 4B can be readily seen
by transforming the dash box to a single block and is
represented by the relation shown in Eg. (3a).

The IMC structure shown in Fig. 4A shows that if
there are no modelling uncertainties and there is no
disturbance, there is no need of feedback. Moreover,
the feedback signal in the IMC structure represents
uncertainty about the process and the disturbance. Eq.
(3a) implies that the controller C is parameterized in
terms of the design function Q. It also indicates that the
controller is directly dependent on the model G. Hence,
the IMC structure can be interpreted as parameteriza-

d( dﬂ
r=—-—-==- I
T i | + vy
LN u, + X+ +
— 1 Q (> G —
1 i |
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! |
' A - Y
! . 0
1 [¢] i
e 1 C
&)

(B)

Fig. 4. (A) IMC structure; (B) Classical feedback structure.

tion of the entire stabilizing controller structure, where
the design transfer function Q appearsin Eq. (3a) plays
the role of the parameter.

2. IMC design procedure

In summary, the IMC parameterization design
method leads to the following controller:

_ Q
1-QG

where G is the process model and Q is a design transfer
function defined as

(4a)

Q=FGjy (4b)

where G, is an approximation to the inverse of the
process model G, and F is a closed-loop specification
filter, called, alternatively, the modulating filter, given
in the form

- 1

F= B5+1)° (4c)
where n is an integer chosen to make Q bi-proper. That
is, the order of the numerator is equal to the order of the
denominator, and 3 is adesign parameter that character-
izes the speed of response of the closed-loop system.

The presence of the term va in Eq. (4b) derives
from the observation that a controller with the inverse
structure of the process being controlled performs per-
fectly under the ideal case. Specifically, G,,, is derived
as follows:
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Assume
B9)B,E)
CO= A 0A0 (52)
then
G () = - O A (5b)

B«8)Bu(©) ;-0

where Ag, A, represent the stable and unstable poles,
respectively, and B, B, represent the minimum phase
and nonminimum phase zeros, respectively. For a
nonminimum phase system, direct inversion of the term
B, is not allowed; otherwise the stability criterion will
be violated. However, it is desirable to extract useful
information from the term B, without violating the
stability criterion; specially, the DC gain value of B is
the piece of information being retained.

3. Internal stability

Referring to the classical feedback structure shown
in Fig. 4B, assumethat G = G; that is, the process model
exactly describes the process being controlled. Then
the corresponding loop is called the nominal loop. Itis
well known that to ensure internal stability for the
nominal loop, the following nominal sensitivity func-
tions have to be stable [13]:

= % 1 S gG (2
S = DlI 1 +GCG (6c)
Su= % "1 +Ccé (6d)

where T is the nominal complementary sensitivity
function, S, is the nominal output sensitivity function,
S isthe nominal input sensitivity function and S, is the
nominal control sensitivity function. Satisfaction of the
stability criterion by the sensitivity functions defined
by Egs. (6) ensures that between any two points in the
loop, the input-output relation is stable.

Referring to the IMC structure depicted in Fig. 4A,
the sensitivity functions defined by Egs. (6) can be
rewritten in terms of the design transfer function Q and
the model G asfollows:

T=QG (7a)

S,=1-QG (7b)

S =(1-QG)G (7¢)
S&=Q (7d)

Comparing Egs. (6) with Egs. (7), it can be seen
that the sensitivity functions are nonlinear in the con-
troller C but are linear in the design transfer function Q.
The above observation clearly indicates the advantage
of the IMC structure over the classical feedback struc-
ture in terms of satisfaction of the internal stability
criterion. To see this under the IMC structure, given a
stable process model G, internal stability is satisfied by
choosing a stable and proper design transfer function Q.
However, under the classical feedback structure, given
a stable process model G, internal stability is not guar-
anteed by choosing a stable and proper controller C.

SENSITIVITY FUNCTION-BASED APPROACH
Refer to Fig. 4A, it follows that
Y=T+R+S+Do+S+D, (8)

where Y is the system output, Ris the reference input, D;
and Dy are the input and output disturbances. The
sensitivity functions T, S,, § are given by Eqgs. (7a)-
(7c).

Since the purpose of the stabilizing fin control
system is to maintain an upright position, the reference
input is zero. Moreover, the wave disturbance will be
treated as output disturbance. Hence, reduction of the
wave-induced rolling motion can be achieved by proper
selection of the output sensitivity function S, defined by
Eq. (7b). Specifically, a notch filter type of sensitivity
function will be selected with the center frequency
located near the dominant wave frequency. Select the
output sensitivity function S, to have the form of a
standard notch filter as

S2+2¢" w.s+ w2
Wy 5 n (9)

(8 +awy)

It follows from Egs. (4b) and (7b) that the modu-
lating filter F is then given by
_2A1-q) s

(s+awy)’

With F(s) given by (10), the corresponding design
transfer function Q defined by Eq. (4b) becomes
improper. However, in the IMC design, the design

transfer function Q is required to be bi-proper. Hence,
F(s) can be modified as follows

21-¢") w,s
(5+w)(s+r)

So(8) =

F@©) (10)

F@) = (11)
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Then, the corresponding output sensitivity func-
tion S is derived as

So(8) =

S+ (2w, +1) 2+ (2r + w,— 2+ 2¢") ws+ W Ar

2+ (2w, +1) 2+ wr + w2 s+ w,r
(12)

In Eq. (12), the parameters w,, ¢*, and r can be
treated as the design parameters that determine the
shape of the notch filter. Finally, with respect to the
system transfer function given by Eqg. (1) the controller
can be computed from Eq. (4a) as

_ 2(1—¢") awy(s® +0.0652 +0.1225s)
0461 (Is3 + (r +2ay,) $2+ (2¢" oo, + 204, + @y 2 —264) S+ 2]
(13)

C(s)

It is to be noted that the controller given by Eqg.
(13) is bi-proper. Namely, the order of the numerator is
equal to that of the denominator.

REFERENCE CONDITIONING TECHNIQUE

It is well known that saturation (SAT) and slew
rate limitation (SRL) non-linearities of control input to
an open-loop stable system may cause performance
degradation. Indeed, the system will grow very fast
during the saturation and slew rate limitation period and
may reach values that are uncontrollable with limited
actuator authority [15].

It is certainly possible to design a controller that
never reaches the saturation and slew rate limitation
bound; however, this will inevitably degrade the
performance. In afin roll stabilization problem, it is
desirable to move the fin as quickly as possible to
counteract the wave disturbance. Thus, it is necessary
to bring the actuator to its saturation and slew rate
limitation boundaries in order to achieve the goal.

The reference conditioning technique has been
proposed to deal with saturating input for unstable
linear systems [16]. In this paper, both the actuator
saturation and slew rate limitation are considered [12].
Specifically, the reference input is modified in such a
way that the controller states are consistent with actual
states of the plant. The control signal never attempts to
take on values beyond the bound imposed by the satura-
tion and slew rate limitation, and the linear design
properties are preserved.

1. Fin saturation conditioning

The configuration of the reference conditioning
filter is presented as follows. Given abi-proper control-

ler C described by Eq. (13), it is possible to describe the
controller in terms of a strictly proper term and a
feedthrough term as follows:

C= Co + Cl (14)

where C is the feedthrough term and C; is the strictly
proper term. Let @be the actual roll angle and let R be
the reference angle. Consider the following control
law:

u* = C(R- ¢)
=Cy(R-9 +Ci(R-9 (15)

The control input based on Eq. (15) may lead to
saturation and slew rate limitation if the actual roll
angle @ is very different from the reference angle R.
Thus, it is possible to choose a new reference angle to
avoid the above condition. Let us assume for this
moment there is only saturation limitation. Let Rnew be
the modified reference angle, which can be calculated
by solving for the following relation:

Cl(Rnew - ) + CO(Rne'w - (0)
= SAT[Cy(Rnew = @) + Co(R — @] (16)

where SAT[*] is a saturation function.
Solving Eq. (16) for Ryew,we have

Rnew = i{ SAT[C l(Rnew - (0) - Co(/"" COR]
0
—[C1(Rpew =@ —Codl} (17)

Rearranging Eq. (17), it follows that

R = —{ SAT[u; + CoRl - u,} (18)
0
where
U = Ci(Rnew — @ — Co@ (19)

Note that the left-hand side (LHS) of Eq. (16) isthe
actual input into the plant that will not activate the
saturation nonlinearity.

Let us call the LHS of Eq. (16) u and write

u= Cl(Rnew - ) + CO(Rnew - (p) (20)
Substitution of Eq. (19) into Eq. (20) gives
u=u; + CoRnew (21)

The relationships described by Egs. (16)-(21)
can be realized in terms of the configuration shown in
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Fig. 5.
2. Fin saturation and slew rate limitation conditioning

If both saturation and slew rate limitation are
considered, Eqg. (18) is modified as

Rrew = = {(SAT +SRL)[u; + CoR] —uy} (22)
0

where (SAT + SRL)[u; + CyR] implies that both the
saturation and slew rate limitation constraints are im-
posed on the term u; + CoR. The conditioning scheme
with SAT and SRL constraints is realized with the con-
figuration shown in Fig. 6.

To take into account the presence of SAT and SRL
in the system, one would like to ‘alert’ the controller
whenever either one of these nonlinearitiesis activated.
At this point the controller should stop ‘pushing’, since
either the fin reaches its motion limit or its motion rate
limit. This is accomplished by passing the control
signal through the system presented in the dashed line
rectangle shown in Fig. 6.

Summarizing, the control state is now calculated
based on the difference between R,e, and ¢. This
ensures the control state is always consistent with the
actual input into the plant. Thus, it is possible to
execute the fin roll stabilization very quickly by com-
plying with limited actuator power, without introducing
the saturation and slew rate limitation nonlinearities.

NUMERICAL SIMULATIONS
Recall that for the wave model generated by pass-

ing white noise sequence through a shaping filter de-
fined by Eq. (2). In the following computations, the

Fig. 5. Controller realization with SAT.

Fig. 6. Controller realization with SAT and SRL.

damping ratio ¢is set to 0.075, the encounter frequency
ws is set to 0.4 rad/sec and the wave strength factor K,
is set to 10, which will give awave-induced roll motion
within £15 deg. The wave shaping filter employed in
the simulation study is then given by

- 10s

HE) s?+0.06s+0.16 23)

The design parameters that determine the charac-
teristics of the output sensitivity functions defined by
Eg. (12) are selected as follows. Specifically, w, = 0.5,
¢t =-0.25and r = 1.15.

The corresponding output sensitivity function &
of our design is then given by

_s3+215s%+0.15s + 0.2875
SO(S) - s 3 2 (24)
s°+2.15s“ + 1.4s + 0.2875

Finally, the controller C(s) defined by Eq. (13) can
be computed as

1.25s% + 0.075s% + 0.1531s (25)
0.461s° + 0.989s? + 0.069s + 0.1323

The Bode plot of the output sensitivity function
S(s) defined by Eq. (24) is shown in Fig. 7. It can be
seen that the center frequency of the notch is located
near 0.4 rad/sec. Hence, an effective roll reduction can
be expected for wave disturbance with dominating fre-
guency around 0.4 rad/sec.

A pure sinusoidal type of disturbance with an
amplitude of 15°, frequency of 0.4 rad/sec istaken asthe
output disturbance. The stabilized results are given in
Fig. 8A and the fin angle employed is given in Fig. 8B.
Itis clear that for the simple sine wave disturbance, very

C(s)=
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Bode Dlagrams
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Fig. 7. Bode plot of the output sensitivity function S(s).

controller
i /\f( \/\/\/’w 2

20 i i H L I time{sec)
0 50 100 150 200 250 300

A)

5 o
(deg)
10

=)

AN ALASANN NN
|
shoo. R . .

tre(sec)

y
3
o

i i L 1
50 100 150 200 250 300

(B)

Fig. 8. (A)Rall reduction for sinusoidal disturbance; (B) Fin angle for
sinusoidal disturbance.

good roll reduction is achieved with minimal control
effort required. Specifically, the roll motion amplitude
is reduced from 15° to 2° and the fin angle command is
within £3°,

The more realistic narrow band type of wave dis-
turbance generated by passing a white noise sequence
through the shaping filter defined by Eq. (23) is then
examined to evaluate the performance of the proposed
stabilizing fin controller. Fig. 9A shows the roll angle

¢ 15+
wn

—controller off

time(ses)

H i L L 1
50 106 150 200 250 300 350

timesec)

N
3

i i . L :
0 50 100 150 200 250 300 350

(B)

Fig. 9. (A) Roll reduction for narrow band disturbance; (B) Fin angle for
narrow band disturbance.

history with and without the controller and Fig. 9B
gives the fin angle time history. It is seen that the roll
angle has been reduced from +15° to within £5° and the
fin angle demand is within £10°. Specifically, the root
mean squared (RMS) value of the roll angle has been
reduced from 6.7° to 2.8° and the RM S value of the fin
angle is 3.5°. Moreover, due to the application of the
reference conditioning technique, the fin angle em-
ployed is within the saturation and slew rate limitation
boundaries.

CONCLUSIONS

An internal model control (IMC) — based stabiliz-
ing fin controller design method is found appealing in
terms of wave disturbance rejection. Specifically, un-
der the IMC framework, the sensitivity functions de-
pend linearly on the design transfer function Q. This
makes it straightforward to satisfy the internal stability
condition and also allows us to directly shape the output
sensitivity function. The proposed modified notch filter
type of output sensitivity function is found effective in
reducing both the pure sinusoidal wave disturbance and
narrow band type of wave disturbance. Due to the ever
changing sea state conditions, further research on on-
line estimation of the dominating encounter wave fre-
quency is required and the central frequency of the
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notch filter should be adjusted accordingly to make the
proposed controller of practical use.
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