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ABSTRACT

• The high feedback gains employed by current active
roll stabilisation systems result in control surface cavitation
and excessive machinery activity, both of which contribute sig-
nificantly to the noise radiated by the ship. In the case of
warships , this noise is most undesirable. To circumvent this
difficulty, a reduced noise mode of operation is proposed for
use in a threat situation. This reduced noise mode is charac—

• ten sed by little or no cavitation and low levels of machinery
wear.

A design procedure incorporating modern control theory
• as the major tool in the selection of feedback gains for ship

roll stabilisation is presented . The procedure is app lied to
the reduced noise mode , but may be readily adapted to controller
design for other modes of operation. With this technique , the
designer is able to minimise a performance index which is a
function of both roll angle and fin angle , while keeping fin
motions below the cavitation limit. Application to an example
ship configuration employing fin , rudder or combined fin—rudder
control is considered. The closed loop performance of these
systems is simulated and the results demonstrate the power of
modern control theory in this application.
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SOMMA I RE
• Les gains de rétroaction élevés qu ’utilisent les
• systèmes actuels de stabilisation active du roulis entnainent

une cavitation de surface de contr6le et une activité excessive
des machines , soit deux éléments qui contribuent de facon
sensible au bruit qui irradie du navire. Dans le cas des navires
de guerre , ce bruit est des plus indésirables. Pour contourner
cette difficulté , on propose un mode de fonctionnement a bruit
réduit , I utiliser dans une situation de menace. Ce mode de

• fonctionnement I bruit réduit produit peu ou pas de cavitation
r et peu d’usure des machines.

On présente une procedure de conception qui incorpore
• la théorie de contrôle moderne comme instrument principal de la

selection des gains de rétroaction pour la stabilisation du roulis
des navires. La procedure est app liquée au mode de fonctionne—
ment a bruit réduit , mais elle peut gtre facilement adaptée au
modèle du contr6leur pour d’autres modes de fonctionnement.
Grace I cette technique , le concepteur est en mesure de réduire
un indice de rendement qui depend I la fois de l’angle de
roulis et de l’angle d’ aileron , tout en faisant en sorte que
les inouvements d ’aileron ne dépassent pas la limite de cavitation.
On étudie l’application I une configuration modèle de navire

• 
- utilisant le contr6le d’ aileron , le contr6le de gouvernail

ou le contr6le combine aileron—gouvernail. On simule le
rendement en circuit fermé de ces systèlnes et les résultats
démontrent la capacité de la théorie moderne de contr~~le dan s
cette application.

- _ _ _ _ _ _ _ _ _ _ _
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• 1
NOTATION
A system matrix

added mass coefficient

ACL 
closed loop system matrix

• B input matr ix

Bij 
damping coefficient

C output matrix

• C~~ stiffness coefficient

E statistical expectation

• F output feedback gain matrix

exciting f orce

G state feedback gain matrix

H solution to Lyapunov equation

• I~ moment of inertia

J performance index

K solution to Riccati equation

L solution to Lyapunov equation

Q state weighting matrix

Q Q ’Q = Q

R input weighting matrix

~~ U ship speed

• 
. • • m ship mass

t time

• u input vector

• x state vector

y output vectorit 
~~~~~~~~~ • 

~~~~~~~ V 

I
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j
sway displacement

n 4 roll angle

yaw angle

6 rudder angle

fin angle

rudder actuator damping ratio

• I fin actuator damping ratio

rudder actuator natural frequency

fin actuator natural frequency

~~~ ~~. • 
~2 

weighting factors in J

• ( )  first time derivative

( )  second time derivative

command innut

( )‘ matrix transpose

( )
~~~ 

matrix inverse

( )* optimal feedback gain matrix

vi
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• 1. INTRODUCTION

The need for roll stabilisation of a ship in a seaway
can be predicted during the early stages of design with recent—

• ly developed analytical techniques ’. If the ship lacks the
necessary degree of inherent roll stability , a means of roll
reduction must be provided , such as stabilization tanks or
active feedback control fins. In addition to these devices ,
recent experimental work 2 has successfully demonstrated the
use of active rudder control in reducing ship roll. However ,
the ability of conventional rudder servomechanisms to cope

• reliably with the additional activity throughout the service
life of the ship will have to be established before this
technique will gain acceptance.

Active roll stabilisation devices , as currently im-
p lemented , have some disadvantages. The most significant dis-
advantage , with respect to military applications , is the high
level of radiated noise attributable to the operation of an
active system . The high feedback gains typ ical of present in-
stallations force the control surfaces to operate in a ‘ba ng—
bang ’ mode so that they are continuously cavitating. Cavitation
generates high levels of hydrodynamic flow noise. In add~~tion ,
such activity exposes the mechanism to excessive wear and tear ,
with a consequent degradation in reliability and increase in
machinery noise. These undesirable features can be reduced ,
while still maintaining good roll stabilization , thro ugh the
judicious use of modern control theory.

• Modern control theory has only recently been applied
in the field of ship dynamics , stability and control. In the
case of advanced marine vehicles , Hsu 3 has applied the technique
to the design of a control system for the longitudinal motions
of a hydrofoil ship, and the author ” has employed modern con-
trol theory for the control of hy drofoil ship lateral motions.

• Other papers 5
’
6 have been concerned with control systems for

conventional displacement ships. This Report will demonstrate
the use of modern control theory in the design of active con-
trol systems for fin , rudder and combined fin—rudder roll
stabilisers for a ship at constant speed in beam seas.

Two modes of operation are envisaged. The first , the
reduced noise mode , would be used when the ship is in a threat
situation. In this mode , the motions of the control 

surfaces1
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are kept below their cavitation limits. This approach reduces
both machinery and flow noise. The second mode of operation
is called the normal mode , and it would be used at all other
times. In this mode , the restrictions on control surface
activity would be less severe than for the reduced noise mode ,
so that more roll reduction could be obtained than with the
reduced noise mode. However , the normal mode would not employ
‘bang—bang ’ control , thus avoiding some of the problems assoc—
fated with that approach.

Although modern control theory is applicable to both
modes of operation , only the reduced noise mode will be con— •

sidered in this Report. Given a fixed level of control surface
activity, the designer strives to choose feedback gains which
minimize rolling in a seaway. Modern control theory is a
tool wh ich , with judicious use , will assist in generating
a satisfactory solution to this optimisation problem .

The question of optimality arises in all engineering
design problems. In the realm of modern control theory, optim—
ality is precisely defined by a mathematical formulation known
as the performance index, It is very important for the designer
to select an appropriate performance index for his problem . If
this is done , the control system can be expected to provide the
best compromise over all possible variations of the design
parameters. However , for some variations in parameters , so—
called suboptimal controllers may actually provide better per-
formance. it is important , therefore , to simulate the control
system for a number of parameter variations during the design
phase.

2 . MATHEMATICAL FORMULATION

The mathematical model of ship lateral motions used
herein was recently developed at DREA ’. It consists of three
linear differential equations for sway , roll and yaw and two
linear differential equations which describe the fin and rud-
der dynamics. Corrections are included for viscous damping
due to bilge keels , hull circulatory effects and the effects
of hull appendages , i.e., fins , rudders , skeg and propeller
shaft brackets. The associated computer program will compute
frequency responses and rms motions for any speed and heading
to the seaway. This can be done for both stabilised and un—
stabilised operation.

If nonzero values of sway, roll , yaw , rudder angle

_ _ _ _  
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• ~• and fin angle are treated as small perturbations about the re-
ference condition of rectilinear motion in a seaway at constant
speed , the lateral equations of motion are:

Sway: (A22 + m ) i ~j 2 + B 22 r~2 + A 24~
j
4 
+ B24~~4 + A 26 ij

6

+ (B
26 

+ mU) r 1 6 + A2~~6 + B2~y$ + C26 6

+ A
2~~B 

+ B
2~~~ 

+ C
2~~~ 

= F2 
( 1)

Roll: A 42ij2 
+ B42fl2 

+ (A44 + I4)~j
4 
+ B44~~4 + C44~~4

+ A46~~6 + B46~~6 + A466 + B46r~ + C466

+ A 4~~L~ + B
4~~~ 

+ C
4~~B 

= F
4 

(2)

Yaw : A 62~~2 + B 62 1~)2 
+ A 64~~4 + B64~~4 + (A66 + I6)~~6 + B 66~~6

+ A66 5 + B 66~ + C666

+ A
6~~f3 

+ B
6~~~ 

+ C
6~~~ 

= F
6 

(3)

Rudder: 6 + 2C 6 w 6 6 + = 
~~ 6 (4)

Fin: B + ~~~~~~~ + =

Th e A 1~ and B 1. are the added mass and damping coefficients ,

C1~ 
are the stiffness coefficients , and F~ are the exciting

forces and moments. These coefficients are frequency dependent
and are evaluated for this application at the shi p ’s roll nat-
ural frequency. Thus , the controller to be designed will work

• . best at the worst rolling frequencies. Because the coeffi—
d ents vary rather slowly with frequency, the cont roller can
be expected to be effective over a wide bandwidth. The fin
and rudder actuator dynamics , modelled as second order lags ,
relate the fin or rudder angle commanded by the control system
to the actual fin or rudder ang le.

• 3
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The equa tions of motion in calm seas (i.e., F~ = 0)
may be expressed in matrix form as

k Ax + Bu (6)

The system matrix A and input matrix B are constant. The modes
of ship motion are given by the eigenvalues of A. The elements
of vector x are the system s’ ~tes and the elements of vector u
are the control inputs. In the case of active fin control ,

= En 2 11
4 

11
4 

116 I~ 3 ] ’  (7 a )

u = [ 1 3 ]  (7b)

whereas for rudder contrcl

• x = [n 2 fl4 114 ~6 ~ 
6]’ (8a)

u = (8b)

and for combined fin—rudder control

x = 

~~~ 
fl4 114 ~6 ~ ~ ~~~~~ 

(9a)

u = 

~~~ ~~~~~~~~ 

(9b)

The prime denotes the vector transpose.

To reduce rolling, the controller will feed back some
or all of the states according to

u = —Gx (10)

The feedback gains are selected so as to command a given level
of fin and/or rudder motion in a specified seaway .

A’
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3. MODERN CONTROL THEORY

3.1 COMPLETE STATE FEEDBACK

Given the state equation (6), it is up to the de-
signer to derive a control law which achieves the desired
levels of closed loop stability and performance. Only linear ,

• time—invariant feedback gains are considered in this Report.
The use of modern control theory guarantees that for small
perturbations about the reference condition in a calm sea ,
the closed loop system will be stable. In addition , one may
address the performance specifications directly by choosing
feedback gains which are optimal in some well—defined sense.

• The op timal feedback gains will be those which minimise the
value of the quadratic performance index

j  = 4 r(x’Qx + u ’Ru)dt (11)

Under cer tain conditions on A , B , Q and R it can be shown 7

that an optimal control law exists , is u n i q u e , and is g iven by

u(t) = _G*x(t) (12)

Matrix G* is computed using the relation

= R ’B ’K ( 13)

where the positive definite matrix K is the solution of the
nonlinear matrix Riccati equation

KA + A ’K + Q — KBR ’B ’K = 0 ( 14)
I’ •

Moreover , the closed loop system

— A
CLx (iSa)

A CL 
= A — BG* (15b)

H
•1 _

_  

5



is guaranteed to be stable. The closed loop configuration is
depicted in Fig. 1.

The aforementioned conditions under which G* may be
identified are now discussed.

(i) The pair (A, B) must be controllable , meaning
that it is possible to influence all system
states through the input. Without this con-
dition , it would not be possible to guarantee
the stability of AC L ,  because any instabilities

in A may not be affected by feedback.

(ii) Matrix Q must be positive semidefinite , and
matrix R must be positive definite. This is to
ensure that J > 0 always.

(iii) The pair (A, Q1) must be observable , where

Q~~Q 1 
= Q. This requirement ensures that ‘the

entire state is observable from the cost ’; i.e.,
all the states are available to J if required.

It has been established that these conditions are
satisfied for the problem formulation in this Report. Com-
putational methods exist for solving the Riccati equation for
K, whereby G* is obtained using equation (l3)~~.

There are two fundamental differences between class-
ical control system design methods and modern control theory.
First , the former is a frequency domain approach while design
using modern control theory is carried out in the time domain.
The second difference is in philosophy . In classical design ,
stability is established and then performance specifications
are addressed. The use of modern control theory guarantees
stability, and performance is specified at the outset by choos-
ing Q and R.

The solution procedure for G* is automatic once Q and
R have been chosen. Selection of appropriate weighting mat-
rices depends solely upon the experience and engineering judg—

• ment of the designer. The qualitative dependence of the
solution on the relative size of Q and R is as follows :

(i) The larger the elements of Q become , the larger
G* becomes and the time required to reduce state
perturbations to small values decreases. That
is , an increase in Q increases the bandwidth of
the closed loop system.

I
6

• 
•



(ii) the larger R becomes , the smaller the gain mat—
trix G* and the slower the system.

For example , if ship rolling must be reduced regard-
less of the control activity required , the elements of Q will
be chosen much larger than those of R. This means that ex-
cursions in the state are heavily penalised over time , so that
the optimal feedback gains will have to be quite large to keep
x near zero. Conversely, larger elements in R permit more ship
motion because control surface activity is reduced. Clearly a
compromise is possible between the conflicting requirements of
roll attenuation and small control surface deflections.

3.2 OUTPUT FEEDBACK

It can be seen that the optimal feedback configur-
ation requires that all states of the system be available in
general. It is likely in many applications , however , that one

• or more of the states may not even be measurable. In addition
the designer may, for reasons of simplicity or reliability ,
elect to feed back only a subset of the states. Such a situ-
ation is now considered.

Assume that y, the output of the system , is a linear
combination of the elements of x; i.e.,

y = Cx (16)

Only the output y is available for feedback purposes. There-
fore the controller to be derived is of the form

u = —Fy (17)

and the closed loop matrix in this event is

ACL = A — BFC (18)

Fig. 2 outlines the structure of this system.

• 
• As in the case of full state feedback , it is desir—

• able that the solution be optimal in the sense of minimising
the performance index J. Unfortunately, the theory does no t
guarantee the existence or uniqueness of F*, but it can be
shown 9 that if C~~ exists , then F* and G* are identical.
Assuming that F* exists , it may be obtained from the relation



• F* m R ’B ’HLC ’(CLC’)’’ (19)

where H is the positive definite solution of the Lyapunov
equat ion

H(A - BFC) + (A — BFC)’H + Q + C ’F ’RFC — 0 (2 0)

and L is the positive definite solution of the Lyapunov
equation

L(A — BFC)’ + (A — BFC)L + I — 0 (21)

An algorithm for obtaining F* is presented in Reference 9. In
the case of fin or rudder stabilisation , the algorithm con-
verges nicely to a solution in four or five iterations. When
combined fin—rudder control is considered , some convergence
problems arise , but they are not insurmountable.

14 , ACTIVE FIN S T A B I L I SE R  DESIGN

• The hull form selected for use in this Report is
that of a frigate whose dimensions are given in Table I. The
assumed fins , bilge keels and rudders are described in Table
It , and Fig. 3 shows their arrangement on the hull.

For the linear , time—invariant system employed here-
in , the unstabilised modes of ship motion are given by the
eigenvalues of the system matrix A. The dependence of these
modes on ship speed is demonstrated in Fig. 4. In the analysis

• which follows , the ship is assumed to be moving at 18 kt.
through a beam sea of 12 ft. significant wave height. At this
speed , the open loop roll , sway and yaw eigenvalues are:

ro]l : —0.108 ± 0.570j

sway : —0 .126

yaw : —0.362

The r oll mode  is l igh t ly d amp ed , so that large roll angles can
be expected in the design seaway.

H 
8
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To select the fin control law , recall that fin

motions are to be kept below that required for incipient cavi—
tatlon. Although this critical angle is a strong function of
fin geometry, it is assumed that the data of Fig. S apply to
the fins of Table II. This relation between cavitation ang le
and ship speed is derived from the roll stabilisation study
by Jon es and Cox ’°. The data indicate that the cavitation
limit at 18 kt. is reached when the rms fin angle is 6.5°.

The performance index must be chosen so that the
closed loop system generates the most roll reduction for the
g iven level of fin activity. Under the assumption that the
control system is to operate continuously, minimisation of
equation (11) is equivalent to minimising 7

J — E{x’Qx + u ’Ru} (22)

where E is the statistical expectation. The particular per-
formance index selected for this application includes both
roll angle and fin angle , with their relative importance de-
termined by a weighting factor U:

• J — E{pr~~ + 13 2 } ,  j  > 0 (23)

As ~j  increases , roll angle becomes more heavil y pen—
alised . The modern control theory algorithm responds by sel-
ecting large feedback gains so that rms fin motion incr~~ases ;i~~

• rms roll angle decreases. The general behaviour is depict ed i n
Fig. 6. The desi gner chooses the value of p which , in the de-
sign seaway , results in an rms fin angle of 6.5° , the assumed
limit. For this example , the optima l control law is found to
be

— _O .0l5T
~2 

— 2.632~~4 — 1.499114 
— O.63OT

~6

— 0.O07~ — 0.01513 (24)

The gains shown are expressed in engineering units;
i.e., deg/f p s, etc. This control law is optimal in the sense
t h a t its implementation results in minimisation of the perform-
an ce in d e x , equa tion (23). Thus optimality has a strict
mathematical definition in this Report , and refers only to



small perturbations about the reference condition of recti-
linear motion at constant speed in a calm sea. However , the
linearity of the ship/stabiliser system ensures the optim ality
of the closed loop system in a seaway, as long as the wave
forces are assumed to be linear as well.

Optima lity of the control law does not automatically
Imply optimality of the roll stabilisation system , since this
depends upon a number of factors not considered in the analy-
sis , such as fin hydrodynamic design and hydraulic system de-
sign. Nevertheless , the form of the control law has a majo :
impact on stabiliser performance , other factors being equal.
Moreover , If the constraint on fin activity is selected so as
to keep the fin from cavitating, then the noise radiated by
the stabiliser will be significantly less than that obtainable
with the first generation fin stabilisers presently in service.
By employing the above methodology to select the control law ,
the designer can be assured that the control system will pro-
vide the best compromise over all possible variations in the
design parameters. To predict the overall control system per—
f ’ r r n a n c e  in  specific sea conditions , for a range of parameter
v a r i . i t i ~’ns , requires that the controller be simulated in a
Sc  a w a V

Intuition would suggest that the roil angle and roll
rate feedback gains should be significantly larger than the
other feedback gaina in equation (24) and this is indeed the
case. The output feedback technique may be used to derive
optima l controllers which use only roll rate and roll angle
feedbacks. These simpler controllers may then be compared to
equation (24) in the design seaway . In this way, the effect
of various feedback configurations can be readily assessed
and the most practical system chosen. Two configurations are
considered:

(I) roll ang le and roll rate feedback

(Ii) roll rate feedback onl y.

Using the performance index of equation (23), the optimal con-
trol laws corresponding to these configurations are

• = — 2.6l7~~4 — l.508ri4 
( 2 5)

V — 3.563~~4 
(26)

The weighting factor i is again chosen to give an rms fin
motion of 6.5° in the design seaway.

10
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5, ACTIVE RUDDER STABILISER DESIGN

The approach to rudder stabiliser design parallels
that fo r the fin stabiliser except that , because the rudders
must also be used to steer the ship, the allowabl e rudde r
motions are made more restrictive. The rudders cannot be com-
pletely ded icated to roll control , as are fins . An arbitrary
limit of 5.0° rms in the design sea is chosen. For the per-
formance index

J — E {p r ~4~ + 6}, p > 0 (27)

the corresponding control law in the case of complete state
f eed b a c k  is

= — 0.Oll1~~ — 2.880i~i4 
— 0.721114 

— 2.395
~~6

— 0.268c~ — 0.4086 (28)

The 6 and ~ feedbacks are much larger than the 13 and

~ feedbacks of equation (24) because the assumed rudder dynam-
ics are more sluggish than the fin dynamics. These dynamics ,
expressed in Table II in terms of damping ratio and natural
frequency, are considered to be representative of current ship
systems.

• Although other feedback configurations are not con-
sidered for rudder roll control , they may be obtained if re-
quired with the output feedback technique.

6. THE PERFORMANCE OF SINGLE INPUT SYSTEMS

As m en tioned above , it is important to verify that
the controllers perform adequately in the design seaway. Fig.
7 compares both stabilised and unstabilised rolling motions

• for the complete Lin and rudder controllers , equations (24)
• and (28). Mean wave periods from 7 to 11 seconds are shown so

that the effect of different excitation frequencies can be
• assessed. The rms fin and rudder motions , averaged over these

wave periods , ar e 6.S° and 5.0° respectively. The active fin
system is shown to reduce rolling by 45 percent with respect
to the open loop case in a beam sea of 12 ft. significant wave

11

~



he I g it t w i t h  a inca U wave p e r  I od of 9 s e c o n d s .  The  ~ c) r r es pouti —

t ug r e d u c t i o n  w i t h  a c t i v e  r u d d e r  c o n i r o l  is 30 p e r c e n t .  R u d -
d e r  c o n t r o l  a p p e a r s  i n f e r i o r  b e c a u s e  the actuator d y n a m h s  ;II~ I
m o t i o n  l i m i t s  assumed for the rudders are more restrictive
than for the fins. If these factors were equalised , the per-
formance of the two systems would be very similar.

In addition to rms motions , response amplitude oper-
ators are also generated by the DREA ship lateral motions pro-
g r a m ’. Plo ts of these operators are useful because one can
readily perceive the effect of variations in the sea spectrum.
The operators for the systems evaluated in Fig. 7 are plotted
in Fig. 8. The frequency response obtained with the fin system
is especially good because the peak response is reduced sub-
stantially while the overall response remains at or below un—
stabilised levels over the entire range. Rudder control is
sl ightl y destabilising at the higher frequencies.

Three different control laws for active fin control
are assessed in Fig. 9. They correspond to comp lete state
feedback , equation (24), roll angle and roll rate feedback ,
equation (25), and roll rate feedback , equation (26). This
figure , in conjunction with Fig. 7 (open loop), clearly shows
th at , in beam seas , roll rate is the most important feedback.
In fact , roll rate feedback alone is the best controller at
the lower wave periods. At the higher wave periods , roll angle

• feedback is beneficial. This implies that , in a quartering or
following sea , roll angle feedback will be important. Since a
quartering sea represents the worst heading for ship rolling,
it may be worthwhile to implement a special quartering sea
mode of controller operation. This new mode would employ roll
ang le as Its primary feedback.

I t is n o t  sur p r is ing t h a t  t h e  r o l l  a n g i c  and r o l l
rat e f e e d b a c k s  s h ou  Id d o m i n a t e , because roll Is weakl y wip le d
t o  t h e  o t h e r  m o d e s  of s h i p m o t i o n .  F i g .  9 d e m o n s t r a t e s  t h a t
most of t h e  states c a n  be deleted from the control law in the
case of bean seas without seriously degrading system perform-
ance.

7, COMBINED FIN—RUDDER CONTROL

I n t he  a t t e m p t  to  r e d u c e  r o l l  u s i n g  c o o r d i na t e d  f i n
• and rudder deflections it is not sufficient to install two

independentl y—designed fin and rudder systems. The complete
controller must be derived as a unit in order to achieve a
truly optimal solution. The performance index to be con-
s i d e r e d  is

‘
4,
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~ 2 6 c + 132 )  ( 2 9 )

w h e r e  t he  we 1gb t I ug  I ac t or  s i i~ a n d  11 2 a r 0 .M e  I cc ted to a (Ii I e

5. 0° r m s  r u d d e r  m o t i o n  and  6 . 5 °  rms fin motion in the desig n
sea.

The investigation of combined fin—rudder control is
motivated by the hope that such a system would perform sig-
nificantly better than active fins acting alone. That is ,
systems considered in thib section should , for the given levels
of fin and rudder motion , re~ ult in significantly less roll
than those controllers shown i~’ Fig. 9. In addition , the de-
sired controller should feed back only a subset of the states.
Implementation of complete state feedback would necessitate a
total of sixteen feedbacks , eight to each actuator. Such a
confi guration is obviousl y impractical. With the optimal out-
put feedback technique , it Is possible to derive control laws

• for the combined fin—rudder controller which require onl y a
few states.

The roll angle and roll rate feedbacks are the most
• influential , and so only these two are considered. Unfortun-

ately, the optimal output feedback algorithm fails to converge
for this case. Yaw rate is included in the control law to
make the algorithm converge. The given levels of fin and rud-
der motion in the design seaway are obtained with p

1 
23.3

and 
~2 

— 18.2. The corresponding control law is

— 2 . 4 2 4 r i 4 — 1.918114 
+ 3.385116 

(30a)

= — 2 . 4 7 6 q 4 — 1.613114 
— 0.320116 (30b)

It c a n  be sh own that the performance is practicall y unaffected
be deleting the yaw rate feedbacks. Therefore the use of roll
rate and roll angle together yields the following controller:

— — 2 . 4 2 4 r i 4 
— 1.91811

4 
(3la)

13 — — 2.476~~4 — 1.613 114 ( 3 lb )



The o t h e r  c o n t r o l l e r  to be considered in this sec-
tion uses only roll rate feedback. Its form is

6c 
= — 5.50 14 

(32a)

= - 4.20~~4 (32b)

The rolling obtained with the controllers defined by
equations (31) and (32) is compared In Fig. 10 with the per-
formance of the active fin controller , equation (26), which
emp loys only roll rate feedback. The use of roll angle and
roll rate in the combined fin—rudder control law yields onl y
a slight improvement over the fin controller. However , the
use of roll rate feedback alone in the combined fin—rudder
controller results in a marked performance improvement. The
Improvement is very significant , and may justify the consider-
a t i o n  of a combined  f i n — r u d d e r  controller for roll stabills—
a t i o n , si n ce the combined system is superior to any of the
active fin controllers discussed above.

As a last exerc ise , the influence of the rudder
a c t u a t o r  d y n a m i c s  is examined .  As shown in Table  II , t he
r u d d e r  a c t u a t o r  b a n d w i d t h  is only  20 % of the fin actuator
ba n d w i d t h .  For  the case of roll rate feedback only, Fig. 11
i l l u s t r a t e s  t h e  e f f e c t  of a rudder servo which is improved to
the standards of the fin servo. The control law used for Fig.
11 is identical for both systems and is , in fact , equation
( 3 2 ) .  As m i g h t  be e x p e c t e d , th e e f f e c t  o f u p g r aded  ru d d e r
d y n a m i c s  is most apparent for the lower mean wave periods ,
co r r e spo n d i n g t o  higher encounter frequencies. When these
h i g h e r  w a v e f r e q u e n c i e s are encountered , the orig inal rudder
d y n a m i c s  a r e  u n a b l e  to  r e s p o n d  q u i c k l y e n o u g h , a n d l a r ge l a g s
b e t w e e n  com m a n ded and actual rudder position result. This ef-
fect degrades the capability of the stabiliser. Conversely,
the roll reduction obtained with the upgraded dynamics is

• effectively independent of encounter frequency for the fre-
quencies considered here.

Improving the rudder dynamics has a beneficial ef-
fect on fin motions. The upgraded dynamics require a 4.8° rms
fin motion to achieve the performance demonstrated in Fig. 11 ,
compared to 6.5° for the original rudder dynamics. Rudder rms
motions are approximately 5.0° in both instances. This pheno—
menon is physically reasonable because large lags in rudder
position can amplif y roll motions and require more fin motion

- 

- 
to achieve a given level of stabilisation . With improved rud—
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der dynamics , the fins are not required to counti’r lags In [lie —

rudder actuator.

One last point to be made is that none of the con-
trollers discussed in this Report degrade the sway and yaw
modes of ship motion to a significant degree. The rms sway
and yaw motions do not exceed 2.7 fps or 0.23° respectively
for any of the controllers. The corresponding open loop
values are 1.8 fps and 0.19°. Because sway and yaw are low
frequency modes compared to roll , they are not excited by
control surface motion at common rolling frequencies.

8. CONCLUDING REMAR KS

The a p p l i c a t i o n  of m o d e r n  c o n t r o l  t h e o r y  to  t h e  d e —
sign of active controllers for ship roll stabilisation has been
demonstrated. In the examp les , systems emp loying fins , rudders
and a combination of fins and rudders have been examined. In
addition , consideration has been given to the implementation of
various feedback configurations. On the basis of this work , a
n u m b e r  of r e m a r k s  f o l l o w .

(1) Modern control theory is a powerful tool in the 
-

•

d e s i g n of a c t i v e  ro l l  s t a b i l i s e r s .  The d e r i v e d
control laws attenuate roll effectivel y in the
design seaway , without the onset of control sur-
face cavitation.

(2) In order to obtain realistic results using this
desi gn procedure , It is important to experiment-
all y verif y the deflection angle for which a
g i v e n  l i f t i n g  s u r f a c e  w i l l  c a v i t a t e .  T h i s  a n g l e
I s  a s t r o n g  f u n c t i o n  o f  g e o m e t r y .

(1) O n l y t h e reduced noise mode of operation is con-
sidered here. The normal mode of operation , in
which the control surfaces are allowed to cavi-
tate , will reduce roll to a greater extent than
the reduced noise mode , although radiated noise
will increase. These modes of operation can be
accommodated with ease in the controller soft-
ware.

(4) The moat important feedback for the seaways
considered here is roll rate. However , for
very low frequencies (as in a quartering sea),
Fig. 9 Indicates that roll angle would be the
most important feedback. Therefore a quarter-

15 
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ing sea mode could be beneficial in addition
to the normal and reduced noise modes of oper-
ation. Control laws for each mode could be
stored in an on—board computer and activated b y
a switch on the bridge.

(5) This analysis has been restricted to a constant
ship speed of 18 kt. Equally good performance
can ~e expected for other speeds if the optimal
gains are computed as a function of speed and
stored in the computer , to be recalled when
needed.

(6) Neither rudder nor fin control degrades the
sway or yaw modes of ship motion.

( 7 )  Th e sh ip ’s rudders have the potential to reduce
roll effectively , but it has not yet been
shown that conventional rudder servomechanisms
can cope reliably with this additional activity
throughout the service life of the ship.

(8) Improvement of the rudder dynamics provides a
significant benefit in terms of roll—reducing
capability. If the rudder dynamics were up-
graded to the level of the fin dynamics , the
rudder controller , equation (28), would perform
as well as the fin uontroller , equation (24).

(o)) Modern control theory becomes more appr o p r I a t e
as t he n um b e r  of  i n pu t s  and states incrc;ises
I n  a f u t u r i s t i c  v e i n , the theory Is w e l l — s u i t e d
to the overall initial design of a stab iliser—
plus—autopilot system. The ship ’s fins , rud-
ders and controllable—pitch propellers could
all be coordinated to control heading, speed
and roll angle.

‘~
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TABLE T: HULL P A R T I C U L A R S

- length between perpendiculars 393.7 It

beam 47.6 ft

draft 14.5 ft

disp lacement 3711 tons

meta centr lc hei ght 4.2 ft

longitudinal c.g. location 202.6 ft

• hei ght of ‘- .g. above waterplane 7.0 ft

TABLE 11: SELECTED APPENDA GES

A. Fins — one pair , trapezoidal unflapped

span 7 . 5  ft
root chord 11.8 ft
taper ratio 0.7

• depression 42 deg
• a c tuator damping ratio 0.4

a ctuator n a t u r a l  f r e q u e n c y  5 . 0  r p s

B.  B i l ge K e e l s  — one pair , forward of fins

span 2.5 ft
-
~ length 78.8 ft

C. Rudders — one pair , trapezoidal spade

J span 12.4 ft
root chord 9.2 ft
taper ratio 0.5
actuator damping ratio 0.8
actuator natural frequency 1.0 rps

• 1~• _ _
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