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Statistical Analysis and Design

a Rudder Roll Stabilization System

Kohei Ohtsu

Department of Marine Technology

Abstract : The multivariate auto-regressive rudder roll control system (MARCS) proposed
by the authors has been improved by being designed using a new type of performance index
which attempts to keep the movement of the rudder motion as smooth as possible. Further-
more the MARCS is statistically analyzed from the point of view of rudder-roil-yaw
coupling motions, using noise contribution functons and impulse response functions.

Keywords : Rudder roll control system, rudder-roll-yaw coupling motion, multivariate auto-
regressive (MAR) model, multivariate auto-regressive rudder roll control system (MARCS).

1. INTRODUCTION

It is a common experience for mariners, to see that
steering with a rudder generally induces rolling of the
ship, though the original aim of the rudder is to
keep the ship's heading to the required course. At the
first stage, when a rudder is steered, usvally a ship
heels in an inward direction, due to the roll moment
acting on the rudder. At the next stage in steering, the
main heel may change to an outward direction. This
coupling between rudder and roll motion has become
an attractive problem from the pojnt of view of roll
stabilization using the rudder, because it is a natural
insight that if the rudder action is skilifully related to
the change of roll as well as to the course deviation,
the roll can be reducedto a certain degree. This
interesting problem has been discussed by many
researchers (Kailstrom, 1981; van Amerongen, et al.,
1984). Ohtsu and Kitagawa (1979), foresaw that
roll reduction by mean of the rudder is possible by

applying a simple multivariate auto-regressive
(MAR) model and its optimal control theory.
However, since the most important role of a ship's
autopilot is to maintain her course, the main
problem with this kind of autopilot system, having
the ability to reduce roll, is how to compromise
between the two roles of the autopilot system. Oda,

- et al. (1992) and Sasaki, et al. (1993) developed a

rudder roll stabilization control system based on this
theory, called the MARCS (multivariate auto-
regressive rudder roll control system).

The main aim of this paper is to discuss the results
of the actual full-scale sea trials carried out on
various types of ship and to make clear their
statistical properties, using the actual data. Section 2
proposes some new ideas on designing the MARCS.
In the new system, the MARCS provides the
criterion function of performance which takes account
of the movement of the steering gear as well as the
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behavior of a ship, to prevent frequent use of the
rudder. The principal design of the MARCS and the
hardware implementation are also described. Section
3 details experiences from full-scale trials applied to
several types of ship. The typical results of the new
type of MARCS are shown in this section. Section 4
analyzes the full-scale experimental records from a
statistical point of view, in order to make clear
especially the coupling effects between the roll and
yaw motions of the MARCS, using the tools of
power spectra, relative noise contribution functions
and impulse response functions. These tools are
introduced by a MAR model fitted to the actual data.

2. DESIGN OF THE MARCS
2.1 Statistical Control of the MARCS

The philosophy behind the MARCS is that the
rudder can be used as the actuator to control both
steering and roll reduction. In order to control the two
outputs of yaw and roll motion with only one input
from the rudder motion, the control law of the
MARCS must be based on multivariate control
theory. The basic model adopted here for prediction of
roll and yaw motion is a control type of the MAR
model

x{(n) = ﬁ a(m) x(n-m) + f’ b{(m) Y(n-m) + u(n)

ms‘l m= |
M

where X(n) denotes a 2-dimensional state vector
whose components are yaw and roll motion, and Y(n)
denotes a 1-dimensional control vector with one,
namely rudder motion. The order M of this model is
obtained by the Minimum AIC Estimate (MAICE)
procedure (Akaike and Nakagawa, 1994), using the
data gained from the preliminary full-scale trials for
the identification of the ship's steering dynamics.
Once the MAR model has been identified, a state-
space representation of the ship’s steering dynamics
is given by

Z(n)
X(n)

L E Z(n-1) + T Y(n-1) + U(n)
H Z(n) )

where Z(n) is the state vector and Z is the transfer.

matrix that controls the transition of the state Z(n).
T is the control vector, and H is the observation
vector. U(n) denotes a white noise vector. Now, to
formulate an-optimal control problem, a quadratic
criterion function Jp is adopted :

P
Jp=E| Y { X()' QX(n) + Y(n-1)' RY(n-1) )
n=1
3)

where the first term Q in the bracket is the penalty to
the course and the roll rate deviation from the desired
values. The second term R is the penalty to the
rudder action. P is chosen large enough that any
future increase of Jp does not produce a significant
change of the control gain. As is well known, the
optimal solution of this problem is given by a
feedback law with the stationary gain G. Then the
optimal control law is represented by

Y(n) = GZ(n), @

2.2 New [dea in Designing the MARCS

To make the steering motion smoother, a new
version of the MARCS provides a new criterion
function of the performance, that takes account of the
movement of the steering gear. This criterion
function must penalize three undesirable quantties.
The first is the deviaton of the roll and yaw motions
from the desired values. The second is the amount of
rudder motion. The third is the rate of change of the
steering gear. To fulfill these demands, the new
criterion is adopted for Jp:

P
=Y (X(n) QX(n) + Y(n-1)' RY(n-1)
1

+(Y(n-1)- Y(n-2) ) T( Y(n-1) - Y(n-2) )})
&)

In this formulation, the third term is the penalty to
the change of the rudder angle. In this case, the
optional control law is obtained from

Y(n) = GZ(n) + FY(n-1) 6)

where G and F are the optimal contro! gain and the
optimal smoothing factor (Ohtsu and Kitagawa
1984). If the weighting matrices T are set to zero, the
criterion function is reduced to the well-known
quadratic criterion.

2.3 Hardware Implementation of the MARCS

In order to utilize the ship's own original autopilot
set-up as much as possible, the MARCS was
installed in the spare circuit of the autopilot system
as shown in Figure 1. The processor unit is made up
of a computer, an interface and a roll-rate sensor. On
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the operation unit, one of three control gains can be
selected, and the course can be set. Thus, by turning
on the mode switch of the operation unit, one can
easily select one of two control modes, the original
autopilot or the MARCS. Moreover, when an
abnormal condition occurs in the MARCS, one can
immediately switch off the MARCS and go back to
the original autopilot, or to a manual steering mode
(Oda, et al., 1995). :
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Fig. 1 Hardware implementation of the MARCS

3. RESULTS OF FULL-SCALE TRIALS
3.1 Experimental Results

The full-scale measurements were carried out on
various types of ships. These included measurement
of roll angle, roll rate, heading and rudder angle. The
rudder roll stabilization system was tested by making
comparative measurements with and without the
MARCS, having the autopilot at a constant setting,
The comparative tests were carmried out immediately
after each other, in order to minimize any statistical
variation in sea conditions. The control signal to the
steering system was commanded by the MARCS at
every 0.5-sec period. A

The principal dimensions and roll reducton of five
ships are shown in Table 1. In this paper, the new
results are demonstrated by two types of ship, referred
to below as ship D and ship E. Figures 2 and 3 show
typical results of time histories of the yaw, the roll
rate and the rudder motion, using the MARCS and
the conventional autopilot. Both of the experiments
were implemented under conditions of wind scale 2
and quarter bow sea. Tables 2 and 3 show_the standard
deviation of the yaw, the roll rate, the rudder and the
reduction rado of the roll rate. The reduction ratio of
the roll rate is defined by

Reduction (%) =-AP-MARCS « 100 4
AP M

where "AP" denotes the standard deviation of the roll
rate in the conventional autopilot. "MARCS"
denotes the standard deviation of the roll rate in the
MARCS. From these figures and tables, it can be
concluded that the roll motion using the MARCS
decreases in comparison with that produced by the
conventional autopilot. The MARCS reduced the roll
motion on average by 30 ~ 50 %. Also, the yaw
motion obtained by the MARCS can maintain the
desired course within the allowable limits.

Table 1 The principal dimensions and roll reduction

N Ship A Ship B Ship C Ship D Ship E
ltem

GT (1) 425 2630 933 330 346

L XBXD (m) 46X10X3.8  83X10.5X4.5  85X10.5X4.5 63IXT9X44  S2XT.5X2.3
Speed (knot) 13.5 16.5 19 17.6 263
Roll Period (sec) 6~7 1 10.5 8 4.6
Rudder Arca (m2) 43 10.3 4.3%X2 4.3%2 1.3X2
Rudder Speed (deg/sec) 3.0~5.0 23 33 2.3 3.6
Reduction of Roll Rate (%) 40~50 30~40 30~40 30~50 30~40
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Table 2 The results of full-scale experiments (Ship D)

TestNo. Conuol Mode Head Speed  Wind Direction Standard Devistion Reduction of

(deg)  (kts) (deg) Roll Rate (deg/s)  Yaw (deg) Rudder (deg)  Roll Rate (%)
'921127-1 MARCSM) 150  14.6 280 2.00 1.68 2.48 50.4
921127-2 AP 150 147 280 4.03 1.55 222 o
921226-5 AP 176 139 285 3.77 2.64 4.96
921226-6  MARCSQM) .176  13.9 320 2.07 3.36 3.15 45.1
1228-1  MARCS(M) 115 17 330 0.53 3.24 2.59 24.3
1228-2 AP 108 17 130 0.70 231 3.14
0106-1 AP % 17 280 0.42 233 2.98
01063  MARCSM) 96 17 280 0.26 31.67 2.49 8.1

Table 3 The results of full-scale experiments (Shi'g E)

Standard Deviation

TestNo. Control Mode 1ead Speed  Wind Direction Reduction of
(deg)  (kus) (deg) Roll Rate (deg/s)  Yaw (deg)  Rudder (deg) Roll Rate (%)
MSMD MARCSH) 50 225 90 0.87 , 0713 2.06 34
ASMD AP 0 225 90 1.32 0.76 0.77
ASMD AP 60 225 140 0.51 0.7t 0.80
M6MD MARCS(HO 60 22.5 140 0.37 0.41 1.28 28
AlS AP 280 21 165 2.34 4.48 3.66 .-
MI15 MARCS(M) 280 21 165 1.69 2.86 5.28 28
Al6 AP 190 21 170 442 1.99 132
M16 MARCS(M) 190 21 170 3.04 2.15 4.26 31
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Fig. 2 Time histories in the experiment with the Fig. 3 Time histories in the experiment with the
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loops, called noise contribution functions defined in
the frequency domain. The ratio

i j(f
Yii(f) = Qi)
pii(f) (11)
is called the "relative noise contribution”, where g;(f)
gives the amount of the contribution of the noise
uj(n) to the power spectrum of the process x;(n), and
p;(f) denote the power spectrum of the i-th process
x;(n). The cumulative function,

j
Rij(f) = h{l T n(f) 12

is useful for graphical display.

4.2 Noise Contribution Function and Impulse
Response Function Analysis

If the X(n) in eq.(10) is composed of roll, yaw and
rudder motions, the noise contribution function in
the roll is defined as the contribution to the roll
power spectrum from the yaw, the rudder motions and
the roll motion itself. Thus the effect of rudder
motion can be related to roll and yaw motions.
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lA~H =3

N
\\\//
\ Rudder 1o Yaw
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i | 1 It
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. ! e—— |
(74 'y s if )
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\ B( Roli Rata 10 Rudéer
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V )/ Yaw 0 Rudder \\_;
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(B}
@

Figure 5 shows a comparison of the noise
contribution functions of the conventional autopilot
and the MARCS in the full-scale experiment on Ship
A. It is indicated in Figure 5 [A-1],{A-2] that the
effect of the roll rate on the yaw motion has a large
contribution at around the peak frequency (0.16Hz)
of the roll motion. Figure 5 [B-1],(B-2] shows the
noise contribution functions to the roll rate from the
rudder motion, the yaw and the roll rate itself. In the
case of the MARCS ({B-2}), the contribution of the
rudder motion to the roll rate is very high. From this
fact, it can be detected that the rudder motion induces
the roll motion, Figure 5§ [C-1],{C-2] shows the
noise contribution function to the rudder motion
from the roll rate, the yaw and the rudder motion
itself. Figure 5 [C-2] shows that the MARCS feeds
back the roll rate from around the peak frequency of
the roll motion.

Figure 6 shows the impulse response functions of
the conventional autopilot and the MARCS in the
full-scale experiment on Ship A. From Figure 6 [C-
11,{C-2]), one can understand the reason, by
comparing the impulse response function of the roll
motion with the rudder motion. It is seen in these
figures that the response of the roll motion induced
by the rudder motion always comes out at around the
natural period of the roll. Looking carefully at these

{ MARCS (S301) ]

(a) pe—
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Fig. 5 Noise contribution function of the conventional autopilot and the MARCS
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The comparison of typical values with the MARCS
and 4 fin-roll-stabilizer system are shown in Table 4.
The main advantage of such a rudder roll stabilization
control system would be much lower investment cost
compared with ‘other stabilization systems such as
fin-roll- stabilizers or anti-rolling tank systems.

Table 4 Comparison of typical values of the
MARCS and fin stabilizer »

TS~ MARCS Fin Stabilizer
" Volume ~ 20kg ~ 3000kg
Space 1 40
Cost Ratio 1 10
Maintenance Low Cost Expensive
Reduction 30% ~ 40% 70% ~ 80%

3.2 Design of Advanced MARCS

It may be observed that the amount of the rudder
motion is considerable, and the rate of the rudder
motion is high. To avoid this large and quick motion
of the control signal as seen in the rudder motion,
one can introduce the new criterion using the T
matrices. The MARCS provides the T matrices,
defined by eq.(5), which take account of the
movement of steering gear to diminish this fault.
Figure 4 shows typical results of the time histories
in a full-scale experiment using ship A. The
performance of the original autopilot system is also
shown in this figure. From these results, it can be
seen that the MARCS with T matrices might have
the ability to reduce the roll rate, while maintaining
the yaw motion within the allowable limit.

4, STATISTICAL ANALYSIS OF SHIP MOTIONS
4.1 Statistical Analysis Method

This section gives an analysis of the ship's actual
data, when steered by the conventional autopilot and
by the MARCS system. The MAR model is also
useful for the analysis of such feedback systems.
Assume that each x,(n) of X(n) is represenied by

Mk
xi(n) = Y Y aj(m) xj(n-m)

m=1 j=|

+ u:
uj(n)(8>

10 {deg) Yaw

-9

10 (deg/s )

10 (deg)
AP i

600 ( sec)

Fig. 4 Time histories in the experiment by the
MARCS with T matrices(Ship A)

where a,.j(m) of A(m) is the impulse response
function from xj(n) to x,(n), uj(n) is a colored noise,
and a;(m)=0. It is well known that, in the presence of
feedback loops, the direct application of the ordinary
least-squares method yields biased estimates unless
uj(n) is a white noise. This difficulty can be avoided
by an AR modeling of the colored noise u;(n)

X
ui(n) = » ci(§) ui(n-j) + gi(n)
j{:l () ui(n-j n ©

Then, it can be shown that the model using eq.(8)
with eq. (9) can be expressed by a MAR model

X(n) = Mik A(m) X(n-m) + E(n)
m=1

- (10)

where E(n) is a white noise.

The most important problem is the choice of the
order of the MAR model. To realize this
determination of model order, the minimum AIC
estimate (MAICE) procedure is employed. Once the
MAR model with some orderis fitted to the actual
data, many important tools for analyzing a system
are introduced (Akaike and Nakagawa, 1994). An
impulse response function of the j-th component to
the i-th one is calculated by "eq.(10), and other
functions, such as a spectrum and a closed-loop
frequency response function, are also obtained.
Moreover, Akaike (1968) introduced a new important
concept for analyzing a system with some feedback
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Fig. 6 Impulse response function of the conventional autopilot and the MARCS

figures, one can clearly detect that the roll damping
of the MARCS is stronger than that of the
conventional autopilot. Figure 6 [D-1},[D-2] shows
the impulse response function of the rudder to the
impulse change of the roll rate. It is seen from
Figure 6 [D-2]that the opposite rudder action to the
change of the impulse roll rate motion at the initial
stage gives rise to checking steering. The impulse
response function between the roll rate and the yaw
motion is shown in Figure 6 (F-1],[F-2]. One can
comprehend that the heeling to one side induces the
yaw motion.

5. CONCLUSIONS

This paper presents a rudder roll stabilization control
system which is called the MARCS. The philosophy
behind the MARCS is that a rudder can be used as
the only actuator to control yaw and roll motions at
the same time. By means of full-scale experiments
-using various types of ships, it has been'shown that
the MARCS developed here exhibits good
performance. The advanced MARCS, with a new
performance criterion which takes account of

movement of steering gear is .also presented.
Furthermore, by statistically analyzing the influence
of rudder-roll-yaw coupling motions in the
applications of this advanced control method, the
effect of rudder motion on roll and yaw motions can
be understood.

It can be concluded that the MARCS reduced the roll
motion on average by 30 ~ 50 % in comparison with
a conventional autopilot. It is also concluded that the
MARCS not only keeps to the required course,. but
also reduces roll motion, even in rough seas.
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