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Summary

Yaw-sway-roll coupling motion of a ship is investigated on the basis of captive
model tank tests. A single-screw, high-speed container ship has been chosen as a typical
type for the study.

The smaller metacentric height naturally results in the heavier coupling of roll into
yaw and sway, which affects manoeuvrability significantly: turning performance is im-
proved by the coupling effect, and course-stability and quick response to steering are
reduced. In short, the roll coupling lessens the hydrodynamic damping to yaw and sway
acting upon the hull.

When an automatic course-keeping device is introduced, as is quite popular in modern
navigation, another element of coupling is added: the rudder is activated in accordance
with the yaw motion. This yaw-sway-roll-rudder coupling can become the cause of the
heavy rolling often experienced on high-speed ships automatically steered in a seaway.
We make use of a perturbation stability analysis of the problem to reveal the mechanics of
the unstable character of the coupled motion of a ship. Introducing rate-control to the

autopilot gives a remarkable stabilizing effect.

1. Imtroduction

In recent years the yaw-roll coupling has
drawn an increasing amount of attention»*»%.
This phenomenon becomes particularly signi-
ficant when:

(1) A ship has rather a small metacentric
height and thus she tends to heel over
with steering.

(2) A ship is operating at high-speed where
hydrodynamic heeling moment caused by
yaw and sway becomes considerable.

These situations often occur for modern high-

speed container carriers, RO-RO ships, and

some kinds of swift naval vessels.

We take a single-screw, high-speed con-
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tainer ship as a typical type for the present |
study. On the basis of captive model tank tests
with varying heel angles, a set of equations of
yaw-sway-surge-roll coupled motion are deriv-
ed. The equations are employed to predict the
hard-over turning performance and zig-zag
steering behaviour of the ship, taking into
account the effect of roll motion. We also
use of the same equations, together with
another equation for rudder control, to investi-
gate the mechanics of the instability of the yaw-
sway-roll-rudder coupled motion. This instabil-
ity can induce a self-exciting, heavy rolling
coupled with a considerable yawing of the same
frequency. '

2. Equations of Motion

Fig. 1 shows the co-ordinate system to be
used. Neglecting the effect of pitch and heave,
we obtain the fundamental equations of surge,
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Fig. 1 Co-ordinate system

sway, yaw and roll coupled motion:

m(u—wr)=(all the surge force)

m(v-+ur)=(all the sway force) (1)

1,7 =(all the yaw moment)
I,¢=(all the roll moment)

where m denotes the ship’s mass, and 7, and
I, her moment of inertia about the z and x
axes, respectively.

According to the established procedure of
dealing with hydro-inertial terms involved in
the right-hand sides, and also introducing the
static transverse stability moment included in
the roll moment, Eqs. (1) becomes

(m-+m)u—(m—+myor=X
(m—+-m v+ (m—+m ur
+my o, f—m,l, =Y
L, +J )i +m,o, v=N—Y x,
L+ )g—m,l, p—m, L ur
+WGM@p=K,

where X and Y denote the hydrodynamic
forces (ex. hydro-inertial forces) in the x and
y directions respectively, N the hydrodynamic
yaw moment about the midship, x, the distance
of C.G. in front of the midship, and K, the
hydrodynamic roll moment about C.G. m,,
m,, J, and J, denote the added mass and
added moment of inertia in the x and y direc-
tions and about the z and x axes, respectively.
o, denotes the x-co-ordinates of the centre of
m,, and [, and /, the z-co-ordinates of the cen-

(2)

tres of m, and m,, respectively. The hydrody-
namic forces and moments are written down
using hydrodynamic derivatives as follows:

X=L LV X @)1 —0TO) X
_{_X;)uv/2+Xr/7‘i',2+ngl¢¢2
“FepxFy sin 6}

Y:-’%UVZ{ng’+Y,{V'+Y¢'q§'+Y,§¢
R LA e O
+Y'u/r7 ,2+ vv;‘»?],ng_,_ vr,w/U (4‘732

7.7.¢I/',Z¢-‘{“ ré@ ¢
+(1+-a)F} cos 8}

N:%st {NJv+Nr'+N;'$'+N|p
+N1)/vv ’S—I—N/ V/S—I—Nv/u 1%t
+NU/7Q/UI ,‘7 b¢’l}’2¢+1 9(5/0 ¢2
-+ r7¢r’z¢+Nr¢¢r,¢2
+(x%+ayxi) Ff cos 8}

K():%LSVZ{ng'+K;r'+K~'¢'+K;¢
+ ’l)?)?)’vls+ ,3+K/ ,2 !
+ vrr /2_'_ vvévlzqs_l_l @959’77] ¢2

+K P PHK " P
—(14-a,)2; F}, cos 8)

(3)
Definitions of the hydrodynamic derivatives
Y, ... Y., etc., are widely used nowadays
and nearly self-explanatory, but if there is
any ambiguity references should be made to
the MMG Report® and Reference 7 in that
order. It should be noted here that the hydro-
dynamic derivatives Y, ... Y/,,, etc., relate
only to forces acting upon the naked hull.
The forces caused by the rudder are represented
by the last term of each formula of Egs. (3),
i.e., cpxFf sin d, (1-+ay) Ff, cos d, etc.
The rudder force F} can then be resolved

as:
Y= ﬁiﬁs Aeupropsina,  (4)
L= 8+ tan™ (w)uy) (5)
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Wy—=utle V1L8k K, [(nT?) (6) Table 1 gP;i;lcipal dimensions of SR 108 container
s
Where ITEMS SHIP MODEL
J: ug V/(nD) Hull Length B. P. L {m) 175.00 3.00
=05 o' [(1—w) SV R B
{3 ! '} ] e oa S
Displacement volume {m?) 21,222 0.10686
V=YV +Cp '+ Crppr 7" H-Cpu? 0" (T) motacentrat KOS T iy e 1035 0.1781
Height from keel to centre of
This rather complicated form is taken from e eficient 2: ™ e
the MMG Report® and partly from Reference meoriane. aeen a0t <, ovee
7. We employ many of the hydrodynamic Midship section coefs Gy os
data from Reference 7 and accordingly follow Radius of gyration about z-axis 0.24 1
this form. In the end, however, it is possible = = “sesgen - s 0.8
to rewrite the whole hydrodynamic forces radder ot Ay :::; oz o o5
acting upon the hull and rudder and propeller B o A nase 032
in the same form as Egs. (3) but without the gt T Ag/ra 1/45.0
FJ(, terms. In this case, the hydrodynamic :i::it:m i (m) 6.53;0090.112
derivatives Y/, ... Y/, etc, will change Expanded area ratio 0.67
their value to incorporate the rudder force e tades p
and rudder-hull interference.
derivatives.
3. Test Model and Experimental Results (2) Measurement of the roll moment exerted
Table 1 and Fig. 2 illustrate the single- by rudder deflection to define the rudder-
screw container ship we chose for the present to-roll coupling derivatives.
study. Since it was originally designed for the
SR 108 project by the Japan Shipbuilding X'
Research Association®, many investigations _;LO/'E ) Hqs
[¢]

have been done with this type, including an
extensive captive model test for manoeuv-
rability predictions by Matsumoto and Sue-
mitsu’” . -0,0002 1

To their results we have added:

(1) An oblique tow test with various angles Fig. 3 Longitudinal force coefficient due to roll
of heel to define the sway-roll coupling angle
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Fig. 2 Lines of SR 108 container ship

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

76 Kyoung-Ho Son and Kensaku NomoTo

B+ -
0° o
2 Lo 4
4 A A Y'(Hull only)
] s "]
% {g 1{ 0.00
0,004
3 Vv
io ® o
o o» %
2 o e

\
,k49¢

P____,———D——-——————‘D’—
A 8 —L— AN
b G
0
Q R, Y IAO QO o
|° s AR O O
-20 -10° N
A4 \4 \ 4 P
A A b B

——L SM-fitting

Y‘=—0401161)’-9.10901:’3 -0.000063¢
+0.04605v77¢+0.003040" ¢?

Fig. 4 Lateral force (hull only) coefficient due to
roll angle with drift angle

The oblique tow results are shown in
Figs. 3, 4, 5, 6, and 7. Fig. 8 indicates the roll
moment versus the lateral force, both of which
are exerted by rudder deflection.

The marks in the figures represent the meas-
ured data and the curves the least square error
fittings. The regression formulae are noted by
the figures, where the coeflicients define the
hydrodynamic derivatives.

Fig. 5 is perhaps particularly interesting
among these results for it suggests the key to
the roll-to-yaw coupling mechanism. Suppose
a ship turning to starboard; she moves obli-
quely to port and at the same time leans over
to port. That means that a ship turning to
starboard has a positive f and a negative ¢
(cf. Fig. 1). Fig. 5 indicates that a positive £
and a negative ¢ generates a starboard turn-
ing moment (positive N'); the greater the heel
angle ¢, the greater the turning moment
becomes. Now we can see the sequence: a

N'(Hull only)

0.001

~— | LSM-£fitting

}—JHF—‘KDOG\KNJ?NOQ @
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ofedeqo o
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N*=-0.00385v7+0.001495'% -0.000142¢
-0.019058v!% ¢-0.005377v"¢?

Fig. 5 Yaw moment (hull only) coeflicient due to roll
angle with drift angle

K' (Hull only)
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of roll moment : 0.206 m
-0,0001T

Fig. 6 Roll moment (hull only) coefficient due to roll
angle

ship makes turning, she heels over, and the
heel generates even greater turning moment.
This is a sort of positive feed-back. By this
sequence the roll-yaw coupling generally en-
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K' (Hull only)

Table 2 Hydrodynamic derivatives and coefficients

T 0.00015 Yaw moment : Around midship
Roll moment : Around centre of gravity, C.G.
@ ( KG=10.09 m, GM=0.3 m in full size )
4 0,00010 a) HULL ONLY
detant from keel ¢ . m' 0.00792 vy 0.0 N0 -0.019058
etg rom Kee 0 center . Y _ _
of roll moment : 0,206 m m, 0.000238 vy 0.000063 Moo 0.0053766
0.00005 m 0.007049 Yy —0-109 Ny,  -—0.0038592
' 1 0.0000176 RN, 0.00177 Moo 0.0024195
3y 0.0000034 LS 0.0214 K} 0.0003026
0.002 0.004 1 0.000456 Yl ., —0-0405 K}, ~0.000063
* ' t ' + ' J! 0.000419 ¥ 0.04605 k. 0.1 (Png0.1
(Hull only) z vod ¢
-0.004 -0.002 o 0.05 Yoos 0.00304 0.2 (Fn20.2)
K'=-0,03631Y’ 134 0.0313 Yiee 0.009325 Fn  {0.1<Fnc0.2}
-0,00005 T zy 0.0313 ¥h4 =0-001368 K} ~0.000021
Ky 0.527-0.4557 | N} -0.0038545 13 0.002843
% X!, ~ ~0.0004226 N, -0.00222 K...  —0.0000462
0.00010 + R Xy,  —0.00311 g 0.000213 Kl,,  =0.000558
- Xy, ~ -0.00386 N -0.0001424 K 0.0010565
& o XL, 0.00020 N},  0.001492 Kj,e  ~0.0012012
QD X54 -0.00020 N... ~0.00229 Koo ~-0.0000793
-0.80015 ¢ ¥y -0.0116 Ny, -0.0424 Kl  ~0.000243
¥, 0.00242 N 0.00156 Klos 0.00003569
Fig. 7 Relation between K’ and Y’ (hull only) under b) PROPELLER AND RUDDER
oblique running test with heel angle N 79.10 (Fn 0.2)f ay 0.237 3 0.921
(rpm) |118.64 (Fn 0.3)| =} -0.48 k 0.631
158.19 (Fn 0.4) cpo 0.71 Y [ 0.088 (v'>0)
(1-t)  0.825 2 0.033 0.193 (v'¢0)
(l—wp) 0.816 va 0.0 Crr -0.156
@0 00004 £ -0.5 or 0.0 Cprrr  0-275
W ' =, ~0.526 < 1.09 Cpppy  L:96
o
S 0.00002 o Fn 0.2 Ship propulsion point  Table 3 Hydrodynamic derivatives around centre of
=+ 0, R . N - =
2?32?{;2;5‘;? b0 penter gravity (KG =10.09 m, GM =0.3 m in full size)
HULL PLUS RUDDER
. (m'+m}) 0.01497 N 0.000213
0.0005 0.001 (12+37) 0.000875 N ~0.0001468
; + + ; 1 il -
9,001 -0,0005 e=(140.3F c0sS (11432) 0.000021 N)og 0.018191
HEN mal 0.0003525 Moo ~-0.005299
[ K'=-0,0433Y" * miLt 0.0002205 L ~0.003684
X, ~0.012035 Bl 0.0023843
(n'+m!-¥!) 0.00522 N} 0.00126
-0,00002 T b 0.0 Ko 0.2
v, ~0.0000704 X -0.000021
Yo 0.046364 134 0.000314
LA 0.003005 (m}Z14+K!)  ~0.0000692
Yl 0.0093887 LS ~0.0012094
-0.00004 + ¥ -0.0013523 X! -0.0000784
0.00004 o6 006
' -0.002578 K6 -0.0002449
Fig. 8 Relation between K’ and Y’ induced by rud- N}, ~0.00243 Kigo 0.00003528
. . . N* -0.0038436 K} 0.0000855
der deflection on the straight running 2 8

courages turning and reduces the effective
yaw-damping, thus spoiling the course-stability
and quick steering response.

On the basis of these experimental results
we have estimated some other derivatives
including the yaw-roll coupling ones. The
roll damping data of Reference 9 have also
been employed.

' Eventually we obtain all the necessary
derivatives and coefficients as listed in Tables
2 and 3.

4. Manoeuvring Prediction Taking Roll Coupl-
ing into Account

Solving Egs. (2) and (3) with the numerical
data from Tables 2 and 3 makes it possible
to predict the ship motion induced by any
given rudder execution.

Fig. 9 illustrates the turning paths and
accompanying roll angle time histories with
a rudder deflection of 15°. The smaller meta-
centric height (GM) naturally results in the
greater roll angle with the same rudder deflec-
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tion; this in turn makes the hydrodynamic 08y
yaw damping the less and thus turning path
becomes the tighter.

A similar trend is also seen in zig-zag
manoeuvre shown in Fig. 10: the roll coupling
makes a ship less stable on course and slower
in response.

In both cases the effect of the roll coupling
can be considerable. This is especially true
when the metacentric heihgt is small.

Vo=24,15 Kt {Fn 0.3) 61=3,0™

SOOHL_

0 S / 1500"

~
<
3

Rudder angle = 15°

5. Unstable Behaviour Induced by Yaw-Sway-

Roll-Rudder Coupling f EEY

We have already pointed out the unstable 1o 2 T
character of the roll-yaw coupling: once ) Epzi
given a yaw motion, the yaw induces roll and
the roll accelerates yaw even more. Together -2t
with the rudder movement in accordance with Fig. 9 Turning trajectory and roll angle
yaw motion, this unstable character can
generate a self-exciting, roll-yaw coupling o
oscillation of an automatically steered ship.
Because it is of a self-exciting type, this oscil-
lation can become really wild.

Taggart’ suggested this type of yaw-
induced roll as early as 1970 and recently Eda®
carried out a digital simulation study based on 0
captive model tests to indicate the feasibility
of this kind of coupling oscillation.

We will perform in this section a mathe- ~20°F
matical analysis of this yaw-roll-rudder coupl-
ing instability on the basis of Egs. (2) and (3)
and the captive model data, both of which
were already introduced in the previous sec-
tions. 0
5.1 Egquations of Motion

Suppose a ship sailing nearly straight with
an automatic course-keeping device in opera-
tion. We can assume a constant ship speed,
so the first equation of Egs. (2), the surge
equation, can be omitted.

Among hydrodynamic derivatives, the consideration. The terms m)c, 7' and m)a,)d’
third-order terms of yaw and sway can be are generally so small that they can also be
omitted because yaw and sway velocities omitted.
remain rather small in the situation under The higher-order terms of yaw-roll and

[
o

Roll & Rudder angle

—
o
°

Vo=214,15 Kt (Fn 0.3)

N

=7
K
+

Heading & Rudder angle

Roll angle
P,
o

Fig. 10 Z-Manoeuvre response and roll angle
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sway-roll coupling, however, should be includ-

ed. This is because:

(1) The roll angle may well reach 20°, which
can hardly be considered small.

(2) As is indicated in Fig. 5, even a rather
small sway velocity does accelerate the
roll-yaw coupling considerably, which
implies a significant contribution of
higher-order coupling terms.

The equations of motion for the analysis
of this section then become:

(m' +m)p' — Y - +ml— Y r'
—_m,l/ Y'?/p, Y,¢ vvy) /2¢
Yo' =Y r =Y/ r' ¢
=Y/}
(I, +I) "' —N.r'—Nj'—N;'p'— N
_Nv,vsw2¢ N’ ¢* =N/ sr'* $
¢¢”’¢2 Njé
LAIDP—K;'p'+(W'GM'—K)) ¢
_m/[/ _K/ —(m’l’+K’)r'
Uv¢v/2¢ st ¢ - rr¢r,2¢
Kyt =
where p'=¢ :¢(L/V)
(8)

Next we will assume a proportional-and-
derivative control auto-pilot and a steering gear
with an exponential lag. The latter is a good
approximation of current electro-hydraulic
steering gears.

The equation of this rudder control mecha-
nism is:

T8 +8=—agp—b'g’ (9)

where ¢'=¢(L/V)=r', b’=b(V/L), and where
TL=Ty(V/L), Ty being the time constant of
the steering gear, and a and 5 denote the
“proportional” and ““derivative” control para-
meters, respectively, of the auto-pilot.

Eqgs. (8) and (9) compose the set of simul-
taneous differential equations which the present
analysis is based upon.

5.2 Stability Analysis—Root Locus and Range
of Stability Diagrams

When the yaw and sway velocities and the
roll angle are all very small, the stability analy-
sis is simple: the third-order terms of the roll-
yaw and roll-sway coupling can then be omitted
and Eqgs. (8) become linear. We can define the
characteristic roots, or eigen-values, which
govern the stability.

The results are indicated in Figs. (11) and
(12) by the Xx-marks. There are six eigen-
values and all the real parts of them are nega-
tive in these two cases. The whole system
(ship and rudder control device) is then stable,
and any small deviation from upright (¢=0),
straight sailing (+'=%'=0) will decay out with
time.

Next we will consider the case when the
yaw, sway, and roll are not very small. The
third-order coupling terms can not be omitted,
then. We will employ the principle of perturba-
tion stability around an arbitrary equilibrium
situation.

Assuming an equilibrium of r'=r/, v'=1),
and ¢=¢,, a small perturbation around it is
described by the following equations:

(m'+m))v'—Yu'+ Ysr'— Y, p’
—Y;p'—Yp=Y}d
(LI —Nyr'—Ng'—N, p’
—N,p=N}o
LA-IDp —K,p'+K, p— K i
— K" —Ksr'=K}0
Ty6 40— —ap—b' g
It should be here noted, however, that all
the motion parameters o', v/, ¢, &, in this
equation are ones of small perturbation, not
the whole amount of the motion parameters.
For example, whole sway velocity is v,-v,

v being the perturbation. The new coefficients
Y’s, N’s, and K’s are:

Y,=Y]+2Y ), b Pot VEr
Ysz(m "'l'"ma’?_ Yr/) 2ler¢r,¢0_

(10)

Yr"ﬁ é ¢(2)

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

80 Kyoung-Ho Son and Kensaku Nomoto
— 1]’ .
Y '_my ly I{.O%
Y,= Y./ | Z‘
Y= Y + Yz>,11¢?)62 +2Y ¢¢/UO ¢0+ 'r¢r0 ~1e20.0 1r08 m=siy
Y/sstiPo ——_\
sz rr¢r0¢0+Nr¢¢¢0 - ot
N N/ 2 / -4.0 K // 20 “'OReal axis
= + o Vo Do+ Ny i %
Ship sp'd 32,2 kt (Fn Q.4
N :N¢ 2.0 f\ztogﬁont‘ a=1.0 ,zb;=0.u
e Steering geor TE=: sec.
Ny=Nj}-+ uv¢%2+2 28500 ¢0+N'r,7¢ Initio] cond. 0.0
r O fg=£00
2N/ b /
K :K¢I ~4,0L
Fig. 11 Root locus diagram of stability characteristic
K.=(WGM'—K)—K/  v*—
5= ( ) vos Vo' —2Ko5500 1Po equation; ¢o=0, without yaw-rate control
r,w K470 6Po
K :m/ l/ T 4,00
K=K +2K/,,00$0+Kss 5 \’ g
K= m,l;+-K])+2K rr¢ o¢o+ ¢¢¢o , 5
(11)

Egs. (10) are obviously linear, and there-
fore the stability of small perturbation around
the situation @, r}, and ¢, can be examined
by the same procedure already mentioned in
the stability analysis for upright, straight sail-
ing.

The algebraic equation to define the eigen-
values is

AL A A0 AN A A4, A2

+A5A+A6:0 (12)
where A’s are composed of the coefficients of
Egs. (10).

Egs. (11) tell us that the coefficients Y’s,
N’s, and K’s do change their values with the
initial motion v}, r}, and ¢,, so the same is
true of the 4’s of Eq. (12). The stability eigen-
values thus change with the initial motion v{,
1, and ¢@,. .

Figs. 11 and 12 illustrate this. Starting at
the X-mark that corresponds to straight sailing,
the characteristic roots move along the arrow-
headed solid curves with increasing initial yaw
velocity r}. In this figure, the initial sway
velocity is given to be proportional to r{,
ie.:

Io'=20,940

4,0
Real oxis

Ship sp'd 32.2 kt (Fn 0.4)
GN 0.3 m

Autopilot a@=1.0 , b'=1.0

-2.0 Steering geor Te=2.5 sec.
Initicl cond. @e=0.0

X 14=0.0

0 f=xc0

Fig. 12 Root locus diagram of stability characteristic
equation; ¢o=0, yaw-rate gain b’=1.0

vf=—0.45r] (13)

This means that the pivoting point is located
0.45 ship length in front of C.G.

According to Fig. 11, the ship is stable at
upright and straight sailing because all the
roots remain on the left-half plane. Any small
rolling will decay with time. With increasing
yaw velocity r{, however, a pair of complex
roots move to rightward and cross over the
imaginary axis when r} reaches +0.167. This
means that the ship (and the whole system)
becomes unstable when her yaw velocity
exceeds 0.167. Now any small rolling will
build up and the ship develops heavy rolling
accompanied by considerable zig-zag yawing
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Ship sp'd 32.2 kt (Fn 0.4)
M 0.3m

Autopilot ¢=1.0 , b’=0.0
Steering gear Te=2,5 seC,

0.2 ¢

UNSTABLE

r.=0.167

............. +0,052
i 10° 26° ¢a
~éo° ~10°
UNSTABLE
-0,2
L -0.4
Fig. 13 Stability region as a function of initial mo-

tions, ro’ and ¢,; without yaw-rate control

r=0317 047

UnsTasLe Ship sp’d 32,2 kt (Fn 0.4)
GM 0.3 m

0.2 ¢ putopilot a=1,0 , b'=1.0
Steering gear Tg=2.5 secC.
10° 200 9o
-20° -10° ‘
UNSTABLE
Fig. 14 Stability region as a function of initial mo-

tions, o’ and ¢o; yaw-rate gain 5'=1.0

r

0.4 +

ry=0,106
Ship sp'd 32.2 kt (Fn 0.4)
0.2 1 M 0.3 m
Autopilot @=1.0 , b’=0.0
y Steering gear Te=5.0 sec.
NSTABLE
o e
-20° -10° <\
UNSTABLE
-0.2
r-0.4

Fig. 15 Stability region as a function of initial mo-
tions, ro’ and ¢,; slow steering gear speed

2
2 20°1
o
;—%‘ 0 .l..- e _.,u"" ............. ;_M ; Tlme, Seg s
50 100 150
Ship sp’d 32.2 kt (Fn 0,4)
-20°1 G 0.3m
Stepwise roll moment
(due to beam wind) 5.0 deg.
v O Autopilot ¢=1.0 , b'=0.0 .
= 20°1 Steering gear Te=2.5 sec, . Dpgy=3.0 deg/sec
S Initial cond. re=0.0
3 0 . . Time, sec.
k=) T T ]
= 50 100 150
-209 1

Fig. 16 Roll-yaw-rudder coupled motion with auto-
pilot; without initial yaw motion and without
yaw-rate control

(cf. Fig. 17).

This is visualized in Figs. 16 and 17. We
solved Egs. (8) and (9) numerically, giving an
initial yaw rate of 0.0 and 0.16, respectively,
and a small stepwise roll moment. Without
initial yaw velocity the whole system is stable
(Fig. 16), but with r}=0.16, the system gets into
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6 yaw and roll.

a0l - Fig. 13 illustrates this. The ordinate is the

5 o initial yaw velocity r} (non-dimensional), and

= N " - Time, sec. . o e

£0 S0 i R the absc‘lsse% the initial heel angle, ¢,. The
e ' curves indicate the boarder-line stability.

_20" -

Ship sp’d 32.2 kt (Fn 0.4)
GM 0.3 m

%tepwise roll moment

due to beam wind) 2.0 deg.

o Autopilot a=1.0 , b'=0.0 |
L. Steering gear Te=2.5 sec. , Onm=3.0 deg/sec
%20 [ Initial cond. r/=-0.16
N L T '
%3 0 - -, . o L Time,sec.
= 50 00 -, 150
-20°r ™
Fig. 17 Roll-yaw-rudder coupled motion with auto-
pilot; initial yaw-rate »,’=—0.16 and without
yaw-rate control
¢
(] B
©20° [
5
52 . | - ‘ Time,sec,
0 50 100 150
Ship sp’d 32.2 kt (Fn 0.4
-20° - GM 0.3 m
tepwise roll moment
%dug to beam wind) 2.0 deg.
Autopilot a=1.0 , b'=1.0 .
2 2032 Steering gear Te=2.5 sec. , Opux =3.0 deg/sec
o PR
5 Initial cond, rd=-0.16
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=] 0 . Son e U ¥
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Fig. 18 Roll-yaw-rudder coupled motion with auto-

pilot; initial yaw-rate r¢’=—0.16 but with
yaw-rate control

a self-exciting, diverging oscillation (Fig. 17).
The period is about 80 sec., which is much long-
er than the natural period of rolling, 30 sec.
Fig. 11 corresponds to the case of no roll
angle, i.e., upright. We can draw a similar
root locus diagram with a certain amount of
roll angle, ¢,, with changing r}. The result
tells us that the greater the initial heel ¢, to
outward, the smaller becomes the critical r}
at which the whole system gets unstable. Out-
ward heel means to lean over to the opposite
side of turning, i.e., opposite signs between

Without any initial heel the critical (boarder-
line) r} is 40.167, as is shown by Fig. 11.
With an initial heel of 10° to port (negative ¢)
for example, a much smaller initial starboard
turning, r}=-40.052 becomes critical. The
destabilizing effect of an outward heel is quite
obvious.

On the contrary, an inward heel is much
safer than an outward one. The captive model
experimental data of Fig. 5 tells us the basic
reason for this. Incidentally, Fig. 13 also
shows that a heel angle of about 20° may
induce unstable motion without any initial
yaw motion.

In the case of Fig. 13, the derivative con-
trol, or yaw-rate gain of the auto-pilot, is zero
(b'=0). Introducing the yaw-rate control
improves the stability of the whole system
significantly, as is illustrated by Fig. 14. This
is also confirmed by the digital simulation
results of Fig. 18. It may be rather surprising
to see how effective the yaw-rate auto-pilot
is in suppressing heavy rolling which would
otherwise exist, in spite of the fact that it has
no direct action against rolling. This is a
very interesting point of the yaw-roll coupling.

Fig. 15 displays the effect of the steering
gear speed on the stability of the whole system.
In this case the steering gear time constant is
doubled, that means the steering gear speed is
halved. The effect is considerable: the critical
yaw-rate at upright sailing lessens to 0.106
and the critical roll angle at straight sailing
becomes as small as about 10°. Again it is
interesting that the steering gear speed has
a great influence on rolling at sea. Together
with the previous results for the auto-pilot
yaw-rate control, this reminds us of a common
belief among small boat skippers that skillful
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steering is essential to avoid heavy rolling at
sea.

6. Conclusions

The important conclusions we obtained are:

(1) The captive model tank tests revealed
that yaw moment and sway force induced by
roll depend much upon the yaw and sway
velocities. This is particularly true for an
outward heel, the lean over to the opposite
side of the ship’s turning. Accordingly the
yaw-roll and sway-roll coupling hydrodynamic
forces have essentially a non-linear character.
The third-order, cross-coupling hydrodynamic
derivatives play an important roll as well as
the linear terms in the mathematical modelling
of the hydrodynamic forces acting upon a hull.

(2) The yaw-sway-roll coupling has a
destabilizing effect on the yaw motion of a
ship: improving turning performance and
spoiling directional stability and quick response.
The smaller the metacentric height and the
higher the ship speed, the more prominent
this tendency becomes.

(3) The yaw-sway-roll coupling can induce
a self-exciting, heavy rolling accompanied by
a considerable yawing of a ship under automatic
course-keeping. Since this phenomenon
depends much upon the higher-order yaw-roll
cross-coupling, an accidental heel over of
moderate degree will not last long if a ship is
sailing really straight. Once she begins to yaw
and sway, however, even an infinitesimally
small heel can develop into heavy rolling ac-
companied by yawing.

(4) The performance of an auto-pilot has
a great effect on this unstable behaviour.
Yaw-rate control proved very effective in
suppressing this type of heavy yaw-roll motion.
Slowing down the steering gear speed spoils
the overall stability considerably.
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