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A Study on the Rolling Reduction of Floating body
by the Anti-Rolling Pendulum

Yi, Geum-Joo

Department of Naval Architecture and Ocean Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

As ships and marine structures float on the water surface, they are usually exposed
to waves, and move unceasingly. Rolling motion of floating body makes crews and
passengers exhausted and/or applies forces to the structure to cause damage, and even
might upset the body. Therefore bilge keels are equipped in almost ships for anti-rolling,
in special case anti-rolling tank(ART) or fin stabilizer or gyroscope could be installed.
But ART requires big capacity to install, and fin stabilizer and gyroscope need much

costs to install and also much expenses to operate and maintain.

Recently the new Anti-Rolling System(ARS) which has a moving mass on the arc rail
with passive control system was introduced, and showed abilities to suppress ship’s

rolling. And this device was also very big, heavy and expensive.
This paper suggests the Anti-Rolling Pendulum(ARP) which moves on the circle

& A]AHl Anti-Rolling Tank(ART) ¢t

KEY WORDS: Anti-Rolling System(ARS) 9TE] 22
QE] 23 ZI&}: Simple Pendulum THAIA}

E] =2+ F43.: Anti-Rolling Pendulum(ARP)
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shaped orbital track, induces the linear equation of motion and nonlinear equation of

motion, and confirms the effectivities by comparing with the experiments.
The conclusions are as follows;

1. A linear equation and a non-linear equation of the roll motion of ship with the
ARP is suggested, and the application of ARP system shows the effectiveness by

comparing with the experimental result.

2. The ARP’s remarkable damping ability is proved by experiments and analysis. The
32g ARP has the same or better damping performance comparing with the 50cc ART.

3. The ARP with cylinder type could reduce the device volume remarkably comparing
with the ART.

4. Not so big additional space needed for installing ARP by placing it on the front

wall of the engine room or in the cofferdam.

As the weight of about 0.5% of ship’s displacement is so heavy for a big ship, the
ARP for a big ship might be needed more additional studies. But for fishing boats or
small passenger boats the proposed ARP would be powerful to reduce the roll motion
of boats.
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Fig. 2.6 Idealized ship model with anti-rolling pendulum.
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Fig. 2.7 The velocity of anti rolling pendulum.
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gt & Rzt Yxgk Maststr] Ystod 6, 'sind, =0, 0,0,sinf, =00]2} 7P
St ™o R—s=lo]Bg 9] 23YRFA2 T3 Zo] Adguyigrez A
qg 4 Qo

{JO +ml? mZR} (é

g [AgG’M—i—mgl ng}
miR mR*|\0

mgR mgR (22) (8) (2.37)

sE Aol 2 Aol 45
Runge-kutta 82 =§5b7] Jstol o A TARE chA Felstd okt
o] k.

(J, +ml®)8,+mlR (6,cos6, — é; sin 0,) + Ag GMsin6, + mgRsin (6, +6,) —mgssinf, =0

. . . (2.36)
mR*0,+mlR(6, cosfy, — 6, 0,sin6,) + mgRsin (8, +6,) =
9 A 6,7 6,2 FestA chet o] ek,
&:%+mﬁu_w§%ﬁmk%%0$wﬁﬂfymﬂﬁ+%»*mﬂﬁm%@
+ AgGMsinf, +mgRsin (0, +6,) —mgssin6,)
‘ (2.36)"
1 Jy+mi? . s 2
= Isind,0, 0,—gsin (0, +0,)) — miRsin 6,0
9 R(!]()J,-mlz) ( lCOSHQ ( S1NnvyU, Uy gSln( 1 2)) m SIn vy,

Icosd, —mlRcos,

+AgGMsind, +mgRsin (0, +60,) —mgssin6,)
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chew 2o wAul R Al chste] AZsrl2 shat.
y=fly), oyl =y (2.38)
Runge-Kuttafl2 7| 2A 0 2= t}-29] Taylor F40A &¢3ict,

2

y(o+h) =ylo)+hy () + oy () + (2.39)

oA71oA AF2 Eo] hofl HistAX = B2 Y e Ul A7) ool ohgak

ol AR 4 9t
ylz+h) =y(z)+hy (z) =y(z) + hf(zy) (2.40)

2.4.1 Euler % (Kreyszig, 1999a)

A Euler ol tisto] Fig. 2.82 o]-&oto] Aigatrt,

—

\4

Lo

T, Ty
€ h+ h{

Fig. 2.8 Concept of Euler method

x—] H—]x;(ﬂ AElOZ = 75” ]'O]'q

Y1 =y T hyy =y +hf (@, y,) (2.41)
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S22 e AR

rok

c},
yo =y +hy =y, +hf(z,y) (2.42)
oS U¥telstH thaat ol Ho.

Yp+1 = Yo Thy, =y, +hflx,y,) =01, ) (2.43)

JEiLp o] wWEe Fig 2.87F A (243014 @ 2 9t uieh o] z,0) 49
'S ol gsto] y,. 0 3L A R A 07} AR L Ao] dojup
£go] Qickh. o2 B 9stel y, 2t y,, .9 Aole] HEt 7187
sfof AMet: ol mote k.

o]

uju

oo rlr &

2.4.2 Runge-Kutta ¥ (Kreyszig, 1999b)

=

Runge-Kutta®¥2 @, @, 405 2,01 W 4, 005 v/ S AASHL 71
BaiS 712712 sttt 2ol g, WS Al

kl :f (xnﬁ yn)
ky, = f(x, +0.5h, y, +0.5hk, )
ky = f(z, +0.5h, y, +0.5hk,) (2.44)

k, Zf(xn-i-h, yn—i—hkg)
h
ynﬂ=yn+€(k1+2k2+2k3+k4) (n=0,1, ---)

k2 (29,0042 71271011, k& (z,+0.5h, y, +0.50k )OI 9] 7]-&7]0]aL,

kyZ (2, +0.5h,y, +0.5hk, )0l A0 71&7]10]1aL, k& (x,+h,y, +hky)ollAo] 71&
zlolet. o]0l 7HEA] 1, 2, 2, 12 7I8HA Bateh e & A Atole] 717z
2 Zlolt
- 20 -
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2.4.3 17029 Al0] Runge-Kutta ¥ (Kreyszig, 1999c)of] 23t Zo]

yl,:fl(x7 y17y27 7ym)

y2/:f2($7y17y27 7ym)

(2.45)
Yoi = S (@Y1 Yoy = 5 Yy
Az F3H o3 20| Runge-Kutta Hog JA0ZHGAS & & 3
c}.
k =f(z,y,)
k, = f(z, +0.5h,y, +0.5hk, )
ky = f(z, +0.5h, y, +0.5hk,) (2.46)

k, = f(scn +hy, +hk3)
h
yn+1=yn+€(k1+2k2+2k3+k4) (n=0,1, ---)

Euler W& (z,, 4,)80149 712712 ol&stel y,,, & 24ste Yoz A

_2']_
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&3oh "iel o] QXpb wAistL, T QAPF AY wAste o
Runge-Kutta®¥2 (z,, y,) (2,1, y,.1) Atole] 478042l 7]
St @ 718712 AHgstoaEn QRS Fole Zojoh

o5 5o ot Z2 2AnEYZAS T F2o st dYstH oSt
2}

y' =flzyy) = fzy), Ty, Yy Yo (initial values given) (2.47)
o] 7] ol A
y= (;’) (2.48)

A (2.47)3% A (2.48)2 0831 o] UIRYHNL che} Fol v & 4

0]
%

o ={3) =kt 249
Al (2.46)00 9Jstod y, & ot ohSat g

k, = £z yy)

k, = f(z,+0.5h, y, +0.5hk, )

ky = f(z,+0.5h, y, +0.5hk,) (2.50)

k, Zf(ac0+h, Yo +hk3)

h
1 =y + g Uy + 2k, + 2k k)
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oF Aolq TAUEWHAS AR W0l E & 98S Bt o Yug £
2 985t AYLATEYHAL F & o

y” = f(xv Y15 Ya» y1,ay2/) = f($7y)7 Tys Y100 Yoo y10, ) y2()/ (initial values given) (2.51)

o 7] of| A
Y Y
1Y% _ Y
v | (2.52)

U1 U Y1 Yp Y10
Y Yo Ys Yo Yao
_ |2 =2 = L9 -\ ) 2.53
Y7yl v [ | A @uy) ] BTy, (2.53)
2, 2” 2 (x’y7 y,) 20,

Al (2.50)0F 22 o= gy 2 ot o3 At

kl :f(w()v yo)

k, = f(z,+0.5h, y, +0.5hk, )

ky = f(z,+0.5h, y, +0.5hk,) (2.54)

k, = f(z,+h, y, + hk;)
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h
Yn+1 :yn+€(k‘1 +2k, +2k, +k,) (n=0,1, --)
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g otel2Y WAL K g

3.1 2] H&

Fig. 3.10] 2&AQ] AML-E Holil, Table 3.10] A-&3t A

= Helth

Fig. 3.1 The model ship equipped with ART
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Table 3.1 Specification of the model ship

2+ 0.043m,

Item quantity Unit

Length 1.160 m

Breadth 0.210 m

Depth 0.105 m

Draft 0.043 m

Displacement 7.7 kg

GM 0.075 m

Rolling period 0.68 sec
2gAM9] Zo]= 1.160mo]1, = 0.210m, Zlo]+= 0.105m, =

w2 7.7kg, GM2 0.075mo]il, £ —7,57]% 68%& 0|}

A& MPU6050 6% Afol=z *ﬂﬁ% Arduino nano© HZsti, Arduino

nanosS USBZ LT EXo| A4stY

slasrzoA £7] EAAIE 10" HEL 5l =&
AATSHA] 947 WEoll £7] FUidtS
LAY =9 A9 1 =E Fig.

AREE 1022
el 2tk

T EEofAl= PLX-DAQzZt= @ E Excel
98 22mg olgolo] oIt S w0 A selseA Al

}\Pq

2 X885} 1

2 #Eetsho Eﬂol
.201] Ji/\limr

10 T T T i T T T T T
1 1 1 1 1 1 1 1 1
1
Y IR . N S . G-
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
6H--F+-pM--+--m A d - - — ] lm — —— — e — = — — —]
1 1 1 1
| | | | | | | |
4 T S A i S S S i S P
1 1 1 1 1 1 1
—_ ]
R A A -z R
8 : : 1 1 1 1
Q 1 [
S Of r + -
E | | | i | | |
S 2r 1 v I T T
1 L7 S S S S SO
[ [ [ [
i | | | | | | | |
I [ [
Y - S SO S
i 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
-8} B e e et B E |- — === ok - —— == — —
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
_10 i i i i i i i i i
0 1 2 3 4 5 6 7 8 9
time(sec)

Fig. 3.2 Ship’s roll motion with 10" initial inclination
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1o

(3.1)

(2.12)
(2.12)

o=

Al
|

UpEpue 734yu]olct,
| e S 5

o
i Cwnt
A, + Xe cos (w,t—¢)

O cos (wt — @)
Ot cos (w, t— )

ofui, gst

Xe
of Al
= Xe

o

o Zo] A= Hot

o

a

o}

1

27} 77| o

7t
(2.12)

o

WA ote]28] AJAEI(Anti Rolling System: ARS)

0(t)=e " (Acosw,t+ Bsinw,t)

o710 A
0(t)=A,+e " (Acosw,t+ Bsinw,t)

0(t)=e """ (Acosw,t+ Bsinw,t)

Gl

Fig. 3.30] =
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15 T

4 no ARS experiment
no ARS fitted

104 —===—-==--~

(¢

g T TR

<3 |
o |
kS |
1S l
= [ [

© ob--A--me &k O Y R —]
[ [
[ [
1 [ [
[ [ [
[ [ [
[ [ [

;]| WP W I W I N R, Lo —
[ [ [
[ [ [
[ [ [
[ 1 1 [
[ 1 [ [
1 l 1 1
-10 i i I Il

0 0.5 1 1.5 2 2.5

time(sec)

Fig. 3.3 Curve fitting results of roll angle without ARS

Table 3.2 Roll characteristics by curve fitting

Item quantity | Unit

w,: natural frequency 9.21 rad/s
T: roll period 0.68 sec
A: cosine coefficient 9.82 | degree(®)
B: sine coefficient 0.23 degree(°)
C(= V42+B°): roll amplitude 9.82 | degree(®)
¢: damping ratio 0.038 -

Aure] 23 eSWAL A (2.11)2 EAECD.

Jf+c,0+ k=0 (2.11)
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J, = Ag GM/w? (3.2)
T3 QAZAAL, BH, A DGRNEAE CFe et
c, =2/ Ik, =2Jw,, (=c/c, wy=w, V1= (2.13)

N

A (3.2)9F Al (2.13)02RE 0|5 A4S T 4 QLT Table 337 2
o},

Table 3.3 Characteristic coefficients of the model ship

Item quantity | Unit

w,: natural frequency 9.21 rad/s

Jy: mass moment of inertia 0.074 kgm®

¢,: damping coefficient 0.047 Nm/s

k,: coefficient of restitution 5.660 | Nm/rad
¢: damping ratio 0.038 -

afebd o] BEAC] SEWHALL Cheu 2ol 2 4 oot

0.0676-+0.0470+ 5.660 = 0 (3.3)

o] nButgAle] = Al (2.12)2 ZOjX|, EA7|E7 6, 6,7t FojxH 1
=282 92 4 9

0(t)=e " (Acosw,t+ Bsinwt) = Xe " cos(wt—¢) (2.12)
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2

A=0,, B= 0+ Cw,0,)/w, X=VA*+B*, ¢=tan '(B/A) (2.14)
Z713F 0, =10.0, 6= 05 THYst YA ASEe oSt o] Lafxlct.

w, =9.21, (=0.038, w; =9.21, A=60,=10.0", B=0.38"

————————— * — no ARS experiment [
no ARS fitted
no ARS analyzed

— e ————— — 4 — ]

roll motion(®)

[}
:
[} [}

OF---V--m-om - F TS Ne------4-- r----Y--
[} [}
[} [}
[} [}
[} [}
[} [}
[} [}

SF----3---- iniutniaiaiaintniet iy ittt : ———————— ’I- ———————
[} [} [}
[} [} [}
[} [} [} [}
[} [} [} [}
[} [} [} [}

S(V| EEEEREERRS EECRPERRPE drmmomoeooe- SEEEPEePe EERRPES s
0 0.5 1 1.5 2
time(sec)

Fig. 3.4 Roll motion comparison graph between experiment, curve fitting and
analysis with the fitted characteristic parameters.
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B33 (Anti-Rolling Tank: ART)d]| 2]

AEdatolA, Ajol=

B3, d

=)

= <t

110

oA a7h

ejgatol et Aol

<

K

od

o

IXHAnti-Rolling Pendulum: ARP)o] 2]

tod ARPS] #&=of 50cce]

bl 918

Fict,

H]_16

[

Fig. 3.5 Free decay test of the model ship with ART
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Fig. 3.7 Curve fitting results of roll angle with ART
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Table 3.5 Characteristic coefficients of the model ship with ART

Item quantity | Unit
w,: natural frequency 9.10 rad/s
T: roll period 0.69 sec
A: cosine coefficient 11.4 degree(°)
B: sine coefficient -0.6 degree(°)
C(= V42+B%): roll amplitude 11.4 | degree(®)
¢: damping ratio 0.054 -
Fig. 3.7014 & 4 l%0] ARTE AR 2349 & 25 A (2.12)2 &
BAES OIS & 9w, mebd o] LEE HAANA £5o8 AN 4 9le

ARTO} e %7] ZAZbe A3% 719E e Yoz 2o| Holurts d
Aol Azt vho] Tty Ezol AHS YIs| o 7190k YAl ARTS
THE % ke ojolck,
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Table 3.6 Specification of the anti-rolling pendulum

Item 50cc | 32g | 40g | 50g
T: Period of ARP(sec) 0.69 | 0.68 | 0.69 | 0.68
R: radius of ARP(m) 0.115
[: distance from pendulum to F(m) 0.010
mass_ratio(ARP/ship in percent) 0.65 |0.42 [0.52 [0.65
Autol] GRIALE Aot ore F2hg ARIsP] mEo] SHAL oAl 9ol
A= A2 X0 ES slojeg MRSk 1 Jfols 4g 7t gAolg o
2K e Yoz 27} SASIEE S} Fig. 3.80] ARPZ A RyMe B
o1, Fig. 3.9% ARS7} 912 wel ARPE ARt 59 A 2 250 ofg
Jejmolt}. of= Z9E ARSES Ak 2o 37 Zast: o2 yehd
S YN Aol ARSE AT BE Seln nEAMol Hed ARTY
o]

Fig. 3.8 The model equipped with ARP

et 7] 2% 105 P ST wHotAA T AR2E AY B
PSS & A W ARF 7189 MR Tt st g Jlckeof st
9l2jo] SEA| ek TR Jlckele 2l BrRssith e 4y 2
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Fig. 3.9 Roll motion comparison graph between ships without ARS and with

various ARPs and ART.
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Fig. 3.11 Curve fitting results in case of installing various ARS
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Table 3.7 Characteristic coefficients of the model ship in case of without
ARS and with various ARS

. 32¢g 40g 50g 50cc
kind of ARS | no ARS ARP ARP ARP ART
mass ratio(%) 0 0.42 0.52 0.65 0.65

w, (rad/s) 9.21 9.25 9.16 9.26 9.1
T(sec) 0.68 0.68 0.69 0.68 0.69
A(°) 9.82 11.37 10.78 10.66 11.41
B(°) 0.23 -0.45 0.57 0.19 -0.56
C(®) 9.82 11.38 10.8 10.66 11.43

¢ 0.038 0.055 0.056 0.061 0.054

/¢, 1 1.45 147 1.61 142

Sfl‘l’l‘;trem:rigr 15 5.21 585| 607| 535
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0,(t)= 15¢~ 0136 65(8.9¢) (3.7)

J0,+ 0+ k=0 (3.8)
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Fig. 3.12 Free decay characteristics of ARP
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Table 3.8 Specification of the 50g of anti-rolling pendulum

Item quantity Unit
T: Period of ARP 0.68 sec
D: diameter of pendulum 0.023 m
m: mass of pendulum 0.050 kg
mass ratio(ARP/ship) 0.65 %
R: radius of pendulum 0.115 m

[ distance from pendulum to metacenter | 0.01 m
(,: damping ratio 0.015 -

4, =ml*: moment of inertia of pendulum | 0.661x10° | kgm?
k, =mgR: restoring coefficient 0.0564 Nm
¢, = (,c.: damping coefficient 0.186x10° | kgm?/s

¢, =24/ Jk,: critical damping coefficient 12.2x107 kgm?/s

Al (3.9)0l =712 HYSHH o] & d A gt SiE ¥ 4+ A S
v A AaE 2do=2 BmAIGE Zlo] Fig. 3.130|t} oAl +m 7t QFE| &
A2 BASHR] o2 7492 Ad HlolEolal, WX «; 7t 50g9] QtE|EH
A2 AR 7490 A dlolsoli, FeA) Aol 50go] el FALE
x5 790 A1 (3.9)0] tigt s1A Aupolet,
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8 +t :_ *  50g ARP experiment
: 50g ARP analyzed
no ARS experiment
S
1S
e
@ : i : :
10 :)t* Il i Il Il
0.5 1 1.5 2
time(sec)
Fig. 3.13 Roll comparisons between ships without ARS, with 50g ARP

experiment and with 50g ARP by analysis
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