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Kane’s Method For Suspension Boat Dynamics

Mohamed Amer !
Y(Mechanical Department, / Lehigh University, USA)

Abstract:

Small boats operating at high speeds are suspected to high vertical accelerations causes large
number of crew injuries and boat damages [1]. A concept of suspension boat consists of main hull
and four sponsons connected to suspension links spring and shock absorbers patented by Prof. J L
Grenestedt [2] in order to reduce the vertical acceleration.

The paper represents a 10DOF dynamic model of the suspension boat using Kane'’s method.
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Ui Generalized speed where i is DOF of the system.

I, Base vector of fixed frame N where i=1,2,3

b Base vectors attached to the hull center respect to reverence frame where i=1,2,3
b Base vectors attached to sponsons centers respect to hull, where j=1,2..,i=1,2,3

N-A Velocity of centre of mass of hull respect to reference frame (m/s)

Velocity of nth sponsons respect to reference frame, where n =1,2,3....(m/s)
N - sn

N K A Angular velocity of center of hull respect to reference frame (Rad/s)
N —sn Angular velocity of nth sponsons respect to reference frame. Where n=1,2,3.... (Rad/s)
N-—A Position of center of mass of hull respect to reference frame (m)
N - f  position of point on front revolute respect to reference frame (m)
N -1 position of point on rear revolute respect to reference frame (m)
N —sn  position of center of mass of sponsons respect to reference frame where n=1,2,.. (m)
N —wn  Pgsitions of running surface where the water loads reassumed to apply on sponsons. Where

p n=1,2...(m)
N-A Linear acceleration of center of hull respect to reference frame (m/s2)

a
N = sn  [inear acceleration of nth sponsons respect to reference frame. Where n =1,2....(m/s2)
a
N = sn  Angular acceleration of nth sponsons respect to reference frame. Where n=12....(Rad/s2)
a

N-A Angular acceleration of center of mass of hull (Rad/s2)

a
x Horizontal coordinate in Earth-Fixed system aligned with direction of travel (m)
y Horizontal coordinate in Earth-Fixed system, perpendicular with direction of travel (m)
z Vertical coordinate in Earth-Fixed system, position up positive (m)
0 Pitch angle positive bow up (Rad)
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01
02
03
04
ui
Uz
us

Usg

Uus
Ug

uio

Roll angle positive rolling to the right (Rad)

Yaw angle measured clockwise from North (Rad)

Sponsonl deflection angle positive when the transom deflect upwards (Rad)

Sponson?2 deflection angle positive when the transom deflect upwards (Rad)

Sponson3 deflection angle positive when the transom deflect upwards (Rad)

Sponson4 deflection angle positive when the transom deflect upwards (Rad)

Time derivation of .x (m/s)

Time derivation of y (m/s)

Time derivation of z (m/s)

Time derivation of £ (Rad/s)

Time derivation of ¢ (Rad/s)

Time derivation of ¥ (Rad/s)

Time derivation of #1 (Rad/s)

Time derivation of £2 (Rad/s)

Time derivation of £3 (Rad/s)

Time derivation of #4 (Rad/s)

Hull mass (Kg)

Sponsonl mass (Kg)

Sponson2 mass (Kg)

Sponson3 mass (Kg)

Sponson4 mass (Kg)

Spring stiffness for first sponson (N/m)
Spring stiffness second sponson (N/m)
Spring stiffness for third sponson (N/m)
Spring stiffness for fourth sponson (N/m)
Damping coefficient first sponson (Ns/m)
Spring stiffness second sponson (Ns/m)
Spring stiffness for third sponson (Ns/m)

Spring stiffness fourth sponson (Ns/m)

DOI: 10.9790/1684-2005023644 www.iosrjournals.org

37 | Page



Kane’s Method for Suspension Boat Dynamics

al
a2
a3
ad
as
a6
a7
a8
a9
alo
all
al2
al3
ald
als

al6

F1
F.
Fs

Fa

Distance between transoms of front sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of rear sponsons (m)
Distance between transoms of front sponsons (m)
Distance between transoms of rear sponsons (m)
Moment of inertia of center of hull (sl 7z)

Moment of inertia of sponsons (Vi)

Force applied upward direction on first sponson (N)
Force applied upward direction on second sponson (N)
Force applied upward direction on third sponson (N)

Force applied upward direction on fourth sponson (N)

Gravitational acceleration (Kg m2)
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. Introduction
Small boats operating at high speeds often exposed to high vertical accelerations. As craft speed and

wave height increases the higher vertical accelerations causes extreme discomfort and eventually to pain and
possible injury for the crew. Hinged flap mechanism suspended to boat hull via shock absorber components was
developed and experimentally tested using different design parameters in order to reduce vertical acceleration on
high speed boats.

The paper represents a 10DOF dynamic of the suspension boat using Kane’s method. The model enables

us to extract information about boat dynamic behavior and choose the optimum design parameters.
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1. Dynamic Analysis of Suspension Boat with Sponsons

3-dimensional dynamic model describing suspension boat with four sponsons in 10 degrees of freedom
using kane’ s equation method. The boat with suspension is schematically shown in Figure 1, 2 consists of front
and rear sponsons attached via springs and dampers to center-hull.

The generalized coordinates ( x ,y ,z,¥ ,0, ¢, 6, , 6,,65,6, ) are used where x, y, z are the
coordinates of center of mass of center of hull. The orthonormal base vectors 7, 715, 13 for fixed frame N is used.
The base vectors point West (7,), North (723), and down (713), respectively as shown in Figure 3. 8 is pitch angle
(positive bow up), ¢ is roll angle (positive rolling to the right), v is yaw angle measured clockwise from North, 6,,
6,, 65, 6, are sponson deflection angles measured positive when the transom of the sponsons deflects upwards as
shown in figure 4.

Fig: 1 Boat with Sponsons Side View Fig: 2 Boat with Sponsons Top View

x",x /\\ y L\lne of nodes

Zx
Fig:3 Euler Angles Fig:4 Sponsons angles

I1l.  Rotational Matrices
We start off with the standard definition of the rotations about the three principal axes.
A rotation about the z-axis is defined as W angle.
cosyp siny O
Rz(y)= I— siny cosyp 0 l
0 0 1
A rotation about the y-axis is defined as 6 angle.

cos 0 —sin0]
Ry(9):[ 0 1 0
sin@ 0 cos@ |
A rotation about the x-axis is defined as ¢ angle.

1 0 0
Ru(¢p)= [0 cos¢p sing
0 —sing cos ¢l

Where (¥, 0, ¢) are Euler Angles.
R= Ru(¢) Ry(6) Re(¥)=
cos ¢ cos O sing cos @ —sing
—sinfcosy +cosOsingsiny cosypcosO +sinfsingsinyd +cosdsiny
cosysingpcosf +sinypsinf sinfsingcosyp —cosOsinyp cos¢pcosy
We would rewrite the same expression b9 base vectors attached to the hull center respect to reference frame.
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515 = cos ¢ cos O, + sin¢ cos O n, — sinp ng

E? = (—sin 6 cos P + cos 0 sin ¢ sin ), + (cos P cos 6 + sin 0 sin ¢ sinP)n,; + cos ¢ sinp ng
55 = (cos Y sin ¢ cos 8 + sinp sin B)7, + (sin @ sin ¢ cos P — cos 6 sinyP)n; + cos ¢ cos P i3
A sponson in the present design is attached to the center hull via a revolute (1 degree of freedom rotation) near
the bow of the sponsons. These revolutes are parallel to the b° axis. b’ base vectors attached to sponsons centers
respect to hull. The front left sponson has the base vectors b2, b, b1

bl = cos 6, b + sin 6, b2
bl — bO

bl = —sm915\+ cos 6, b2
leeW|se for the right front.
b2 = cos 6, b? + sin 6, b?

bZ — bO

b2 = —sin 6, B\0+60592 EB
Ieft and right rear sponsons, respectlvely
b3 = cos 6, b + sin O, b
b3 — bO

b3 = —sin 63 b + cos 65 b2
511 =cos @, 516+sint94 536
B? =—sinb, B? + cos 6, 536

The Positions of Front and Rear Revolute and Center of Mass of Four Sponsons Respect to Reference

Frame:
. N N .
The revolute of the front and rear sponsons pass through the points ; f : ; " respectively can be

described as following
N-A . . T
NS N2 s aybP+ a,b)

Np N pA
TN a5 0,

The positions of the center of mass of the four sponsons respect to reference frame are described as following
Nost Nody a; b+ azgsﬁ —ash} — aghl + a,b}

p
7SN A b0+ a,b? —agh? + agh? + a,b?

p
2= N2 0 b0 a,bd —agh} — agh} + ayoh
N _p) s4 = N ; A+ a3l;16+ Clzl,l;-:;)B _asl;‘lz + aggzz + alol’)-gz

The positions of the running surfaces, where the water loads are assumed to apply, of the four sponsons are
N 1_N-A . T = = =
TWE =TT A a1bf+ azbg —ay b —agpb) +a3b;3

p
Now2 _NSA, 5. o . o
-w = - + albf+ azbg —a11b12 + a12b22 + a13b§

p
Now3 _NSA, 5. = 3 . =
_I)JW =" 7% @b+ a,b? —ay4b? — aysh3 + ab3
Nows NSA, . = = —~ . =
_;)W = ; + albf+ azbg _a14bf + alsbg + aleb—;}

Angular Velocity of Center of Hull and Four Sponsons Respect to Reference Frame:

Wy ¢— YPsind
N->A_ . ;
=|Wy|=|08cos¢+1 cosbcos
W w,

—9517i¢+1/)cos€cos¢
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Angular velocities of sponsons can be determined by following equations

N:;sl:N—’A_éIEZa
N-s2_N-A

w
N-s3_N-A

1)
N-os4_N-A

w w

- 6,3
- 653
- 6,b

Linear Velocity of Center of Hull and Four Sponsons Respect to Reference Frame:
The linear velocity of the center of mass of the center hull respect to reference frame is described as following

No>A_N->A_ . « . _ .. _~ ~ — —
= =X M, +y Ny + 7205 = uy N tu,n,ytusig

14
The linear velocity of the center of mass of four sponsons respect to reference frame are

N-sl _N->A N-A 70, - 70 570 T T I
= + w X (albf-'- azbg) + (—91bg ) X( —a11b11 - alzb% + a13b§ )

4 p
N-A — = .= — - =
M558 T 05 oA @b ) + (6,5) x (ash? + aghf + a;b})
N-s3 _N-A_N-A4A 5, 7D . 7o e S S
30 =T T T X (aabl* aibf) + (<0:b7) x (-agh] — agh} + ayob3)
N-A — = .= — — —
N2 TN oA @gbfr aib) + (047 *(—ashf + aghf +azob])

Angular Acceleration of Center of Hull and Four Sponsons Respect to Reference Frame:
The angular acceleration of center of mass of hull respect to reference frame

N-osn_aN-A
a at

The angular acceleration of center of mass of sponsons respect to reference frame are

N-sl _N—->A_ A-sl +N_)Ax(—9'1526)
a a a w

N-os2 N-A A->s2 N-oA (—6,b0)
S g A Aa—> 3 Nw—>A 5 70

N;s3 =N;> + as + X (—65b0)

N-osd _N-oA A-sd N-oA (_9-4525)
a a a w

Linear Acceleration of Center of Hull and Sponsons Respect to reference Frame:
The linear accelerations of the center of mass of center of hull is

N->A_ . ., .
= Uy hy, U, tushg

Linear acceleration of sponsons respect to reference frame

N - s1 :N—>A+N—>sl ><N—>Sl+N—>51xN—)slxN—>51

a a a p w ( w p )
N—>52:N—>A+N—>52 ><N—>52+N—>52><(N—>52><N—>52)
a a a p w )
N—>s3:N—>A+N—>s3XN—>53+N—>53X(N—>53XN—>s3)
a a a p W w p
N—>S4:N—>A+N—>s4xN—>S4+N—>s4X(N—>s4XN—>S4)
a a a 14 w w p

Constructing of Partial Velocities Table
Where u; is generalized speed
We can use the following expression
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N-A . - . L
v partial derivative of linear velocity, i =1,2 ,..10
i
N - si . I L.
partial derivative of angular velocity, i= 1, 2,.10
i
N-A N-s1 N-s2
N->A 9, " N->sl19y N-s29y
V1 o 6u1 ! Vl - 6u1 ! Vl B 6u1 !
aN—>s3 aN—>s4 aN—>A aN—>51 aN—>52
N—->s3 %y N-os4_ %y N-oA_ %4 N-osl_?, N-os2_9 4 N-os3_
Vl 6u1 ! V1 aul ! ([)1 6u1 ’ wl 6u1 ! wl 611.1 ! wl
aN—>53 aN—>s4
w; N—o5s4_ 9
ou; | wq ouy
Generali | N A| N»>s1 | N-»s2 | N->s3 | Nos4 | NoA | N->s1l | N->s2 | N-s3 | N- s4
ed Vi V; V; V; V; W; w; w; w; w;
speeds
u;
u, N->A| N->s1 | N->s2 | Nos3 | N-»s4| N-A | N->s1 | N->s2 | No>s3 | N->s4
v vy vy vy vy wq wWq wq W, wq
u, N->A| N->s1 | N>s2 | N-s3 | N-s4 | N>A | N->s1l | N->s2 | N-s3 | N-s4
v, 4} V. V. v, () () w3 (07 (L))
uy N->A| N->s1 | N-s2 | N-s3 | N-s4| N>A | N->s1l | N-s2 | N-s3 | N—-s4
Vs £ Vs Vs Vs w3 w3 w3 w3 w3
u, N-A|  N-s1 | Nos2 | Nos3 | N-»s4| N-A | N->s1 | N->s2 | N->s3 | N->s4
Vy Vy Vy Vy Vy Wy Wy Wy Wy Wy
Uusg N->A| N->s1 | N-s2 | N-s3 | N-s4| N>A | N-s1l | N-s2 | N-s3 | N—-s4
Vs Vs Vs Vs Vs Wsg Wsg wWsg wWs Wsg
Uug N->A| N->s1 | N-s2 | Nos3 | N-s4| N>A | N-s1l | N->s2 | N-s3 | N-s4
Ve Ve Ve Ve Ve We We We We We
u, N->A| N->s1 | N>s2 | N>s3 | N-s4 | N>A | N->s1l | N->s2 | N-s3 | N-s4
Vy Vs Vy Vy Vy w7 w7 w7 w7 w7
ug N->A| N->s1 | N-s2 | Nos3 | N-s4| N>A | N-s1l | N->s2 | N-s3 | N-s4
Vg Vg Vg Vg Vg wg wg wg wg wWg
U, N->A| N->s1 | N-s2 | N-s3 | N-s4| N>A | N->s1l | N-s2 | N-s3 | N—-s4
Vo Vo Vy Vy Vo W9 W W9 Wg Wo
Uy N->A| N->s1 | N>s2 | N>s3 | N-s4 | N-A | N->sl | N->s2 | N->s3 | N-s4
Vio Vio V1o V1o Vio W19 Wio W19 W19 W19
IV.  Generalized Forces
Calculate the Generalized Active Forces
where the generalized active force, Fi, is defined as
=~ N-oA - N-A - N-osi = N-si
Fl—Z(Fl Vl +Tl C()i +Fl VL +Tl (Ui )

L
Where F; (i=1,....10) is the generalized active forces applied upon sponsons in z direction due to water loads F;n3

The Applied tourque on sponsons due to external forces

= . N->wl N-
T, = Fing X ( p f)

= . _ N->w2 N->f
T, = F,n; X -
2 23 ( p p)
N-w3 N-r

T3=F3ﬁ§><( P )
= N-w4 N-or
T, =F,n3; X -

4 473 ( p p )

Spring moments upon sponsons suspension springs
ksy = k16, bz1

ksy =k 92b22

— —

ks = ks 93b23

— —

kg = k4‘94b§1

Where k; (i=1,2,.4) is spring stiffness
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Spring moments upon sponsons suspension springs

51 = C19152T
52 = Czelgz7
53 = C39152§
54 = C4915§

Where C; where (i=1,2...4) is damping coefficient of dampers
The generalized active forces due to external forces can be calculated as following

P . _ _ . N-oA . N-s1 = N-sl
Fi= ((-Mgnz)+ (Fin3) + ( Fpn3) + (F3n3)+( Fun3)). Vv, + (( —m,gn3). V1 ) + (Th W, )+
- N-osl N - s1 . N->s2 = N > 52 - — N ->s2
(ks1- ) +( D1 ) + ( —mygn3). V. + (T,. ) + (ksz- ) + (D,. ) +
a)1 1 w1 w1

(g 3) M R R B (53-N;53)+(“m49“3)' RN GRS

= N - s4
+(ks4-- Wy ) +( Dy W, )

Similary, F, to F;, can be calculated where M is hull mass, m; where (i=1,..4) Is sponsons mass
Calculate The Generalized Inertia Forces

The generalized inertia force, F;" is defined as

N-A

_ N->AN-A N-oA-= =N-o>A, N-A N - si N - si N—)sz
- Zl( M. a V ) ( a d+ ) x L W ) w; (mi' a V ) ((
N-osi_y N-osiy N-osi
><Isi- ) w; )

Substituting in the equation the generalized inertial forces can be determined as following

(MN_)A.N_)A) (N—)A N—)AxlN—>A) N—>A_( N—)slN—>Sl) ( 2N—>32
a w w

[+

N—>52 N—>53N—>S3 N—>54N—>S4 N—>51 N—)sl N—)sl N - s1
- dgt xI .
B IR )_(ms. ;- " AT
N-o>s23: ,N-s2 N - s2 N—>S N—>s3 N - s3 N->s3, N-os
(G P ‘e SN (TS VTS N3y NSy

((NZS4-134 N:)S4><I N:}s4).Nzls4)

Likewise, F,to F, where

I,; 0 0
f:[ 0 L, O l Is moment of inertia of Hull

0 0 I

Is;; O 0
Tslz[ 0 Isyy Moment of Inertia of sponson
0 0 Is33

The generalized active forces and the generalized inertial
forces represented by the equations are summarized as follows
Fi+F =0

F,+F; =
Fy+F; =
F,+F =
Fs + FZ =
Fg + F; =
F, +F; =
Fg + Fy =
Fo + F5 =
Fio+Fip=0

These dynamic equations can be represented in matrices form

o

(=2 e R e B e B e B« B o]
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_u:1_

LHS COFFICENT : ~1=|t RHS COFFICENT

Ug
_ulo_

V.  Conclusion
The paper represents procedures of 10 DOF dynamic model of suspension boat with four sponsons

patented by Prof. J Grenestent, using Kane’s method. The model enables us to extract information about boat
dynamic behavior under different particular conditions, and facilitate choose the optimum design parameters.
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