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expressed using one degree of freedom spring-mass system. The simulation study is performed
to evaluate the impact damper performance in reducing the boat shock response. Two kinds of
momentum exchange impact damper i.e., without and with pre-straining spring mechanism were
evaluated. The simulation results show that the impact damper with pre-straining spring
mechanism (PSMEID) is better than the passive momentum exchange impact damper (PMEID) in
reducing the boat shock vibration response.
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INTRODUCTION

Shock induced vibration attenuation has become an important consideration in designing safe and comfortable
vehicles such as cars, aeroplane, and marine boats [1-5]. In the case of a high-speed craft (HSC), shock excitation load is
mainly caused by a collision between boat hull and wave [6-7]. Human body vibration caused by this type of shock load
has been identified as one of the major causes of health problems among HSC crew [8]. The vibration effect on HSC
passengers induces physical and mental fatigue [9,10] and chronic and acute injuries [11,12].

Several methods have been proposed to reduce the body vibration of HSC passengers, including the design of boat
seat and operational model. A technique for marine boat motion mitigation using flexible hull design has been proposed
by Towsend[13]. Cripps [14], develops a new crew seat system for high-speed rescue craft. Shock isolation of the human
body and the seat interaction model is analysed by Coe [15].

The passive momentum exchange impact damper (PMEID) has been proposed to reduce the impact-induced vibration
of several structural and mechanical systems [16,17]. Even though PMEID effective in reducing the impact acceleration
response for large impact frequency, however, its performance decreases when the impact frequency closest to the main
mass natural frequency [18].

The actuator has been used to improve the momentum exchange impact damper performance in reducing the response
of shock vibration problems. This active momentum exchange impact damper (AMEID) can effectively reduce both
acceleration and displacement response of the main system under impact load [19]. The main drawback of AMEID is that
this control technique requires a large power actuator to get optimal control results.

The passive momentum exchange impact damper with additional pre-straining spring has been introduced to improve
the momentum exchange mechanism during the impact time [20]. The application of this control technique in reducing
the impact force transmission on UAV landing gear has been studied by Son [21]. In this study, the momentum exchange
impact damper using pre-straining spring mechanism (PSMEID) was proposed to reduce the shock-induced vibration of
HSC. The model of boat dynamic with impact damper is developed, and the governing equation of the system was
numerically calculated using MATLAB software. An analysis was performed to evaluate the effectiveness of PSMEID
in reducing the shock-induced vibration on the HSC model due to collision between boat hull and wave.

SHOCK VIBRATION CONTROL BY MOMENTUM EXCHANGE

Figure 1 shows the schematic representation of shock vibration control using PMEID and PSMEID. The first ball
moves to the right side at a constant velocity. The second ball and the third ball are initially in contact condition. The first
ball represents the impact source. The second ball is the main system that receives an impact load. The third ball serves
as the impact damper and receives part of the second ball momentum. When the first ball collides with the second ball
during short period time, part of its momentum is transferred to the third ball. Theoretically, the larger the contact stiffness,
the more momentum is transferred from the second ball to the third ball. Therefore, for high impact frequency, the passive
momentum exchange impact damper (PMEID), as shown in Figure 1(a) has an excellent performance in reducing the
motion of the second ball.
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In the case of low impact frequency, the effectiveness of PMEID decreases due to the amount of momentum exchange
is reducing [18]. To improve the momentum exchange impact damper performance, a pre-straining spring mechanism is
positioned between the second and the third ball, as shown in Figure 1(b). This type of impact damper is named the pre-
straining spring momentum exchange impact damper (PSMEID). At the instant after the first ball collides with the second
ball, the pre-straining spring is released and pushes the second ball to the left side. The reaction force from the pre-
straining spring counteracts the impulsive excitation of the first ball. As a result, the second ball remains stationary after
the impact.
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Figure 1. Shock vibration control by momentum exchange principle.

BOAT IMPACT VIBRATION MODEL WITH PSMEID

The boat impact vibration model with PSMEID is shown in Figure 2. The boat dynamics are modelled using a hinged-
supported beam structure. Several methods can be used to derive the model of beam structure such as: exact model[22],
identification model[23] and discrete model[24]. In this research, the discrete model of beam structure is derived using
finite element method.

The PSMEID is represented by a contact mass 7. and a damper mass, my, that connected each other by a pre-straining
spring kps. The initial displacement, x,,, is applied to the pre-straining spring. A counteracting force, f;, balances the pre-
straining spring force due to the initial displacement. The mechanical switch mechanism releasing the counteracting force
after the beam collides with the wave. The contact mass is contacting with the beam via a contact spring, k.4, and contact
damping, c.s. The wave model is represented using a one DOF vibration system. m,, and k,, are the wave mass and
stiffness, respectively. The contact model between the wave mass and beam is described by using the contact spring, ke,
and contact damping, c... The governing equations of the boat impact vibration model with PSMEID are written as:

Mii + Cgit + Ku = Byfy — By f,, — Byfy @
maZ+caZ+kgz+ fos+fr =0 @
mey + fa = fos = fr =0 ®
myX+cyx+kyx—f, =0 @

M, C; and K represent the beam structure mass, damping, and stiffness matrices. u is the displacement of the beam
structure, and subscript d, w, g illustrates the symbol of three external forces on the beam. The impulsive force, f,, that
acts on the beam comes from the collision between the wave mass, m,,, and beam structure. The damper force, f, is the
reaction force from impact damper due to the collision between the beam and the wave mass. The external excitation
force applied to the beam is expressed by:
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_{ 0,foru, —x>0
fw = kew (uy, — %) + ¢ (i, — %), foru, —x < 0 (%)

The contact force between the beam and the contact mass is given by:

f_{ 0,fory—u; >0
¢ lkeq 7 —ug) + cq (7 — g), fory —ug < 0 (6)
A-A
, PSMEID P
Mechanical_ >l |,

switch

- i g

Wave model

N5 3 T
V2 Lbeam V2 Lbeam

& ;‘4 >
< > < »

Figure 2. Boat impact vibration model with PSMEID.

fez and fs in Eq.(1) and (2) are the gravitational force of the beam and the pre-straining spring force which is given by:
fg = Mpeamd (7)
fos = kps(z -¥y- xps) (3)

Where mpeam is the beam mass. Ba, Bw , and Bg in Eq.(1) are vectors describing the position of the external forces on beam
structure. These vectors are given by:

T

B; = {5dofd,1 5dofd,2 5dofd,j 5dofd,ND0F} (9)
T

B, = {Sdofw,ladofw,z 5dofw,j 5dofw,NDOF} (10)
T

Bg = {6dofg,1 5dofg,2 5dofg,j 5dofg,ND0F} (1 1)

dofd, dofw,and dofg in Eq.(9) to Eq.(11) denote the location of the external forces fs, f, and f; on beam, respectively. d;;
is a delta function that can be expressed as:

1,i=j

By using the modal analysis technique, the governing equation of beam vibration in Eq.(1) can be written as[19]:
Gi + 280G + 0} q; = Yi[Bafy — Bwfy — Bgfl.i=12,,, (13)

The displacement and velocity response of the beam structure is calculated numerically from the equations of motion
of the system using the Rungge-Kutta (RK) Dorman-Prince method. In this method, the equations of motion in Eq.(2),
(3), (4), and (13) are written in a state-space form as follows:

dx

S =0 = £t x(®), x(to) = %o (14)

The numerical solution to the general ordinary differential equation (ODE) problems using Dorman-Prince method
takes the form:

ky = hf (ti, x1)
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o=t (e s 35k 5ook 125k 2187k 11k
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The next step value x;+1 is calculated as follows:

~ 35, 500 125 2187 11,
Mier1 = X gl t T3 T g0 e ~g7ga s T ga e (15)

Where # is the step time used in the numerical simulation.

RESULTS AND DISCUSSION

The simulation study was conducted to evaluate the PSMEID performance in reducing the boat shock vibration
response. In this research, the evaluation was performed by comparing the maximum transient response amplitude of the
boat. Numerical simulation using RK Dorman-Prince method is utilised to solve Eq.(2), (3), (4), and (13). The simulation
is performed numerically using MATLAB software. The displacement and velocity responses were calculated using
Eq.(15). The beam dynamics is analysed using modal analysis by considering only five lowest modes of the beam. The
ship-wave interaction during impact is simulated by giving the initial velocity to the beam when contacting the wave
mass.

For a comparison study, the boat model without and with passive momentum impact damper (PMEID), as shown in
Figure 3 are also simulated. As shown in Figure 3, the external contact forces f; and f;, are acting at the centre of the beam.
The beam material is assumed homogeneous; therefore, the location of the beam centre of mass is similar to its centre of
geometry. The displacement, velocity, and acceleration response are calculated at the free tip of the beam.

Table 1 shows the parameters used in the simulation. In the simulation study, the initial angular velocity of the beam
is ap = 1 rad/s. The initial linear velocity at the centre of the beam that relating to this initial angular velocity is vo = 0.5
@oLpeam. The pre-straining spring stiffness 4, is determined using the results from an author’s previous study [20]:

kys = 0.25mgw? (16)

w, is the wave excitation frequency. This excitation frequency is given by:

_ kew
= [ (17)
The excitation period can be written as:
_2m (18)
Ty = o
The optimum initial deflection of the pre-straining spring is calculated as follows:
_ 0.63F, (19)

pe
s
kps

F,, in Eq.(19) is the amplitude of the excitation force.
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Figure 3. Boat impact vibration model with PMEID and without damper

Table 1. Simulation parameters

No Parameters Value Unit
1 Beam mass density, Opeam 8400 kg/m?
2 Elastic modulus of the beam 120x10° N/m?
3 Beam Length, Lyeam 0.6 M

4 Beam width, b 0.06 M

5 Beam thickness, % 0.008 M

6 Damper mass, mq 0.012 Kg
7 Contact mass, m. 0.12x103 Kg
8 Wave mass, m,, 0.1 Kg
9 Damper contact stiffness, ks 5x10° N/m
10 Damper contact damping, ccq 80 N.s/m
11 Wave contact stiffness, ke 5%10° N/m
12 Wave contact damping, cc. 0 N.s/m
13 Pre-straining spring stiffness, ks 3x10° N/m
14 Wave stiffness, 4, 2000 N/m

Figure 4 shows the frequency response function (FRF) of the beam structure. The frequency response function is
obtained with the excitation point located at the centre of the beam, and the response is calculated at the free tip of the
beam. As shown in Figure 4, four peak frequencies are located between 0 to1000 Hz. These peaks are relating the 2m, 3,
4™ and 5™ natural frequencies of the beam. These frequencies are the four lowest elastic modes of the beam. The first
beam natural frequency at 0 Hz is relating to the beam rigid body mode. Four lowest mode shapes of the beam are drawn
schematically in Figure 5. Table 2 shows the four lowest mode shapes of the beam structure and its corresponding natural
frequencies. As shown in Table 2, the first natural frequency at 0 Hz is relating to the rigid body mode of the beam.
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Figure 4. FRF of the beam structure
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Figure 5. Four lowest mode shape of the beam structure.

Table 2. Natural frequency of the beam.

No Modes Frequency (Hz)
1 Mode 1 0

2 Mode 2 59.5

3 Mode 3 192.8

4 Mode 4 402.3

5 Mode 5 688.0

The impact responses of the beam for three conditions, i.e.; without a damper, with PMEID and PSMEID were
evaluated. In the simulation, the mechanical switch was released after 0.17,, [20]. Figure 6(a) shows the displacement,
velocity, and acceleration response of the beam using small damper mass (ms = 0.005 mpeqn). The beam response using
large damper mass(mg = 0.05 mpean) is shown in Figure 6(b). As shown in Figure 6(a) and 6(b), the maximum velocity
and acceleration response obtained using PSMEID are smaller than those obtained using PMEID. The reason is that, in
the PMEID, the impact force received by the beam from the wave is directly transferred to the impact damper mass.
However, due to the impact damper mass is much smaller than the beam mass, the momentum exchange between the
beam and the damper mass is small. In the PSMEID, the exchange of momentum between impact damper mass and the
beam is large because of the pre-straining spring mechanism. In this case, the pre-straining spring simultaneously releases
and push the beam after impact. As a result, the velocity and acceleration response of beam using PSMEID is smaller
than those obtained using PMEID.
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Figure 6. Time response of the beam using small damper mass.

Figure 7 shows the contact forces and the damper mass velocity during and after the impact time. As shown in Figure
7, the excitations force F), is a half sinusoidal function with period 7\, = 2.8 ms. The contact force from the impact damper
F; acts after the mechanical switch is released at # = 0.28 ms. After this releasing time, the damper mass velocity increases
from zero to a constant value vs = 2.4 m/s. These results indicate that a large amount of momentum is transferred from
the beam to the impact damper mass, and the beam response decreasing after the mechanical switch releases.
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Figure 7. Contact force and velocity of mg

The frequency response of displacement, velocity, and acceleration of the beam is shown in Figure 8. It is shown in
Figure 8 that the displacement and velocity response has a significant amplitude in the frequency range lower than 200
Hz. Meanwhile, the acceleration response has wider frequency content in comparison with the displacement and velocity
responses. The results depicted in Figure 8 have shown that PSMEID produces high-frequency components in the

acceleration response of the beam. These high-frequency components can be reduced by increasing the beam damping
factor.
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Figure 8. The frequency response of the beam using small damper mass (n4 = 0.005 mpeam)-

Figure 9 shows a comparison of the largest acceleration ratio obtained using PMEID and PSMEID versus variation
of the damper mass. The acceleration ratio is a ratio of the maximum acceleration peak obtained with and without impact
damper. It is shown in Figure 9 that the maximum beam acceleration ratio using PSMEID is lower than that obtained
using PMEID for damper mass ratio between 0.05 to 0.25. According to this result, it can be concluded that PSMEID
performance is better than PMEID for the mass ratio larger than 0.05.
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Figure 9. Acceleration ratio with PMEID and PSMEID.

The influence of the damper position to the maximum acceleration response of the beam is shown in Figure 10.
According to the result depicted in Figure 10, it can be observed that the best position for the impact damper is located at
the centre of the beam.
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Figure 10. Acceleration ratio vs. damper position
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CONCLUSION

The simulation results of boat shock vibration control using impact damper have shown that PSMEID can reduce the
boat maximum velocity and acceleration responses due to the pre-straining spring mechanism. This result can improve
boat passenger safety and comfort during the collision between boat hull and wave. Furthermore, it was shown that
PSMEID performance is better than that of PMEID for damper mass ratio larger than 0.05. The simulation study has
shown that the optimal position for impact damper is located at the centre of the boat.
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