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Abstract

Electric vehicle battery packs and other components are vulnerable to vibration excitation caused by external variables like road
profile because of their unique properties and dynamic reactivity. The application of passive, semi active, and active vibration
isolation methods in suspension systems, drive engines, and other vehicle components presents both advantages and disadvantages.
This study examines the optimization of battery pack damper parameters using magnetorheological elastomer (MRBD) material,
employing a genetic algorithm (GA) technique with magnetic fields produced by 1A and 2A electric currents integrated into electric vehicle
pack batteries. 1A and 2A MRBD battery pack dampers have a lower peak transmissibility amplitude than without dampers (WOMRBD),
according to simulation results of the dynamic response with input parameters of vehicle speed variations of 10, 20, and 30 km/h.
In particular, there is a significant decrease in the peak MRBD 2A, which is more optimal at 0.086 at a medium frequency of 13.4 Hz.
Additionally, the power dissipated by MRBD 1A and 2A while absorbing vibrational energy is sent to the battery pack at efficiencies of

51.4% and 39.3%, respectively, in contrast to the scenario without a damper (WOMRBD), specifically at a velocity of 20 km/h.
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1 Introduction

One of the most demanding components of Electric
Vehicle's (EVs) that is vulnerable to changes in the mechan-
ical characteristics and vibration excitation is the battery
pack (Heinzen et al., 2023). The battery pack contains an
array of modules and battery cells as the main source of
drive (power train source) in electric vehicles (Hua and
Thomas, 2021). The battery packs are designed to withstand
thermal, impact, and vibration loads (Shui et al., 2018).
Dynamic loading and random vibrations from uneven or
sinusoidal road surfaces can affect the safety and reliabil-
ity of the battery pack and the electrical system of the bat-
tery pack of MPEV-type electric vehicles at certain speeds,
which require the design of vibration isolators or battery
pack mounting. Vibration excitation changes are affected by
arange of factors in all environmental settings, such as road

topography (Hari, 2022). This vibration condition is prob-
lematic when the vehicle is in motion at a specific speed, not
only compromising comfort but also posing a risk to the lon-
gevity of vehicle components (Székely and Ficzere, 2017).
Vibration changes have time and impact characteris-
tics that affect material strength (Abdillah et al., 2021).
The SAE J2380 standard excitation frequency for the vibra-
tion testing of electric vehicle battery packs is 10-190 Hz
whose amplitude excitation profile is adjusted to the road
profile (SAE International Recommended Practice, 2013).
If the excitation frequency exceeds the natural frequency
of the battery pack, the vibration response does not con-
tribute to each vibration mode. Therefore, the PSD mag-
nitude is influenced by the amplitude in the excitation fre-
quency range (Yang et al., 2022).
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The dynamic modeling of a quarter-DOF electric vehicle
moving at a certain speed on an uneven or sinusoidal road
surface trajectory will provide information on the magnitude
of the vibration response and working frequency (Zhao and
Nagayama, 2017). The frequency response of a vehicle mov-
ing on an uneven or irregular road is 1-30 Hz (Praznowski
and Mamala, 2016). The frequency is a function of the wheel
stiffness, spring (suspension) stiffness, and vehicle sprung
mass stiffness (Nguyen et al., 2020; Yudianto et al., 2019).
The frequency response parameters in the 5-DOF half-ve-
hicle modeling for the front and rear wheels, front and rear
suspension, and steering have different acceleration charac-
teristics with respect to frequency due to the influence of the
road profile (Susatio et al., 2018). The impact of frequency
changes the transmissibility in half-vehicle modeling when
using damper variations (Zhu et al., 2018).

The influence of the road profile (bump) on the transmissi-
bility between the components ofthe vibration source can cause
changes in the system frequency (Ramalingam et al., 2020).
The damping systems in EVs include not only suspensions
but also dampening electrical components, including batter-
ies in battery cases that function to reduce the transmissibility
of vibration sources in sprung mass components (Belingardi
and Scattina, 2023). The application of a magnetorheological
elastomer as an isolator or vibration damper has the advan-
tage of flexible and responsive stiffness in a wide spectrum
of excitation frequencies compared with passive damper iso-
lators such as rubber (constant stiffness). The magnetorheo-
logical elastomer was composed of a polymer and carbonyl
iron particles (CIP) with certain compositions. Polymeric
materials are commonly used as magnetorheological elas-
tomers (MRE) as a matrix of natural rubber, polyurethane,
room temperature vulcanizing (RTV) silicone rubber, elasto-
mer etc. (Liu et al., 2020; Priyandoko et al., 2021; Sobri et al.,
2024). The spatial distribution and alignment of carbonyl iron
particles (CIPs) within both isotropic and anisotropic elasto-
meric matrices can be strategically manipulated through the
externally applied magnetic field, which is dynamically gen-
erated by the passage of an electric current, thereby enabling
controlled modulation of the composite's microstructural
configuration and potentially enhancing its magneto-respon-
sive mechanical properties (Khairi et al., 2024). The opti-
mization of the MRE parameters using a genetic algorithm
(GA) was carried out to find parameters suitable for mod-
eling and applying dampers to be more effective in project-
ing a decrease in transmissibility and increasing vibration
absorption so that it is not transmitted to other component
parts (Tang et al., 2023; Yu et al., 2019). The application of
active or semi-active MRE dampers in engine mounting has

a lower transmissibility force than passive mounting damp-
ers (Ladipo et al., 2016; Zainordin and Mohamed, 2024).
Based on the literature review above, this study evaluates
and compares the simulation results of the electric vehicle
dynamic models in terms of the dynamic response, damping
force magnitude, and power density spectral distribution to
establish a suitable working frequency range for the battery
pack, thus preventing resonance with the system's natural
frequency. The variations used include battery packs with-
out (WOMRBD) and those using magnetorheological elas-
tomer dampers (MRBD) that have been optimized using a
genetic algorithm (GA) based on MRE parameters of previ-
ous research through the generation of 1 and 2A current mag-
netic fields with the designations MRBD 1A and MRBD 2A,
respectively (Yuetal., 2019). The input simulation parame-
ters include sinusoidal road profiles that serve as the exci-
tation source for electric vehicles traveling at speeds of
10, 20, and 30 km/h, allowing for a comparison of half-ve-
hicle dynamic modeling defined as 6 degrees of freedom
(DOF) both with the semi-active magnetorheological
elastomer battery pack damper (MRBD) and without it
(the battery pack bolted to the vehicle chassis, referred to
as WOMRBD).

2 Methodology

The research parameters included the determination of
vehicle speed and road surface profile, which determined
the magnitude of the excitation frequency according to the
ISO 8606:2016 standard (Galvagno et al., 2018; ISO, 2016).
Furthermore, a numerical modeling analysis was conducted
to evaluate the magnitude of the battery pack's dynamic
response with and without a magnetorheological damper.

2.1 Road profile

The excitation frequency in ISO 8606:2016 standard is
equivalent to the temporal frequency of the vehicle while
traveling at a certain speed (v) (ISO, 2016). The spatial
frequency requirement of the off-road profile is above
0.05 cycles/m, which means that the road irregularity tra-
jectory can extend as far as 20 m. Relationship between
temporal frequency (f)) and spatial frequency (n):

ft=n-v. Q)

The excitation frequency at vehicle speeds of 10,
20, and 30 km/h can be determined by using Eq. (1)
(Abdillah et al., 2021). Fig. 1 shows a wavy track length of
2 m with a spatial frequency () of 0.5 cycles/m so that the
temporal/excitation frequency (@, ) of each vehicle speed
is 1.39, 2.78, and 4.17 Hz, respectively. The road profile



Fig. 1 Road profile

is based on a sinusoidal wavy pattern with road excitation

height 4 = 0.005 m and road excitation wavelength /, = 0.3 m.
The harmonic motion equation of the road profile, as

the excitation source shown in Fig. 1, can be written as:

Zyoug = Asin(@,,1). ()

road

The variables in Eq. (2) are (4) the road profile amplitude
height, @, , road profile excitation frequency, and ¢ time.

2.2 Modeling of magnetorheological elastomer battery
pack dampers

The design of the magnetorheological elastomer (MRE)
battery pack damper is illustrated in Fig. 2, which is based
on the Bouc Wen model developed for the damper system
in an earthquake-resistant building featuring a sandwich
model construction made up of 26 layers of MRE sheets
with a 120 mm diameter and 1 mm thickness, alongside
25 steel sheets of the same dimensions (Yu et al., 2019).
The steel sheets offer a load-bearing ability as an isolator
in the vertical orientation, equating to a weight-bearing
component for the structure. The performance of the base
isolation system's vibration control is heavily reliant on
the lateral stiffness of the device, which is calculated as
k=G Al , where G is the shear elastic modulus of the
MRE material, 4 is the cross-sectional area of the MRE
layer, and £, is the thickness of the MRE layer.
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Fig. 2 Adaptive damper MRE (Yu et al., 2019)
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Eq. (3) of the MRE mathematical model is based on the
development of the Bouc Wen equation related to nonlinear
quantities and the displacement force response hysteresis
model (), as follows (Leng et al., 2020):

Fope =kox+ex+o-Z+F. 3)

The parameters ¢ and k are the damping coefficient and
stiffness of the MRE, respectively, which were obtained
through experimental testing of the given magnetic field.
F, is the force offset from the test by calculating the aver-
age value of the shear force in one MRE sampling cycle.
The mathematical model of Eq. (3) describes the free body
diagram shown in Fig. 3.

The intermediate variable Z in Bouc Wen's general equa-
tion represents a form of the hyperbolic hysteresis property
model (Lin et al., 2023):

1_ e*2ﬁx
Z=—°__
2e P

)

The Bouc Wen's non-dimensional parameters a and S
control the tendency of the strain-induced stiffness increase
and adjust the shape (trim) of the hysteresis loop.

2.3 Optimization of MRE parameters using a genetic
algorithm (GA)

The optimization strategies with GA to determine the previ-
ous MRE parameters that will be applied as a battery pack
damper with vehicle speeds of 10, 20, and 30 km / h, which
have sinusoidal road trajectories as in Eq. (2) comprises the
following steps:

1. Formulation and Application of the Objective
Function: The objective function J(®) is formulated
based on the hysteresis model in Eq. (3), aiming to
minimize the error between the experimental data

X
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Fig. 3 Bouc wen modified (Yu et al., 2016)
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and the model prediction. The Root Mean Square
Error (RMSE) is used as the fitness metric:

J(@) = \/%i[[;}exp _F;model (®):| , (5)

where O = {ko, co, a, i} represents the set of parameters
to be identified. 7 is the experimental force measured
at time step (i), F"* (@) is is the force predicted by the
model (Eq. (16) for the front MRE or Eq. (17) for the
rear MRE) at the i-th time step, using the experimental
kinematic data (z, z,, §,) and the parameter set ® and N
is the total number of data points in one sampling cycle.

. Initialization of Algorithm Parameters and Population:

The algorithm parameters were initialized to the num-

ber of populations N, =100 and the maximum num-

ber of iterations N, = 500. The upper and lower lim-

its for each parameter were set to +10% of the initial

estimated values derived from experimental data (%,
,B. ) (Yuetal., 20106).

cexp’ aexp exp
» The stiffness and damping coefficient bounds:

k, €09k, 1.1k, Jandeo € [09¢,  1lc, ]

» The hysteresis parameters bounds:
a€[09a,,lla, Jandf €09 118, ]

An initial population of N chromosomes is generated
randomly within the defined search boundaries, where
each chromosome represents a candidate solution
O = [k, c,, a, B]. The iteration counter is set to £ = 0.

. Fitness Evaluation: For each chromosome (candi-

date parameter set ®) in the population, its fitness is
calculated by evaluating the objective function J(®)
defined in Eq. (5). This step quantifies how well each
candidate solution performs.

. The Genetic algorithm employed the following oper-

ators tailored for the continuous parameter optimiza-

tion of the MRE model:

 Selection: Tournament selection with size k =2 was
used to select parents based on their fitness values.

* Crossover: Simulated Binary Crossover (SBX) with
distribution index 7, = 10 and crossover probability
p, = 0.8 was applied to generate offspring by com-
bining parent solutions.

* Mutation: Polynomial mutation with distribution
index 7 =20 and mutation probability p = 0.1 per
parameter was used to introduce diversity while
maintaining solution feasibility within the estab-
lished bounds (+ 10% of initial estimated values).

5. Formation of New Population: The next-generation
population (¢ + 1) was constructed by combining elite
individuals from the current generation with the best
offspring produced through selection, crossover, and
mutation, ensuring the preservation of the best solu-
tion and monotonic optimization improvement.

6. Termination Criteria: The algorithm terminates
when either the maximum number of generations
(N, = 500) is reached, or the improvement of the
best fitness value falls below a predefined tolerance
threshold (le™®) over 50 consecutive generations.
Upon termination, the chromosome with the lowest
fitness value (smallest RMSE) is selected as the opti-
mal parameter set ® . for the MRE model.

Table 1 presents a comparison of the Bouc Wen param-
eter values obtained after optimization with the previous
parameters of the MRE sample testing (Yu et al., 2016),
conducted under conditions of a 4 Hz frequency and a
2 mm amplitude, with MRE magnetic generation utilizing
currents of 1A and 2A.

The iteration process to find the optimal value of each
MRE parameter via the genetic algorithm converged
steadily at the best fitness value of the 1 and 2A MRE
models at coordinates (224.265, 0.0501766) and (121.212,
0.0500057), as illustrated in Fig. 4.

The prototype semi-active battery pack damper design
comprises a total size of 120 x 70 x 45 mm, as shown
in Fig. 5. The magnetorheological elastomer specimen
Fig. 5 (b) 40 x 25 x 10 mm is positioned at the center
of the battery pack damper holder Fig. 5 (a), which also
accommodates the AWG 18 coil Fig. 5 (c).

2.4 Dynamic modeling of the half-car 6 DOF
The free body diagram of the half-car model (6 DOF) for
the Multipurpose Electric Vehicle (MPEV) and the four
semi-active MRBDs mounted in the battery pack's cor-
ners below the chassis are shown in Fig. 6. Table 2 shows
the parameters used in the dynamic modeling simulation.
The application of Newton's second law, along with
D'Alembert's principle (refer to Egs. (6), (9), (18), (20), and

Table 1 Comparison of the MRE parameters

Yu et al. (2016) Optimized
Parameter MRE
1A 2A 1A* 2A*
k, 16.382 21.093 18.02 22.096
c, 0.648 1.063 0.713 1.063
3.795 31.803 4.174 33.916
1.227 0.640 1.350 0.648
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Fig. 4 Iteration process of parameters MRE by using GA: (a) 1A; (b) 2A
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Fig. 5 Design Semi-Active MRE Battery Pack Damper (MRBD): (a)
damper holder; (b) MRE pad; (c) Half-Section MRBD with Internal Coil

(22)), can be utilized to derive the equations of motion for
both the unsprung and sprung masses in a 6-DOF half-ve-

hicle dynamic model (Fig. 6) as follows:
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Fig. 6 (a) Located Semi-active MRBD and (b) Dynamic
Model of a Half Car 6 DOF

Table 2 Vehicle parameters

Parameters Symbol Value
Chassis mass m 850 kg
Front wheel mass my, 30 kg
Rear wheel mass ity 30kg
Battery pack mass , 200 kg
Distance chassis CG to front MRBD T, 0.887 m
Distance chassis CG to rear MRBD T 1.392 m
Distance chassis CG to front wheel L .13 m
Distance chassis CG to rear wheel [ 1.12m
Distance battery pack CG front MRBD r 0.265 m
Distance battery pack CG rear MRBD r, 0.265 m
Front suspension stiffness 5 16,000 N/m
Rear suspension stiffness ks2 16,000 N/m
Front suspension damping Cs, 2,500 Ns/m
Rear suspension damping Cs, 1,500 Ns/m
Front tire stiffness ky, 90,000N/m
Rear tire stiffness ky, 160,000 N/m
Front tire damping < 180 Ns/m
Rear tire damping <, 130 Ns/m
Front MRBD stiffness* k, ky, N/m
Rear MRBD stiffness* k, k, N/m
Front MRBD damping* <, ¢, Ns/m
Rear MRBD damping* <, ¢, Ns/m
Chassis pitching angle : rad
Battery pack pitching angle [ rad

* The values for the parameters & and ¢, are derived from Table 1,

which displays the results of the GA optimization.
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1. Front wheel unsprung mass:

2 Fu
F;l = —ktl (zll -z, )_Ct. (z',I —z'u] ), @)
FSI :ks1 (zu] —(zs —(lf -QS)))

. . ®)
‘e, (z ~(z-(1, 6, )))

2. Rear wheel unsprung mass:
2 By =M 2 =0, ©)
F o=~k (z,-2,)-¢, (2, -2,). (10)
F, =k, (2, (2 -(,-0,)

+c, (z'u2 —(z's —(l, GY )))

The forces acting on the front and rear tires and sus-

-m, -Z, =0, ©6)

(11)

pension (unsprung mass) are F; and F; . Front and
rear suspension forces are £ and F, . Displacement,
wheel speed, suspension, and chassis affect wheel and
suspension forces. The chassis pitching angle responses
are 0 _and 0"‘, .
3. Vehicle chassis/body sprung mass:

The vehicle chassis is affected by forces on the front
wheel suspension, rear wheel suspension, front and
rear MRBD damper batteries:

zFisl,SZ,FMRE] ,FMREZ) —-mg: ZA =0 s (12)

mi =F +F,—Fug. —Fuge - (13)

A modified and expanded form of Bouc Wen's general
equation was derived from the dynamic model depicted
in Fig. 6, yielding the MRBD battery pack damper force
equation as follows (Leng et al., 2020; Lin et al., 2023):

* Front ( F\g, ) and Rear ( Fyge, ) MRBD forces:
Fyre, = ko (Z _(Zb_(rl'gb))) (14)
+co<' )+a Z, +F
FMREZ = ( ( (r2 -0b )))
(15)
co(z—z— )+aZ+F

* Front (Z)) and Rear (Z,) MRE properties:

1— e—zﬁ(zx ~(2—(11-6 )))

7 =
L PGt (1€)

L g 2P (ra)
Z, = a7)
ze*ﬂ(zs *(Zh =(r ~0,,)))

4. Battery pack sprung mass:
The battery pack sprung mass can be determined by
summing Egs. (10) and (11):

ZFiFMREI,FMREZ) —my,-Z, =0, (18)
myz, = FMRE +FMRE . 19)

5. Chassis pitching angle acceleration:

Zrchassis _]S 95 = O 5 (20)
16, =1, [F, ]+1,[F,]

1)
-7 'FMRE —-n FMRE7
6. Battery pack pitching angle acceleration:
Zrbancw pack 1 b 'éb =0 S (22)
19 —h FMRE —-h FMREZ- (23)

2.5 The 6 DOF frequency domain system
The process of extracting the frequency domain for
a 6-DOF system necessitates the identification of the
domains for matrices [M], [C], and [K] through the appli-
cation of the eigenvalue method. More detailed matrices
[aM], [C], and [K] are presented in Appendix A.

The [F,
by excitation of the road profile shape. From Egs. (1) and (2),

pm] consists of £, and F, , which were obtained

the excitation frequency (f, = @, / 2z) will change with the
vehicle speed (v) and wavelength (1) as far as the distance x.

Z (x,t) = Asin(zﬂ v? + a)extt)

A
= Asin[@+a)&,)t
A

The excitation frequency due to the moving vehicle is

24

called the effective excitation frequency (weﬁ), which is
equal to 2nv + 1 @, ) so that Eq. (24) becomes:

Zu(x,0)= Asm[(27tv+a)eff;t) J (25)

The displacement and acceleration response of the front
wheel (z )¢, with a distance from the axis to the rear wheel
(z)tof L=1+1,is given by:

Z, (1) = 4sin(w,, 1), (26)
z, ()= Asin(a)ef/ -t—2Z—Lj, 7)
Z, (1) = Ao, cos(w,, 1), (28)
Z'uZ (1) = Aw,; cos (a)/f t—MTLj 29)

The rotational responses of the chassis (0)) and battery
pack (0,) are influenced by the moment of inertia and can
be expressed as follows:



QX (l) = J.J‘ésdtz ) (30)

The mode shape (Z) in Eq. (31) is determined by the
eigenvector of a 6 degree of freedom MRBD:

ZS
Z
Z = 2 31
95
91)
Zb
Eq. (28) shows the force input matrices [F],npm] for the

front wheel (F, 1 ) and rear wheel (F, . ), which are deter-
mined by the wheel stiffness and damping coefficients,
which are linked to the displacement and acceleration, as
outlined in Egs. (26) to (29).

F, =k, [z,l ~ 4sin(w,; t)} o)
+ ¢, [z’t1 ~ da,; cos(w,, -t)},
2nL
=k, — A4sin t——
u2 l: ( ejf 2 jj|
27l | (33)
- Ao, cos Oy -t—T
Fo ]
£,
F
F;nput = N (34)
0
0
L 0 -

The matrices were analyzed numerically to calculate the
natural frequency and the damping ratio in relation to the
source of the excitation frequency. The natural frequency
can be determined by numerically calculating the eigenval-
ues between the stiffness matrix K and the mass matrix M:

(IK]-2,[M])Z=0, ([CL[F,,])=0

The natural frequency (w,) of each mode in the 6-DOF
system is determined as follows:

(0]

n

= g - 35)

i eig;

The numerical equation employed to calculate the
damping coefficient matrix C in each mode of the 6-DOF
system, incorporating all damping elements from the front
and rear wheels, as well as the front and rear MRBD and
suspensions, is as follows:
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el
2VIK][M]
The MRBD's capability to maintain the battery pack's

(36)

stability is achieved by reducing the vibration transfer
through a transmissibility spectrum of the battery pack
displacement (z,) and the vibration source input from the
front wheel and rear wheel (z, and z, ), utilizing the
Laplace transformation (s = jweﬂ) as described in Eq. (37),
which is then converted to the frequency domain so the

battery pack's transmissibility function becomes:
(-0l M+ jo,C+K)Z(0,)=F,, (o). (37)

The H(w, ) transfer function relates the response z, (@, b,)
to the input load F

input

©@,,):

H(w,)=(~0,M+ jo,C+K) . (38)

eff

The response z, is determined using the dynamic model
system structure of H(w, 2> which involves extracting the
element vector Z(®, ( eff) equlvalent to:

[2,.2,.2,.0..0,.2,] ,
Z,(0,)= H&1 (@,)F, +H, (@, )F,, . (39)

The transmissibility equation of 7 (w, ) describes the
relationship between the amplitude response ratio zb(we b,)
and the effect of converting the input excitation force into
corresponding amplitude responses in the front and rear
wheels (z, and z, ):

|Zb (@0 )|
ﬁ) -
Y

z, (“’ﬁ )|2 +\7, (a)e..ff )|2 .

2.6 Semi-active controller design

T,(@ (40)

In this study, a semi-active control system was developed
for the MRE damper, serving as a support and vibra-
tion isolator for both the front and rear battery packs.
This system is controlled based on the MRBD 1A and
MRBD 2A electric currents, utilizing the F, = Fypp + Fygg,
force control algorithm.

The developed sliding surface ensures system conver-
gence and yields the desired response. This work presents a
straightforward sliding surface based on a single scalar
parameter, 4> 0. The sliding surface, S MRBD is defined as:

S = Z'b + /lsszb . (41)

Assuming r, = r,, then the dynamic equation of the bat-
tery pack Eq. (19) adopts an active isolator:
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Z,=pF.+3+g,, “42)

where p,, 9, and ¢ are, respectively, the scalar factor of
the control input parameter, the vector parameter, and the

state vector regressor of the system:
T

-2c, Z,

el go L |t e
m, m, 2k, z,
ko(rl_rz) 0,

The chassis signals are quantified, namely the compo-
nent associated with the excitation from the chassis (g,).
Let T, be a known component that satisfies the following
conditions:

gy = —2¢)%, —2kyz,.|g,|  <T,. 43)

The dynamics system is reformulated in sliding surface
terms for MRBD:

S=p,F.+9¢+A2,+g,. (44)

The uncertainty in the model parameters p, and 4
can be denoted by the estimated values g, and 9, which
are associated with the estimated errors p , = p,~ p, and
9 =9 - 9, respectively. The optimal representation of the
active actuator force F, is as follows:

F.=—(p,) ' [kS+9¢+A,Z, +T,sign(s) ] (45)
Therefore, the proposed adaptive algorithm:
p, =0, ;S[ksmgbmmz'b +T,sign(8) ], (46)
P
9=0,5¢, (47)

where the gains k, o, and g, , are positive constants of
the adaptive control algorithm, the closed-loop system in
Eq. (44) ensures convergence and vibration damping if the
following two conditions are satisfied:

l. ¢(f) > 0ast— .

2. All signals must be bounded for V¢ > 0.

MRE dampers are semi-active, therefore their force
response F .. (Fygg at the front and Fyye at the rear)
cannot always match an active control law's optimum
control force F. For MRE devices, the sole control input
is coil current (/), not force. A clippedoptimal two-stage
technique is used:

I. An ideal active controller calculates the desired

force F'.

2. The MRE force tracks this target without breaking

passivity as a passive on—off controller sets the current.

The adaptive controller's output to current clipped
on—off rule is:

I= ImaxH((Fc _FMREL2 )FMRELZ ) . 48)

The control current for the MRE damper is denoted by /
in Eq. (48), the Heaviside function is represented by H, and
the maximum current value applied to attain maximum
stiffness is denoted by I/ = 2A4. Furthermore, the force
measured at the base isolator MRE is denoted by FMREL2 ,
while the optimum control force value is F, as determined
by Eq. (45). Fyg , are computed in the simulation using
Model (Yu et al., 2016). According to Eq. (48), the control
algorithm is divided into two phases:

I if(Fc—F )F >0

max MRE, , MRE, ,
I= . ' T (49)
0 1f(Fc _FMRElz )FMREI_Z <0

3 Results and discussion

3.1 Characteristics model of the MRE hysteresis

The parameter in Table 1 is based on the shape of the hyster-
esis model, which has a constant non-linearity when looping
according to the rules of the strain stiffening phenomenon
through the results of testing the MRE specimens of force
against displacement with activation currents of 1A and 2A,
amplitude of 2 mm at an excitation frequency of 4 Hz.

Fig. 7 illustrates the comparison between two magne-
torheological elastomer hysteresis loop graphs obtained
from the experiments performed by Yu et al. (2019) and
the outcomes of parameter optimization achieved through
the use of the GA objective function, as defined by Eq. (5).
MRE model was assessed in a dynamic test to evalu-
ate the dynamic characteristics of the MRE, one of which
was conducted at a displacement amplitude of 2 mm and a
frequency of 4 Hz with a magnetic field induction current
applied on MRE 1A and 2A (Yu et al., 2016). The Bouc
Wen model exhibits viscoelastic properties that are capable
of handling shear loads under supply currents ranging from
1A to 3A. The deformation changes in Fig. 7 (a) and 7 (b)
depict the behavior of the MRE of the Bouc Wen model,
which exhibits unique characteristics in strain stiffening.
The force shift observed in Yang Yu's MRE model, as
depicted in Fig. 7 (b), shows a larger displacement during
the loading and unloading processes when using a 2A mag-
netic field generator compared to a 1A MRE. The forces
derived from the loading and unloading of the parameters &,
¢, a, and S, which were optimized from the objective function
equation, exceeded those seen in experiments conducted by
previous studies (Yu et al., 2019). A comparison of the area
under the hysterical curve of the optimization results using
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the trapezoidal numerical method showed that the values in
Table 3 were greater before optimization for both 1A and 2A.

The magnitude of the load and the area of the hystere-
sis loop in the MRE are affected by the quantity of current
supplied to the system during the magnetic field induc-
tion. The generation of magnetic field affects the stiffness
of the MRE, which will increase until it reaches the MRE
material stress saturation point where the maximum shear
modulus cannot handle the applied load. The effectiveness
of the MRE parameters k, ¢ , a, # (Table 1) increases with
increasing loading current (/) and exhibits a nearly lin-
ear correlation with a first-order polynomial function, as
stated by (Yu et al., 2019; Yu et al., 2016):

keff =k, +1k (50)

exp ?

Cej]’ = CO +I-cexp ) (51)

Table 3 Comparison of optimized hysteresis loop parameters with the
Yu et al., (2019) MRE Model

oty Phgemm) e [
min® max- min®> 7 max [mm2]
Yu etal., 2019) 1A (2,2) (-63.25,64.43)  2,045.28
Optimization 1A (2,2) (-74.5,75.97)  2,249.90
Yu etal., (2019) 2A (2,2) (-109.1, 110.16)  3,356.38
Optimization 2A (2,2) (-114.5,115.92)  3,357.77
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a,=a+l-a (52)

exp ?

By =B+1-Beyy- 3)

3.2 Dynamic displacement responses

The performance of the MRBD semi-active isolator model
installed on top of the vehicle chassis is evaluated in Fig. 6.
A comparative study was conducted by comparing the simu-
lation of the dynamic response of the battery pack with vari-
ations in vehicle speed on a sinusoidal road field between
those using MRBD and those without MRBD (WOMRBD).
The dynamic response of the battery pack without the MRBD
(i.e., the battery is placed and bolted on the rear chassis) is
shown in Fig. 6. To ensure that the MRBD simulation on the
battery pack works in accordance with the dynamic model
equations, the determination of the excitation frequency
range based on the provisions of ISO 8606:2016 standard is
1.39 Hz (10 km/h), 2.78 Hz (20 km/h) and 4.17 Hz (30 km/h)
with an amplitude of 0.035 m.

Fig. 8 shows the simulation of the time series dynamic
response graph compared to the displacement of the battery
pack without (WOMRBD) or using the optimized MRE iso-
lator damper MRBD 1A (pink) and 2A (green) with vehicle
speeds variations of 10 km/h (Fig. 8 (a)), 20 km/h (Fig. 8 (b))
and 30 km/h (Fig. 8 (c)). From the results in Fig. 8, it is very
clear that the difference when the vehicle passes the sinusoi-
dal road topography, the simulation of the battery pack with-
out WOMRBD under 2 s, at all speed variations produces
the highest displacement and is unstable or shackling on the
battery pack. However, after 2 s, the shaking is absent and
the vibration tends to stabilize. The vibration density of the
battery pack without MRBD is more intense per second but
has a decrease in displacement with increasing vehicle speed.
On the other hand, battery packs that use optimized MRE
isolator dampers (MRBD) at both 1A and 2A have a drastic
decrease in displacement oscillation movements at each peak
to peak reaching 94.88%. Furthermore, the displacement
response oscillations of the battery packs show that MRBD
1A and 2A have the opposite direction to WOMRBD, indi-
cating that the MRE battery pack damping system works
in a different direction from the oscillation direction as a
response to balance the direction of movement.

3.3 Acceleration dynamic responses

The simulation results illustrating the acceleration response
of the battery pack MRBD 1A, MRBD 2A, and the sce-
nario without the MRE damper (WOMRBD) under vehi-
cle speed variations of 10, 20, and 30 km/h are presented
in Fig. 9. The MRBD 1A and 2A damper isolation systems
not only reduce the acceleration response but also manage
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Fig. 8 Dynamic response for displacement at various speeds:
(a) 10 km/h; (b) 20 km/h; (¢) 30 km/h

to keep the battery pack's acceleration at a relatively lower
magnitude during the vehicle's excitation period compared
to a battery pack without MRE, such as the one denoted
as WOMRBD. The acceleration response is a sign of the
vibration transmission experienced by the battery pack as
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Fig. 9 Dynamic response for acceleration at various speeds:
(a) 10 km/h; (b) 20 km/h; (c) 30 km/h

the vehicle travels over a road profile excited by a sinusoi-
dal motion. At vehicle speeds of 10, 20, and 30 km/h, the
response and acceleration density of the battery pack with-
out the MRE (WOMRBD) increased from peak to peak.
The acceleration response value starts to decline until it
reaches a stable level at 12 s. In contrast, the simulation of
the application of MRBD 1A and 2A dampers to the bat-
tery pack successfully reduced the acceleration response



resulting from the sinusoidal excitation of the road profile
across all tested vehicle speeds of 10, 20, and 30 km/h.

The declining acceleration response is affected by the
stiffness and damping characteristics of the MRE produced
by the magnetic field. The goal of optimizing the MRE
parameters was to enhance the vibration isolation, and this
improvement is evident from the considerable reduction in
the acceleration response. The acceleration response of the
MRBD 2A battery pack exhibits stable values of 0.014 m/s?
at vehicle speeds of 10 km/h and 20 km/h, which are
comparable to one another. In contrast, the MRBD 1A battery
pack yielded lower acceleration responses, specifically
0.002 m/s? and 0.01 m/s? lower than MRBD 2A. At a speed
of 30 km/h, MRBD variants 1A and 2A exhibited the lowest
acceleration response stability, with values of 0.001 m/s?
and 0.003 m/s?, respectively.

3.4 Damping force characteristics

The characteristics of the damping force in relation to the
velocity response of the MRBD battery pack damper, which
is installed in a vehicle traveling at speeds of 10, 20, and
30 km/h, are illustrated in Fig. 10, where it is evident that the
damping force exhibits non-linear behavior. In general, the
MRBD 1A and 2A mounted on the battery pack damper sys-
tem exhibited a greater behavior of the damping force at all
vehicle speed variations compared to the system without the
damper. The battery pack without a damper (WOMRBD)
exhibits linear characteristics, resulting in no damping, and
consequently, the vibration effect of the chassis response
(z) is directly transmitted to the battery pack. The damp-
ing force £, in the MRBD damper comprises the linear rela-
tionship between the damping constant and the velocity
response, as well as the non-linear interaction of the MRE
hysteresis parameter, specifically the effective loop shape
control parameter (o, ﬁ) and the exponential saturation phase
parameter (,b’eﬂ.) as described by Eq. (54):

Fy=cy-[4]+ay, s3] (1—e ™). G4

The battery pack velocity response, denoted as , is the
derivative of the acceleration response given in Eq. (19).

The dynamic response of the MRBD includes the inter-
action between the excitation forces from the front and rear
wheel responses that are transmitted to the spring system and
the vehicle chassis at speeds of 10, 20, and 30 km/h cross-
ing the sinusoidal road surface and forwarded to the MRBD
damper system so that the vibration effect toward the battery
pack will be anticipated by the effect of MRBD magnetic field
generation. The changing vehicle speed affects the damping
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Fig. 10 Damping force at various speeds:
(a) 10 km/h; (b) 20 km/h; (c) 30 km/h

force received by the battery pack. The magnetic field gen-
erated by the electric current flowing through the coil in the
MRBD damper will modulate the properties of the magne-
torheological elastomer, resulting in a controlled change in
the damping parameter ceff to the amount of damping force
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in real-time. By increasing ceff, the system will be more
responsive to the vertical movement speed and more efficient
in reducing bounce and maintaining stability. In this case, the
generation of magnetic fields with currents of 1 and 2 A can
dynamically change the properties of the elastomer against
changes in the magnitude of the damping force, which will
affect the stability response of the battery pack.

A distinct hysteresis pattern is evident in Fig. 10 (c) at
speeds of 30 km/h for the MRBD 2A configuration, unlike
the MRBD 1A configuration, which shows an increasing
gap between the onset of non-linear effects during both the
restoring and compressing phases, in comparison to speeds
of 10 km/h and 20 km/h. At lower speeds, a vehicle trav-
eling at 30 km/h encounters a more considerable amping
force before reaching its peak damping force, despite expe-
riencing a quicker speed response time. The a and f non-lin-
earity parameters influence the parameters that control the
slope, steepness, and point of saturation of the damping force
within the hysteresis loop. The elastic properties of the MRE
damper material have a substantial effect on the loading
process, especially during the restoration and compression
stages, in order to attain the highest level of damping force
generation before the system transitions to a nonlinear state
and reaches its saturation point.

A comparison of the maximum restore and maximum
compress damping force values for the battery pack, using
the MRBD 1A, MRBD 2A dampers, and without the damper
(WOMRBD), is illustrated in Table 4, at various vehicle
speeds. The battery pack without a damper (WOMRBD)
yielded linear and small variations in the slope of the ramps
on the damping force, as revealed by both Fig. 10 and
Table 4 in the process of cyclic restoration and compression.
The battery pack's vibration absorption is lower with-
out the damper than with the damper because the damp-
ing force is directly related to the velocity response.
The slopes of MRBD 1A and MRBD 2A exhibit a greater
inclination than that of WOMRBD at every velocity response
during both the restoration phase, where the velocity is
greater than 0 (v > 0), and the compression phase, where the
velocity is less than 0 (v < 0), indicating the impact of the
damping constant Fig. 10 (c) when paired with a magnetic
field driven by a current of 1 and 2A.

In the restoration and compression phases, the damping
force magnitude was equal in both, but with opposing direc-
tions, reaching peaks of 54.4 N and —52.43 N at a vehicle
speed of 30 km/h in MRBD 2A. The coordinates adjacent
to MRBD 1A are 36.16° N and —31.19° N. Vehicle speeds of
10 and 20 km/h have lower maximum damping forces.

3.5 Power spectral density

The simulation of the battery packs with and without MRE
is shown in Fig. 11, which considers the power distribu-
tion intensity in the frequency domain at vehicle speeds of
10, 20, and 30 km/h. These speeds exhibit the same trend,
with the PSD value initially increasing up to 1 Hz before
decreasing, ultimately resulting in vibration fluctuations.
The PSD value increases substantially until it reaches its
peak at the Peak Point, after which it decreases intermit-
tently until it reaches a frequency of 50 Hz.

The comparisons show that the peak value of the PSD
curve without the MRE (WOMRBD) is higher at lower
working frequencies than the peak value of the curve
with MRBD. The power transferred to the battery pack
via vibration, without damper (WOMRBD), was greater
at all vehicle speeds compared with the MRBD 1A and 2A
cases. The battery pack with MRBD 1A and 2A specifica-
tions has the capability to absorb or reduce the vibration
energy caused by the road profile excitation. Furthermore,
the introduction of a magnetic field will enhance the stiff-
ness and damping characteristics of the MRE, as well as
decrease the vibration energy, with the associated energy
dissipation (E ) being increased, as indicated by the rela-
tionship described in Eq. (55):

t

E=ey 2 ()T dr. (55)

0

The vibration damping system, in addition to the dissi-
pating energy, encompasses the total energy calculated via
a numerical integration of Fig. 11, utilizing the trapezoid
method applied to Eq. (56) of the PSD frequency spectrum

data S (f):
f max

Ega= [ S.(f)df - (56)
/ max

Table 4 Damping forces at various speed

10 km/h 20 km/h 30 km/h
Variation
Velocity (Fy_ ) Velocity ( Fyo ) Velocity (Fdrestore ) Velocity (Fa,,...) Velocity ( Fg .. ) Velocity (Fy )
WOMRBD (0.91, 2.36) 1.14, -1.63) (0.93, 1.79) 1.07, -1.19) (1.08, 1.01) (1.19,-0.34)
MRBD 1A (0.04, 8.89) (-0.05, —4.54) (0.07,22.08) (~0.08, —21.29) (0.10, 36.16) (-0.10, -31.19)
MRBDt 2A (0.08, 21.59) (—0.08, —20.14) (0.15, 38.48) (=0.14, —35.57) (0.18, 54.40) (-0.18, —52.13)
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10

The effectiveness of MRBD 1A and MRBD 2A in
reducing vibration can be evaluated by examining the
amount of vibration energy (£, ) transmitted to the bat-
tery pack, which is the difference between the energy dis-
sipated and the total energy absorbed by the damper, as
illustrated by Eq. (57):

E_=E

trans total

E dis * (5 7)
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A comparison of the energy balance is presented in Table 5,
focusing on the battery pack without the MRE (WOMRBD)
in conjunction with MRBD 1A and 2A. The highest vibra-
tion energy transferred to the MRDB 1A and MRDB 2A bat-
tery packs were 51.4% and 39.3%, respectively, as shown in
Table 5, when the speed was 20 km/h.

3.6 Transmissibility responses

To enhance the analysis of the battery pack's MRE damper on
the vibration spectral power density, as presented in Fig. 10,
it is essential to assess the transmissibility of the battery pack
with the MRBD damper. According to Eq. (34), the bat-
tery pack’s transmissibility amplitude response magnitude is
affected by the displacement of both the front and rear wheels
within the excitation frequency domain.

A comparison of the amplitude-to-frequency trans-
missibility properties of the dynamic response of the bat-
tery pack with and without the MRBD is shown in Fig. 12
at vehicle speeds of 10, 20, and 30 km/h, in relation to a
sinusoidal road profile with six degrees of freedom, as per
the dynamic model presented in Fig. 6. The battery pack
without the MRE (WOMRBD) showed a transmissibility
response pattern characterized by numerous distinct peaks
of maximum transmissibility at particular frequencies.

The difference in the peak transmissibility value is
linked to the natural frequency of the battery system
without the MRE (WOMRBD), which is used as a ref-
erence point in planning the implementation of the MRE
dampers. The transmissibility graphs of the battery packs
incorporating MRBD 1A and MRBD 2A dampers had
lower peaks and were not aligned with the battery's natu-
ral frequency, suggesting that the MRBD dampers effec-
tively isolate vibrations from resonating frequencies.

Table 6 provides the peak point information for each
transmissibility graph in Fig. 12, organized by the 10, 20, and
30 km/h variations in vehicle speed. The excitation frequency
grouping was performed in accordance with the SAE J2380
standard, covering a range of low frequencies from 0.1
to 10 Hz, as well as medium frequencies spanning 10 to
50 Hz. Peak transmissibility is typically not observed across
various vehicle speeds at low frequency for MRBD 2A.
The results demonstrate the influence of the MRE stiffness
and damping parameters, which were determined through
optimization simulations using a 2A magnetic field flow, and
are capable of enhancing the vibration damping as a result of
the road surface profiles. The use of MRBD dampers can sub-
stantially decrease the amplitude of the resonance. The trans-
missibility amplitude value is seen at the medium frequency
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Table 5 Peak Energy dissipation and total energy comparison
10 km/h 20 km/h 30 km/h
Variation . . .
E, =S, [dB/Hz] E [KW/Hz] E, =S,  [dB/Hz] E, [KW/Hz] E, =S8, [dB/Hz] E,_ [KW/Hz]
WOMRBD —47.45 @ 5.85 Hz 0.0109 —51.55@8.98 Hz 0.00532 —53.17@12.89 Hz 0.00285
MRBD 1A =57.75 @17.19 Hz 0.00102 =57.75@17.19 Hz 0.00102 —61.54@21.09 Hz 0.000426
MRBD 2A —55.65 @14.45 Hz 0.00186 —55.65@14.45 Hz 0.00186 —58.85@18.36 Hz 0.000784
* 1PSD (Watt/Hz) = 10 PSD(dB/Hz)
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Fig. 12 Characteristics of the battery pack transmissibility at various speeds (a) 10 km/h, (b) 20 km/h and (c) 30 km/h

of 12.7 Hz in the case of a battery pack using MRBD 1A and
without MRE (WOMRBD), for vehicle speeds of 10 km/h
corresponding to 0.682 and 0.398, respectively. The highest
rate of transmission of MRBD 2A occurred at a vehicle speed
of 30 km/h within the medium frequency range of 22.4 Hz at
0.126. In contrast, the simulation results from MRBD 1A for
the battery pack suggest the possibility of increasing the res-
onance amplitude, since it shares the same natural frequency
of 12.7 Hz as WOMRBD, as depicted in Fig. 12 (a) and ref-
erenced in Table 6 within the low-frequency range which is
highlighted in yellow.

4 Conclusion

The first phase of this study focuses on the development of
MRE applications in the design of prototype battery pack
vibration dampers by simulating MRE parameters through
GA optimization to predict the dynamic response, damp-
ing force distribution, power spectral density and transmis-
sibility function mechanism for each working frequency to
reduce the resonance effects in the electric vehicle battery
pack system. The simulation results show that semi-ac-
tive MRBD 1A and 2A worked effectively compared to
WOMRBD which covers several aspects including:
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Table 6 Peak natural frequency and transmissibility comparison

_ 1SO 8606* Peak WOMRBD Peak MRBD 1A Peak MRBD 2A
Vehicle speeds
Do T(w,,) o, (Hz) T(o,,) o, (Hz) T(w o) o, (Hz)
0.1-10 Hz 0.229 3.9
Low frequency 0.196 6.4 0.224 8.1
0.682 12.7 0.398 127
10 km/h**
10-50 Hz 0.677 13.3
Medium frequency 0.540 15.6 0.199 17.6 0.116 16.3
0.446 348 0.127 39.3
0.1-10 Hz 0.139 39
Low frequency 0.199 6.4 0.109 8.1
0.412 127 0.134 12.9
20 km/h
10-50 Hz 0.409 13.3 0.135 13.9 0.079 13.6
Medium frequency 0.326 15.6 0.189 18.9 0.116 19.9
0.269 348 0.065 39.2
0.1-10 Hz 0.122 3.9
Low frequency 0.104 6.4 0.069 8.1
0.361 127 0.083 12.9
30 km/h 0.359 13.3 0.082 13.9 0.086 13.4
10-50 Hz
Medium frequency 0.286 15.6 0.069 17.7
0.117 24.6 0.126 224
0.236 34.8 0.043 39.1

*) International Organization for Standardization (ISO), (2016)
**) Yellow-highlighted values represent medium-frequency resonance at 10 km/h (o, = 12.7 Hz)

1. The optimization of the Bouc-Wen model MRE

damper via the genetic algorithm (GA) best fit-
ting method yields new MRE parameters &, c,
a, f which can optimize the load restoration and
compression hysteresis loop process to reduce the
dynamic response of displacement and acceleration
across all vehicle speed variations when travers-
ing sinusoidal road profiles, thus minimizing the
effect of front and rear wheel bounce and enhanc-
ing the stability of the battery pack's position and
amplitude response.

. The MRBD 1A and MRBD 2A systems exhibit a
substantial damping slope during phase restoration
and phase compression due to the creation of 1 and
2A magnetic fields and the nonlinear effects of the
MRE's hysteresis loops, specifically o, and S,
until the MRE damper reaches saturation, at which
point the damping constant Cop is unable to match
the increase in the speed response.

. The MRBD 1A and MRBD 2A prototype designs
exhibit a lower energy density spectrum distribu-
tion per unit frequency compared to the WOMRBD,
signifying a reduction in intense fluctuations within

the low and medium frequency range, which in turn
results in increased dissipation energy to absorb
vibration energy, thus preventing it from being
transmitted to the battery pack.

4. The resonance effect is only observed in MRBD 1A
at low frequencies, occurring at a speed of 10 km/h
relative to the base peak of WOMRBD. In most
cases, the highest transmissibility levels in MRBD
1A and MRBD 2A across all vehicle speed and exci-
tation frequency variations are lower than those in
WOMRBD, except for a peak transmissibility that
could lead to resonance at 10 km/h in the low fre-
quency range for MRBD 1A when compared with
WOMRBD, necessitating further simulation using
vibration distribution related 3D numerical models.

5. A numerical simulation served as the foundation for
the development and testing of the prototype battery
pack dampers for electric vehicles.
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Appendix A

Matrix [M]

Matrix M is the mass matrix of the 6-DOF half-car system, representing the inertia properties of the vehicle components.
It consists of the equivalent masses of the unsprung masses (7, ,m,, ), the sprung mass (m ), and the rotational inertias
associated with the pitch motion of the sprung mass (/) and the battery pack system (/,).

‘m, 0 0 0 0 O]
0 m 0 0 0 0
0 0 0 m 0 0
0 0 0 0 I, 0
0 0 0 0 0 I,]
Matrix [C]

Matrix C is the damping matrix of the 6-DOF system, representing the energy dissipation mechanisms arising from the
suspension damping and the magnetorheological battery damper (MRBD) installed at the chassis—battery pack inter-
face. It incorporates the front and rear suspension damping coefficients (¢ , ¢, ), the corresponding tire damping coef-
ficients (¢; , ¢, ), and the controllable damping contribution of the MRBD (c), thereby governing the vibration attenua-
tion behavior of the system in the frequency domain.

_ctl +c, 0 -, 0 ¢l 0
0 ¢, te, -, 0 el 0
c, c, —c, —¢, =2, 2¢, el +el—¢ (r+r, ) 0
=, 0 2, 26, ¢ (n+1,) 0
-, c,l, cxll/—cle,—co(r1 +r2) (n +r2) _Csllj% -;-cszlf—c0 (r]2+r22) 0
0 0 0 0 0 0]
Matrix [K]

Matrix K defines the elastic stiffness properties of the system, including the front and rear tire stiffness (&, ,k,2 ), the sus-
pension stiffness (ksl , ks, ), and the controllable stiffness contribution of the MRBD (k). This matrix governs the restoring
forces acting on the system and is essential for determining the natural frequencies and mode shapes of the 6-DOF model.

_ k, +k, 0 —k, 0 k1, 0
0 k,2 + ka _ksz 0 ksz ] 0
[K]= g K, —k, —k,, =2k, 2k, ki, +k1 —ky(n+r,) O
0 0 2k, 2k, 0 0
—k 0 kLo kL —k L=k (rtn) k(n+n) —k Bk Ik, (rf-i—rf) 0

| 0 0 0 0 0 0]
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