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Electrical-vehicle (EV) dynamics are significantly influenced by
battery mass and the location. Therefore, the combined investigation
of a 7-DoF model, random road excitation, and eccentric battery
effects is necessary for more accurate characterization of vehicle
dynamics. In this study, a 7-DoF EV full-vehicle model considering
battery eccentricity is derived to examine the coupled heave—roll—
pitch vibrations under random road excitation. A spectral method is
employed for the solution. EV response spectra are obtained using
the power-spectral-density (PSD) of road roughness and the EV
frequency-response-functions (FRFs). RMS values of response are
investigated for different battery eccentricities and vehicle speeds
[1-160km/h]. The results show that the normalized RMS varies up
to ~30% total with EV speed and battery eccentricity. The highest
RMS occur at vehicle speeds where the natural frequency is excited,
while the lowest vibration RMS is obtained at low battery
eccentricity on the x-axis. The developed EV model and solution
method have been presented as a successful tool for investigating
random vibrations and vehicle dynamics.
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Elektrikli ara¢ (EV) dinamigi, batarya kiitlesi, agirlik merkezinin
konumundan 6nemli 6lgiide etkilenmektedir. Dolayistyla, 7-DoF
modellemesi, rastgele yol uyarimi ve eksantrik batarya yerlesimi
etkilerinin birlikte incelenmesi, ara¢ dinamiginin daha net
belirlenebilmesi i¢in gerekliliktir. Bu ¢aligmada, farkli ara¢ hizlar
ve rastgele yol uyarimi altinda birlesik yiikselme-egilme-
yuvarlanma titresim tepkilerini incelemek i¢in 7-DoF tam arag
modeli, batarya eksantrikligi de dikkate alinarak tiiretilmistir.
Coziim i¢in spectral metot kullanilmstir. EV tepki spektrumlari, yol
piiriizliligiiniin gii¢ spectral yogunlugu (PSD) ve EV frekans-
cevabi-fonksiyonundan (FRF) elde edilmistir. Farkli batarya
eksantriklikleri ve ara¢ hizlari [1-160km/s] igin arag¢ titresiminin
RMS’i hesaplanarak, titresim davranigt {izerindeki etkileri
arastirllmistir. Sonuglar, titresim normalize RMS'sinin arag¢ hizi ve
batarya eksantrikligi ile toplamda ~%30’a kadar degisimini
gostermektedir. En yiiksek RMS genlikleri dogal frekansin
uyarildig1 ara¢ hizlarinda iken, en diisiik titresim RMS’i, batarya
eksantrikliginin az oldugu, x-ekseni iizerindeki, konularda elde
edilmigtir. Gelistirilen EV modeli ve ¢6ziim metodu diizensiz
titresimlerin ve ara¢ dinamiginin incelenmesinde basarili bir arag
olarak sunulmustur.
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1. INTRODUCTION

Vehicle ride quality, safety, and passenger comfort are fundamentally governed by vehicle dynamics,
particularly the interaction between suspension systems and road surface irregularities. In electric vehicles,
battery center-of-gravity location significantly influences dynamic behavior. Consequently, modern vehicle
design requires comprehensive understanding of vibrational responses to random road excitation, especially
as the automotive industry transitions toward electric vehicles with heavy battery packs and altered mass
distributions. Accurate prediction of vehicle dynamics under stochastic road inputs demands sophisticated
mathematical models and appropriate spectral analysis techniques for handling non-stationary random
processes.

The literature reveals extensive application of vehicle dynamic modeling approaches, random vibration
analysis methodologies, and spectral techniques. The quarter-car model, representing the fundamental
building block of vehicle suspension analysis, captures essential vertical motion characteristics with
minimal computational complexity. While widely used in vehicle dynamics studies, this formulation cannot
capture pitch, roll, or coupling effects between multiple wheels, restricting its applicability to preliminary
vertical dynamics investigations.

Karagay et al. [1] employed a 2-DOF quarter-car model to investigate ride characteristics of vehicles
traversing rough surfaces at varying speeds. Recognizing that vehicle dynamics under changing speeds
presents a non-stationary random vibration problem—as statistical characteristics of temporal excitation
vary with velocity—Karacay et al. [1] addressed this challenge through the "rubber band model". This
approach enabled time/frequency domain analysis of vehicle response at changing velocities. Their results
demonstrated that acceleration PSD increases dramatically with vehicle speed, natural frequencies appear
as velocity-independent peaks in response spectra, and RMS acceleration levels—which determine ride
comfort—can be directly computed from integrated PSD.

Half-vehicle models extend vertical dynamics analysis by incorporating rotational degrees of freedom,
enabling investigation of pitch (longitudinal plane) or roll (lateral plane) coupling with vertical motions.
Karagay and Aktiirk [2] developed a 2-DOF half-vehicle trailer model incorporating heave and roll motion
about the longitudinal axis. They fitted road PSD with analytical functions to characterize both low spatial
frequencies (long wavelengths) and high spatial frequencies (short wavelengths). For resonant response
near natural frequencies, narrow-band analysis s applied assuming an underdamped system. Their study
specifically addressed cargo safety under stochastic road-induced vibrations, establishing quantitative
relationships between trailer mass, vehicle speed, and the probability of exceeding critical acceleration
thresholds (1g) that could cause cargo damage or weightlessness. Results indicated that light trailers (50
kg) exhibited ~55% probability of exceeding 1g at 80 km/h on standard roads, medium trailers (150 kg)
showed ~7% probability, while heavy trailers (250 kg) demonstrated only ~1% probability at the same
speed.

Eroglu [3] extended the model complexity by adding 5-DOF lateral motion of car body and wheels to a 7-
DOF longitudinal-vertical model, incorporating 2-DOF driver vertical and lateral motions, yielding a
comprehensive 14-DOF full-vehicle formulation. However, this study employed simple sinusoidal road
inputs rather than stochastic excitation, preventing investigation of realistic road roughness effects on
coupled vehicle dynamics.

Wang [4] investigated battery mass distribution effects on electric vehicle safety using a 4-DOF half-car
model focused on vertical dynamics. The study demonstrated that battery mounting location directly affects
pitch natural frequency and mode shapes, with centrally-mounted battery packs providing optimal dynamic
characteristics by minimizing pitch-heave coupling.

Recognizing limitations of linear models for large-displacement scenarios and accurate representation of
suspension component characteristics, Ozdemir and Erdogan [5] developed a 7-DOF nonlinear half-vehicle
suspension model focusing on optimal battery location for electric vehicles. Results demonstrated that
front-mounted batteries increased pitch response and degraded ride quality, rear-mounted batteries
exhibited similar pitch amplification, while centrally-mounted batteries minimized pitch-heave coupling
with optimal performance achieved within £200mm of geometric center. Additionally, cubic damping

C.U. Miih. Fak. Dergisi, 41(1), Mart 2026




Hikmet BAL

improved high-velocity impact absorption, with nonlinear effects becoming critical for heavy EV battery
packs exceeding 500 kg.

Eroglu et al. [6] presented an 8-DOF full-vehicle model incorporating 1-DOF driver vertical displacement,
specifically designed for comparative active suspension control analysis. The model enabled evaluation of
control strategies characterized by simple implementation, three tunable parameters, and effectiveness for
steady-state disturbance rejection, though with limited performance for complex multi-modal dynamics.
This study also employed deterministic road inputs.

The stochastic nature of road surface roughness necessitates probabilistic analysis frameworks based on
random process theory. Bendat and Piersol [7] established fundamental relationships for analyzing random
data, including power spectral density (PSD), cross-spectral density for correlated left and right wheel track
inputs, and input-output relations for linear systems with transfer functions. Newland [8] extended spectral
analysis to multi-degree-of-freedom mechanical systems, developing transfer function matrices for MDOF
systems, multi-input spectral analysis for systems with multiple correlated inputs, modal analysis of random
vibration expressing response in terms of system modes, and time-varying system analysis for non-
stationary random processes. These theoretical frameworks provide the foundation for converting spatial
road profile measurements into temporal frequency-domain representations and computing vehicle
response statistics.

The emergence of electric vehicles introduces concerns regarding vibration-induced degradation of
sensitive components, particularly lithium-ion battery systems constituting significant vehicle mass and
cost. Hua and Thomas [9] provided a comprehensive review examining dynamic loads and vibration effects
on lithium-ion batteries across multiple applications, primarily identifying battery degradation concerns.
Brand et al. [10] conducted standardized vibration tests (UN 38.3 T3 sine sweep, UN 38.3 T4 shock) on
cylindrical 18650 cells, revealing that internal components such as electrodes can detach from proper
mounting, causing intermittent electrical contact and progressive wear-accelerated degradation. Somerville
et al. [11] demonstrated that solid-electrolyte interphase (SEI) layer disruption by vibration increases
internal resistance and capacity fade. Consequently, vibration influence on discharge performance has been
expressed by Hooper et al. [12,13] and Zhang et al. [14,15].

Vehicle dynamics under random road excitation has gained momentum in recent research, with studies
addressing both structural vibration behavior and energy system performance. The vibration characteristics
of structural components such as composite wings and UAV frames have been extensively analyzed
through finite element methods to determine natural frequencies and mode shapes under various boundary
conditions [16,17]. Simultaneously, the integration of electric vehicle battery systems into vehicle platforms
requires consideration many parameter [18]. Lu [19] demonstrated that vibration amplitude is highly
sensitive to small geometric variations, with optimal cell spacing significantly reducing pack-level
resonance.

Hooper and Marco [20,21] measured actual vibration exposure in battery electric vehicles, identifying
frequency-dependent contributions: low frequency (<10 Hz) dominated by vehicle body modes (heave,
pitch, roll) providing dominant battery pack loading; medium frequency (10-50 Hz) associated with wheel
hop and axle tramp modes; and high frequency (>200 Hz) attributable to power electronics switching noise,
electric motor electromagnetic excitation, and cooling pump/fan rotation. Lang and Kjell [22] concluded
that standard battery vibration tests remain inadequate for realistic EV conditions.

Despite extensive research on vehicle dynamics, such as adopt simplified quarter/half-car models or treat
the battery pack as a symmetric and centric installed, a critical gap remains in the literature regarding studies
that simultaneously integrate 7-DOF modeling, random road excitation, spectral analysis methods, and
eccentric battery placement effects simultenously.

Hence, in this study, a novel comprehensive 7-DOF electrical vehicle dynamics model is presented with
considering eccentric battery placement for analysing coupled pitch-roll-heave vibrations under random
road excitation. To characterize how battery CG eccentricity influences vibration response, stochastic
theory is used rather than deterministic approach, with including inter-DOF coupling across a wide speed
range (~1-160 km/h). Thus, in realistic driving conditions, how battery CG eccentricity is affects PSD,
FREF, displacement RMS, involving inter-DOF coupling, have been quantified. Real road profiles from the
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UMTRI database are employed to characterize stochastic inputs. Spatial road roughness is transformed to
vibration PSD’s via FRF multiplication, providing a spectral prediction method. Therefore, the main
contributions of this are establishing a combined 7-DOF formulation, the velocity-dependent resonance
characteristics and cross-coupling amplification mechanisms that arise specifically from battery
eccentricity and random road input in EVs. The proposed modeling approach, solution algorithm and results
have direct practical significance for EV chassis design, battery/payload mounting optimization, and ride
comfort assessment under realistic operating conditions.

2. MODELLING
2.1. Electrical Car Model with Battery Eccentricity

To obtain the vibration behavior of the electric vehicle, the vehicle dynamics modeling approach is adopted
[23,24]. However, since battery eccentricity affects vehicle dynamics, this effect is taken into account in
the developed model. Thus, a novel model is created within the scope of this study that it is enabling the
investigation of the effects of battery eccentricity on vibration behavior and allowing the analysis of
different payload positioning problems also. The geometric parameters and degrees of freedom for the
developed model are shown in Figure 1(a,b).

Seven degrees of freedom are used in the modeling of the electric vehicle, with the vehicle body movement
having 3 DoF (heave — z, roll — ¢, pitch — 0) and each wheel vertical displacement movement (z, z,, z3, z4)
having one DoF. It is assumed that the battery is rigidly mounted within the x—y plane, with its eccentricity
located at distances e and f from the CG along the x and y axes, respectively. In Figure 1(a), ui(t), ua(t),
u3(t), us(t) represent the road input.

FrontRight Deflection . +1 Rear Right Deflection

z-ab-co z+b6-co

PR

u,(t) Frontleft Deflection Y Rear Left Deflection

z-ab+dg z+bO+do

(@) (®)
Figure 1. Electrical Vehicle model (a) 7DoF with Eccentric Battery (b) geometry and corner displacements

uy(t) |~ . i

The equations of motion are obtained from Newton's 2nd law as shown in Equations 1-7 by considering
the electrical vehicle's deflections and rotation around static equilibrium position with small oscillations
assumption.

(Mg + Mp)Z + (cp1 + Cpa + Crz + Cra) 2 + (kpy + kpa + ks + kg )z
—la(crr + ¢r2) = blers + ¢r0)|0 — [alkps + kp2) — b(kys + krs)]6

—[e(ers +ers) = derz + cra) |6 = [c(kpr + kers) = d(kpz + kra)]d
—Cr1Z21 = CpaZy — Cr3Zz = CraZy — kp1Zy — KpaZy — K323 — kpyzy = 0

@)

(Lx + Mpf2)§ — Mpef
+[c (e + cr3) + d2(cra + )| + [c2(kpy + kra) + A2 (ko + krg) D
—[—c(acf1 —beys) + d(acfz —bc,y)]6 - [—c(akf1 — bkys) + d(akfz — bk,4)|0 2
—[C(Cfl + cr3) - d(cfz + CM,)]Z - [c(kf1 + kr3) - d(kfz + kM)]z
tecp1Zy — deppZy + CCr3Zy — ACraZy + ChpZy — dppZy + Chpzzz — dkpyz, = 0
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(Ly + Mpe?)d — Myef
+[a?(cry + ¢r2) + b2 (crs + ¢ra) |6 + [a?(Kpy + kp2) + b2 (kys + kyrg) |0
—[—a(ccf1 - dcfz) + b(ccp3 — dcr4)](ﬁ - [—a(ckf1 - dkfz) + b(ck,5 — dkM)]d) 3)
—[a(cf1 + sz) —b(cy3 + CM)]Z — [a(kf1 + kfz) —b(k,5 + kr4)]z
+aceiZy + acrpZy; — bCp3Zzz — bCpaZy + akpzy + akprz; — bkygzz — bkpaz, = 0

My1Zy + €2y + (kf1 +ky)zy — cfl(z' —ch—ab) - kpi(z — cp — ab) = kpyyuy 4)
MyaZy + Crazy + (kpp + ko )2o — 2 (2 + dp — aB) — kpp (z + dp — aB) = kypu, %)
MysZs + Crazs + (ks + kia)zs — Crs(2 — cp + bO) — kpg(z — cp + bO) = kysus (6)
MuypaZs + CraZa + (kry + kea)zy — Cra(2 + dp + b8) — kpy(z + dp + bO) = kpyuy @)

In modeling, mass, spring, and damping coefficients are denoted by the letters M or m, c, k, respectively.
Subscripts are used to distinguish between parameters and variables. The relevant subscripts c, b, f, 1, t are
used to denote car, battery, front, rear, tire, respectively. The geometric parameters a, b, ¢, d, e, f, L are
presented in Figure 1(b). If the equations of motion are written in matrix form as in Equation 8, the M, C,

and K matrices will be as follows by using generalized coordinates as  {q}" ={z ¢ 6 z z, z3 z)}.

[MI{g} + [CI{q} + [K1{q} = [F]{u} ®)
where;
M, + M, 0 0 0 0 0 0
[ 0 Lo+ Myf?  —Myef 0 0 0 0 }
0 ~Myef L,+Me? 0 0 0 0
[M] = ‘ 0 0 0 My O 0 0 ‘
0 0 0 0 my,; 0 0
[ 0 0 0 0 0 myys; O J
0 0 0 0 0 0 my,
[ Ciq Cyip Ci3 —Cr1 —Cp —Cr3 —Cra ]
Cy Cy Ca3 CCry —der Gz —dCpy
C3y Cs, Cs3 acg;  acy,  —bez —bepy
[Cl=|—cs1 ccpr acy 0 0 0
|—cf2 —dcg,  ace, 0 Cra 0 0 |
—Cp3  CCpy  —beyg 0 0 [ o |
|_—c,4 —-dc,, —bc,, O 0 0 Cry J
Cii =critctoston
Cip = Cor = —[c(cr1 +cr3) = d(crz + cra)]
C3=0C5 = _[a(cfl + sz) —b(cys + Cr4)]
Cpy =c2(cpr + ¢r3) + d*(crz + Cra)
Cyp3=0C3, = —[—c(acf1 - bcr3) + d(acf2 - bcM)]
G = az(Cﬂ + sz) + b%(cr3 + €ra)
Kiq Ky, Kiz —ky1 —kya —kr3 —kr4
Ky Ky2 Ky3 ckyy —dkg, ckys —dky,y
K3y K3, Ki3 akgy aky, —bk;3 —bk;,
[K]=|—key ckpy akey ket ke 0 0 0
ke, —dkg,  akg, 0 key + key 0 0
—ky3  Ckys  —bkys 0 0 Kps + ks 0
—kyy —dk., —bk., 0 0 0 Kpg + keo
11 ket ket ks ke,
Kip = Ky = =[c(kpy + kig) = d(kpz + kys)]
Kiz =Kz = —[a(kpy +kpz) = b(krs + kp)]
Ky = c2(kpy + kps) + d?(kp + k)
K3 = K3, = —[—c(akf1 - bkr3) + d(akf2 - bkr4)]
Ki3

C.U. Miih.

= a?(kpy + kyz) + 0% (eys + Kpa)
0

0
0 0 0
0 0 0
0 0 0

ko, 0 0O

0

0 ke J
0 0 Ky
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The static equilibrium position is calculated using the gravitational force matrix {W} and the [K] matrix,
as in Equation 9, where (W} = [-(M, + My)g —M,gf —M,ge -m,g -m,g -m,g -m,g]"

{65} = [K]7' (W} 9

In MIMO systems, the system response can be obtained using approaches such as the transfer function,
Laplace transform, convolution, or numerical solution methods, depending on the input. The relationship
between the system input and the generalized coordinates, obtained by taking the Laplace transform of
Equation 8, is shown in Equation 10. Here, [Q(s)] is the Laplace transform of the generalized coordinates,
and [D(s)] is the dynamic stiffness matrix. Thus, the system response can be calculated using the transfer
function G(s) with Equation 11 [25-27]. Since this study main objective heave, roll, and pitch motion
relative to the road input, a [S] selection matrix is defined as [eye(3,3), zeros(3,4)].

{0(s)} = (s?[M] + s[C] + [KD) T [FI{U(s)} (10)
D(s)
Y(s) = [SI[D(s)M[F]U(s) (11)

G(s)

Although Equationll is commonly used for deterministic inputs, spectral methods are primarily used in
random vibration analysis. In this study, the response of an electric vehicle with battery eccentricity to
random road input is investigated using Equation 12 [7,8].

[S,y (@)] = [H(@)][Sy (@)1 [H ()]* (12)

where, [S,y (0)], [H(®)], [Sw(®)], [H(w)]* are output PSD matrix, FRF matrix, input PSD matrix and
complex conjugate transpose of FRF matrix respectively. Frequency Response Function (FRF) can be
obtained substituting jo in Equation 13 [27].

[H ()] = [~w*[M] + jolc] + [K]] ' [F] (13)
Therefore, characteristic polynomial obtained as Equation 14.

s +169.9 513 + 2.924 x 10* 512 + 2.728 x 10° s + 2.408 x 108 510 + 1.379 x 1010 §°
47.357 X 101 58 4+ 2.472 X 1013 57 + 7.692 X 10%* 56 + 1.142 x 1016 55 + 1.665 x 1017 s* (14)
+1.294 x 108 53 + 1.061 x 102° s2 + 3.818 x 10'° s + 1.765 x 102 = 0

2.2. Excitation Caused by Random Roughness Profile of Road

During real road driving, the right and left wheels will be subjected to separate road profile tracks.
Therefore, UMTRI road data is used separately for the right and left wheels as the road model. However,
between the front and rear wheels, there is also a phase delay depending on the vehicle's speed, and they
are subjected to the same road profile. In other word, the right front wheel is exposed to the input
representing the road roughness in Figure 2(a), and the same road input acting for the right rear wheel with
a phase delay of o time. Similarly, the left front wheel is exposed to the input representing the road
roughness in Figure 2(a), and the same road input occurs at the left rear wheel with a phase delay of ¢ time.

Thus, the road profile spectral density S, is obtained using matrix in Equationl5 and presented in Figure
2(b). Where, the auto-PSD S;;, Sgr, and cross-PSD Siz, Srz of each road input can be calculated using
Eqautions16-19 [8,25,26].

Sp.(w) Sir(w) S (@)e @7 S p(w)e™Iw?
Sir(w) Srr(w) Sir(w)e™ 97 Spp(w)e o
S = ’ ’ 15
BN = s @i Sp@e®  Su@) S 1
Sir(w)e!®?  Spp(w)el®? Sir(w) Srr(w)
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Figure 2. Random Road Profile [28] (a) right wheels, (b) left wheels (c) PSD (Siz, Srr)
Si(w) = if_wm [}il?oifor u, (@)uy (o + t)do] e Jotdr (16)
Spr(@) = if_o:o [}H&%IOT u, (0)u, (o + T)da] e JoTdr (17)
Sir(w) = %ffn [}m%f; uy (uy(o + T)da] e joTdr (18)
Spu(w) = if_mm [}m%fg u, (0)u, (o + ‘r)da] e Jotqdr (19)
where ¢ = = = &2
v 14

3. NUMERICAL SIMULATION

The spectral method is used to obtain the response of the full vehicle model with battery eccentricity to the
random road input. Hereby, the solution of Equation12 is obtained from the FRF and the road PSD. The
vehicle displacement RMS values for the random road profile input is calculated from integration of the
vehicle spectral response obtained from Equation12 wrt to the frequency vector. The system responses are
obtained in the MATLAB by developed code for 9 separate battery eccentricity cases ans different vehicle
speeds in increments of 1 m/s, in the speed range from 1 m/s to 45 m/s [~0 — 160 km/h]. Two separate road
profiles are used for the right and left wheels.

The driving and battery eccentricity cases used in the simulation are presented in Table 1. Battery
eccentricity is also shown in Figure 3. The parameters and values used for the numerical analysis are given

in Table 2. The solution algorithm is given in Figure 4.

Table 1. Simulation cases

Case Battery eccentricity Eccentricity values Speed Road
studies e (m) f (m) (m/s) profile
1 at car CG (concentric) 0.0 0.0
2 at Front Right 0.3 -0.2
3 at Front Left 0.3 0.2
4 at Rear Right -0.3 -0.2
5 at Rear Left 03 02 [1:1:46] gggié
6 at Front Center (away from car CG) 0.6 0
7 at Front Center (close to car CG) 0.3 0
8 at Rear Center (close to car CG) -0.3 0
9 at Rear Center (away from car CG) -0.6 0
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Figure 3. Battery eccentricity locations for each case

Table 2. Simulation data

Inertia Geometry Suspension damping Suspension stiffness Tire stiffness
M 1500 kg a 14 m cn 1800 N-s/m kn 25000 N/m  ka 180000 N/m
Mb 300 kg b 1.7 m cn 1800 N-s/m kn 25000 N/m ke 180000 N/m
L« 7335 kgm? ¢ 0.8 m cn 1600 N-s/m ks 24000 N/m ke 180000 N/m
Iyy 1806 kgm? d 08 m cu 1600 N-s/m ku 24000 N/m  ku 180000 N/m
My 45 kg h 15 m

tart
Subroutine FOR each frequency

Step 1 — Initialize parameters Jreq loop g Step 5 — Construct Suu(®)
M, C, K, F matrices - velocities v Input PSD matrix - time delay ¢
Step 2 — Obtain transfer functions Step 6 — Evaluate H(jo)
H(s): road inputs — heave, roll, pitch FRF matrix from transfer functions
Main Loop FOR each velocity END FOR o
\ 4
Step 3 — Road profile — time data ]
Convert using current velocity v nin e No
) v ’ - Is Velocity vector done?
Step 4 — Compute road PSDs L
pwelch ; cpsd ; delayc=L /v Yes
vy ™
Step 9 — Save all results
Step 7 — Output PSD matrix p PSD matrices - RMS values - FRF data
Sy=H" Sw H* — Sz, Sys, Soo RMS step
Step 8 — Compute RMS & store End
RMS =[S df - store results for v
END FOR velocity |

Figure 4. Flowchart of solution algorithm

4. RESULTS AND DISCUSSION

PSD graphs are presented in Figure 5. Here, there are speed-dependent frequencies and speed-independent
fixed resonance frequencies. Speed-dependent frequencies are road-related, while speed-independent
frequencies are vehicle-related frequencies, such as natural frequencies.
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As seen in Figure 5, the vehicle displacement response PSD is high at low frequencies, and the displacement
response PSD decreases with increased speed. A shoulder formed at the same frequency for all speed values
in the PSD graphs contains harmonics that excite the vehicle's natural frequency. This peak located around
6 rad/s — 11 rad/s is indicates the natural frequency of the vehicle in heave-roll-pitch direction, while the
peak occurring around 65 rad/s — 68 rad/s indicates the natural frequencies in the wheel z;-z4 direction.
These peaks are more clearly visible in the Bode plot in Figure 6.
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Since the displacement PSD of the road profile shows intensity in the low frequency range, the displacement
response of the vehicle is seen to decrease with increasing frequency. The change in the displacement
response PSD is given in Figure 7 for the specified speeds. Here, the decrease in PSD amplitude is seen to
become more apparent as the natural frequency region is passed.
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The RMS value of vehicle displacement can be calculated according to frequency using Equation 20 and it
is represent the area under the PSD graphs. The use of RMS values instead of PSD is common in the
literature. In this perspective, after obtaining response PSD’s for all cases, the RMS values are calculated
from the PSD’s for each case study are presented in Figure 8.
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Figure 8. Vibrations Root Mean Square — RMS values for all cases (a) Heave, (a) Roll, (c) Pitch
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From the RMS graphs in Figure 8(a), it can be seen that maximum amplitudes occur at speeds of 18 m/s
and 27 m/s for heave motion. Additionally, a local maximum is noticeable at 3 m/s. It is noted that amplitude
increases occur at these speeds, particularly due to the excitation of natural frequencies between 1-3 Hz.
This situation can also be seen in the PSD graph in Figure 5. However, it is observed in Figure 8(a) that the
vehicle has different equilibrium points depending on the eccentricity of the battery and that the vehicle has
heave roll and pitch oscillations around this equilibrium point. Results indicate that the smallest static
equilibrium position is at -242.5 mm, where the battery eccentricity is at the -0.3 m in cases 4, 5, and 8.
This is because the spring stiffness of the front and rear suspensions is different in the simulation and vehicle
has positive pitch. The RMS amplitude of the dynamic oscillations is around 3.5 mm. These values will
vary for different vehicle and battery masses and suspensions.

It is observed from Figure 8(b) that the Roll Motion RMS value differs particularly in case 3-5, which
contains eccentricity (f=+0.2m) in the y direction. This is an expected result because the vehicle is
symmetrical about the x-axis, and the eccentricity in the y direction changes the + static equilibrium
position. Local maximum amplitudes in the Roll motion RMS values are observed at speeds of 4 m/s, 22
m/s, and 34 m/s. It is evident in Figure 8(b) that the smallest Roll motion occurs when the battery CG is on
the x-axis. The RMS amplitude of the dynamic oscillations is around 0.2 degrees.

Pitch RMS values for different battery eccentricities are presented in Figure 8(c). Local maximum values
of 3 m/s and 18 m/s are observed in the pitch RMS value. This indicates that the pitch mode located 1 and
3 Hz interval, is excited by the road input at a vehicle speed of 18 m/s. Furthermore, it is observed that the
variation of eccentricity on the x-axis mainly affects pitch oscillations, while the variation on the y-axis
influences roll motion. Since, the vehicle CG is adjusted closer to the front of the vehicle configuration in
the simulation, however, the stiffness and damping of the front and rear suspensions are selected differently.
This creates a positive static equilibrium position for the pitch angle. Therefore, it is observed that the static
equilibrium position decreased from 1.1844 degrees to 0.2076 degrees when the battery eccentricity shifts
to the rear side. In addition, the RMS amplitude of the dynamic oscillations is determined to be around 0.1
degrees. These values are consistent with findings in the literature [1,29-31]. To compare the performance
of the obtained results, the static equilibrium and dynamic RMS values are presented together in Figure
9(a,b).
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The effect of battery eccentricity on vibration RMS amplitudes is more clearly illustrated in Figure 9. The
variation of the battery CG location along the x- and y-axes shifts the vehicle’s static equilibrium position
toward the direction of eccentricity, as shown in Figure 9(a). Examining the RMS values in Figure 9(b), it
is observed that the effect of road excitation on heave motion is approximately 3.5 mm. For roll motion
RMS amplitutes are obtained approximately 0.185 degrees about the static equilibrium position. The pitch
RMS demonstrate that Case 3 and Case 4 exhibit minimum oscillation, while higher amplitudes are
obtained in Case 2 and Case 5. This behavior can be explained by the coupling between heave, roll, and
pitch motions, besides the left and right wheels be subjected to different road excitations.
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To clarify the results in terms of vibration performance, the RMS values are normalized using the
expression ((x — min) / (max — min)). Based on these normalized RMS values, an integrated vibration index
is calculated by summing the normalized motions. The lowest vibration index is observed in Case 1, Case 7,
and Case 8. These cases indicate the conditions that battery eccentricity only along the x-axis and closest
to the vehicle CG. The graph corresponding to the combined vibration index obtained through RMS
normalization is presented in Figure 10. Results show that a 0.3 m eccentricity on the x-axis produces an
increase of ~8% in the normalized RMS value, while eccentricity on both the 0.3 m x-axis and 0.2 m y-axis
produces an increase of ~30% in the normalized total RMS value, from Figure 10.
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Figure 10. Compound vibration index
5. CONCLUSIONS

In this study, the effect of battery eccentricity variation on the vibration behavior of electric vehicles is
investigated. For this purpose, an electirical vehicle with battery eccentricity is modelled with 7DoF. The
heave, roll, and pitch vibrations of the derived electric vehicle model are calculated under random road
excitation for different battery eccentricities and vehicle speeds using a spectral method. In the solution
procedure, for each battery eccentricity, the vehicle displacement power spectral density is calculated for
all vehicle speeds and corresponding frequencies by employing the road spectrum and FRF. Hereby, a
method capable of determining the system response under nonstationary random inputs is presented, and
the effect of battery CG position on vibration behavior is identified through the evaluation of vibration
RMS values.

Results show that a 0.3 m eccentricity on the x-axis produces an increase of ~8% in the normalized RMS
value, while eccentricity on both the 0.3 m x-axis and 0.2 m y-axis produces an increase of ~30% in the
normalized RMS value. It is indicate that battery eccentricity or mounting imperfections has important
contribution to vibtation response of EV. Therefore, it should be considered in vehicle dynamics response
and riding comfort analysis.

The analyses related with vibration characteristics, yielded the following conclusions according to vehicle
speed and different battery eccentricity:

e  With vehicle speed increase, the displacement PSD decreases. High values occur within the natural
frequency ranges of 611 rad/s and 65—68 rad/s. In the PSD diagram, it is observed as shoulder at
these frequencies for all speeds.

e The highest PSD values are found at vehicle speeds of 3 m/s, 18 m/s, 22 m/s, and 27 m/s,
corresponding to excitation near the vehicle’s natural frequencies.

e The RMS values of random road excitation for heave, roll, and pitch motions are observed to be
approximately 3.5 mm, 0.2 degrees, and 0.1 degrees, respectively. These values represent the RMS
of vibrations about the static equilibrium position, which shifts significantly depending on battery
eccentricity, as clearly shown in the graphs.

e The minimum roll motion occurs when the battery position lies along the x-axis.

e  The RMS value of pitch oscillations increases as the battery position moves away from the vehicle
CG. In addition, it is concluded that an increase in roll motion also influences pitch motion.

e Considering the vibration performance obtained from normalized RMS values, the optimal battery
placement is achieved when the battery is located along the x-axis and close to the vehicle CG.
Hence, Case 1, Case 7, and Case 8 correspond to the configurations with the lowest total vibration
levels while Case 6 and Case 9 yields highest total vibration.
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Finally, this paper contains following research potential as a future work; vibration reduction under the
random road exitaion, bandwith improvement and resonance peak optimization, vibration control with
different control action by employing active suspension, driving comfort for different payload position,
vibration effect on state of charge and the life of the battery.
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