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1. Introduction

Battery safety of electric vehicles is important for
the application of electric vehicles. The performance of the
battery pack determines the development of electric vehi-
cle. Domestic and overseas media have reported electric
vehicle explosion accidents so many times. Battery safety
of electric vehicles mainly contains three aspects: electrical
safety, thermal balance and vibration, the vibration of the
battery pack is especially important. Vibration will lead to
the declination of battery performance, the change of con-
tact resistance, even the arc and uncontrollable thermal
under driving condition. These may cause a fire or an ex-
plosion. The performance of battery pack not only depends
on the BMS (Battery Management System) that makes the
battery pack charges and discharges more reasonably, but

depends on the stability of the battery pack. The vehicle
steering characteristic is changed because of the ground
roughness, and it influences the movement of the battery
pack. To improve the ride performance of the vehicle and
battery pack, it is essential to study the interaction of elec-
tric vehicle roll and battery pack stability [1]-[3].

2. 9-DOF vehicle roll model

The uneven road can affect the stability of the ve-
hicle body and battery pack. Considering the vehicle yaw
velocity and lateral velocity, a 9-DOF vehicle roll model
includes the battery pack was developed (Fig. 1) [4, 5].
The 9-DOF as follows: vehicle lateral displacement, verti-
cal displacement, pitch, roll, vehicle yaw velocity, and
movement of the vertical direction of four wheels.

Fig. 1 9-DOF full vehicle roll model

2.1. The lateral acceleration of the vehicle body

The pointO is the intersection of vertical line
passing through the centroid of vehicle and roll axis. Based
on the vehicle coordinate system with the origin at the
point O, the centroid position vector with respect to the
point O can be written as [6]-[9]:
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The relationship of position vector P in inertial
system and vehicle coordinate system was obtained by
using the instantaneous velocity of the rigid body. It can be
expressed as:
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G is the ground reference system for vehicle motion, S as
the body-fixed coordinate frame, the coordinate system of

the vehicle has the angular velocity w, =[0 0 r], and

the synthetic velocity v, =[u v O]T. Taking the deriva-
tive of the Eq. 2, we can get:

G Ps

+w,P.

ot 3

Taking the derivative of the Eq. (3) again and sub-
stituting in the formula of acceleration composition, the
acceleration of the centroid of the inertial system is ob-
tained.

vis® (4)

According to Eq. (1) and Eq. (4), the acceleration
as was decomposed in the vehicle body coordinate system,
and the lateral acceleration of the center of mass is ob-
tained:

a, =v+ur- héfsin¢+2hrqisin¢sin9—
—2hr@cosgcosd-hrcosgsind—hrising.  (5)

Due to sin@ =0, sing ~ 0, the Eq. (5) is simpli-
fied.

2.2. The moment equation of the vehicle body
Matrix Euler equation:
Jo+wlo=M,

(6)

where J is the inertia tensor matrix of the body in the satel-
lite reference system, it can be represented as:
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o is the angular velocity coordinate array:
w=[p q r]'.=p; O=q; y=r;

@ is the antisymmetric coordinate matrix of w:
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M is the torque coordinate array:
M=[M, M, M, )

Substituting the Eqgs.(7)-(9) into the Eq. (6), we
can rearrange the equations.
Torque around the x axis of the body:

M, =J,p—J;5F =350 — J,,0r +J,,0r . (10)
Torque around the y axis of the body:

M, = 3,0+ 3,,rp+J,p* = Jp,r* = Jg;pr. (11)
Torque around the z axis of the body:

M,g =5, —J,p—J;, P+ J,,0r . (12)

2.3. Dynamic equations

The body vertical equation:

mi=F,+F,+F,+F,, (13)

where F;(i=1, 2,3, 4) are the supporting forces of four

suspensions.

Fsi:ksi(zi_xi)+ci(2i_Xi)' (14)

The vertical displacement of the upper end of the
four suspensions can be obtained from the geometric rela-
tion in the Fig. 1 when there is a little roll angle and the
pitching angle, we can get:

X,=2+a0—-B,;¢/2; (15)

X,=z+a6d—-B;¢/2; (16)

X, =2—-bO0+B,¢/2; (17)

X,=2—-b0—-Bg/2. (18)
The vertical motion equation of four tires:

mZ =k, (¢, ~2) - F,. (19)

where ¢; is the vertical input of the ground, k; is the tire
stiffness.
The vehicle pitching movement equation:

M, =(F,+F,)a—(F,+F,)b+mghd. (20)
The vehicle roll movement equation:
B, B
M, = T(FSI - I:52)+?'(F33 - FS4)b+ mghg . (21)
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The vehicle yaw angle movement equation: The front wheels side slip angle:
M, =a(F,+F,)coss-b(F,+F,)+ a, =5
u
+(F, = Fy)sind+M, +M, +M,+M,, (22)

The rear wheels side slip angle:
where M (i=1,2,34) are the aligning torque of

v+br
wheels, F; (i=1 2,3, 4) are the lateral forces of the left a, = T
front, right front, left rear and right rear wheels of the vehi-
cle. Tyre side force:
The vehicle lateral force equation as follows:
4 FyleyZZkaf [V+ar_5j; (24)
[m+2miJay=(Fy1+Fyz)c055+(Fy3+Fy4). (23) u
) FL=F, —k O (25)
2.4. The lateral force v TR
a b 2.5. The battery dynamics equation
Y y v . : L
iy - Supposing the battery pack is a cuboid rigid body
u ar v br installed in the center of the chassis. The four corners of
X the cuboid bottom surface are used for fixing the devices in
g
N the body of the vehicle, which is regarded as four springs

b :% r e S with elastic rigidity k. Due to the pitch, roll and vertical
movement of the vehicle, the base, which is used for fixing
battery springs, will be changed in the movement of the
corresponding vertical direction, it can be considered as an
input signal for the battery pack model, as shown in the

Fig. 2 The schematic diagram of vehicle steering

The geometric relations are obtained from the

Fig. 2. Fig. 3.
B: B
L
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1

Fig. 3 Top view of model

The forces of four corners of the battery pack Gp=2-0(L,+L,/ 2)_¢(|_a -L,/ 2); (28)
F, (i=1 2,3, 4) are shown as:
( oo ) U, =2-0(L,+L,12)=g(L, +L,/2); (29)
Fi=k(a,; —z,)+c(d,; —Z,)- (26)
gl gl gi gi gi
Qs =2-0(L,—L, /2)-¢(L,—L,/2); (30)
Regard the battery as four parts, there are:
) Gga =2-0(L, - L, 1 2)-¢(L, +L,/2). (31)
mz,
4 Fy =0. @7 The vertical motion equation of the mass center of

battery pack:
The geometric relations are obtained from the .
Fig. 3: myZ, _Fgl_ng_Fg3_Fg4 =0. (32)



The pitch motion equation of the battery pack:

Loy +a, (Fyy+Fyp)—by (Fys + Fyy )= 0. (33)
The roll motion equation of the battery pack:
Loty — By (Fyu —Fyp )/ 2=By (Fys—Fyy)/2=0.  (34)

The vibration attenuation of battery can be calcu-
lated by the above equations under the circumstance of

vehicle vertical input g (i =1, 2,3, 4), vertical, roll and
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pitch motion of battery and vibration transmission of road
surface.

3. The establishment and calculation of roll simulation
model

Table 1 shows the parameters from a remodeled
vehicle and its battery pack. White noise is the input signal
for the simulation. Road roughness is the Power Spectral
Density (PSD) Class E. The front wheels slowly turned
0.1 rad. The results are shown in Fig. 7-9.

Parameters of a 9-DOF vehicle model

Parameters Definition Value
m, kg Sprung Mass 1173
mi,ma, m3, ma, Kg Unsprung mass 50
Jux, kg m? X axis moment of inertia 1140
Sy, kg m? Y axis moment of inertia 3670
J.-, kg m? Z axis moment of inertia 1900
a, m Front axle to the barycentre distance 1.3
b, m Rear axle to the barycentre distance 1.58
Front wheel By, m Front axle width 1.547
Rear wheel Br, m Rear axle width 1.554
Ky, N/m The front bearing spring stiffness 24000
K, N/m The rear bearing spring stiffness 24750
¢, Ns/m The front shock absorber damping 3918
¢r, Ns/m The rear shock absorber damping 4310
ki, N/m Tire dynamic stiffness 216000
h, m Roll axis to the barycentre distance 0.3
mp, kg Battery mass 300
L, kg m? X axis battery moment of inertia 8.25
Iy, kg m? Y axis battery moment of inertia 13
k, N/m The battery pack holder stiffness 500000

Table 1

3.1. The establishment of simulation model

Based on the simulation model, we respectively
simulate the stability performances of the vehicle body roll

model, the battery kinetic model and the full vehicle and
the battery roll model on steady-state conditions of suspen-
sion parameters. Furthermore, we can model by using of
Matlab/Simulink. It is shown as follows [10]-[12]:

Out-vertical r:I |:|
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out-pitch cope
out-roll
battery2 41—. 1
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out-pitch
out-roll :I
Scopel8
battery3

Fig. 4 The full vehicle and battery roll model
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3.2. Simulation results

There are three critical factors: battery pack verti-
cal displacement, battery pack pitch angle and battery pack
roll angle, which are emulated by same coordinate of the
time, it is shown as Figs. 7-9. Based on the parameters of
automotive layout and the size of battery pack, we changed
vehicle suspension parameters and simulated again. Com-

97

parison of simulation results after the suspension parame-
ters changed as the Figs. 10-12 show. The results affect the
battery pack stability and the design of suspension and
battery pack parameters.

Fig. 7 shows the curve of battery pack vertical
displacement, X coordinate axle represents time (s). Y
coordinate axle represents battery pack vertical displace-
ment (m).
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Fig. 7 Battery pack vertical displacement curve

Fig. 8 shows the curve of battery pack pitch angle,
X coordinate axle represents time (s). Y coordinate axle

x 103

represents battery pack pitch angle (rad).
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Fig. 8 Battery pack pitch angle curve

Fig. 9 shows the curve of battery pack roll angle,
X coordinate axle represents time (s). Y coordinate axle

represents battery pack roll angle (rad).
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Fig. 9 Battery pack roll angle curve

The four suspensions stiffness values increased by
5000N/m, the results are shown in Figs. 10-12. The dotted
line in Figs. 10-12 stands for the situation after the suspen-

sion rigidity has been raised and the solid line in
Figs. 10-12 illustrate for the situation before the suspension
rigidity has been raised.
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Fig. 11 comparison of the pitch angle of the battery pack
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Fig. 12 Comparison of the roll angle of the battery pack

3.3. Analysis of the model and results

We can draw conclusions from the Figs. 7-9.
When the steering angle slowly increases to a certain val-
ue, then the roll angle of the battery pack increases to a
certain value too. It shows that the vehicle operates in a
steady-state circular motion in stable state. If the speed of
vehicle is not changed, then the battery pitch angle is un-
changed. The vertical displacement of the battery changes
little with the increase of the steering angle. It is because
the steering angle is set to a smaller upper limit value dur-
ing the simulation, and there is no large deviation in re-
sults.

And it can be known from Figs. 10-12, adding
damping of front and rear suspensions will bulk up the
vertical vibration amplitude of the battery, but the incre-
ment is relatively small. The pitch angle also increase, but
in the meanwhile the roll angle has reduced, because the

increase of suspension stiffness leads to the increase of roll
angle stiffness. From the view of simulation results, the
stiffness of the suspension is increased by configuring a
high performance shock absorber and a short spring. Alt-
hough it will inhibit roll, simply increasing the hardness of
the shock absorber and spring will cause a lot of negative
effects. On the one hand, the comfort of vehicles on the
uneven roads is poor; on the other hand, as the suspensions
cannot eliminate the road ups and downs, too many bounc-
es of wheels lead to the loss of adhesion. So the stability of
the battery pack has declined.

4, Conclusions

In this paper, the interaction of electric vehicle
roll and battery pack stability was analyzed. When all of
these impacts of automotive steering and vibration on body
and battery pack are considered together, a full vehicle roll



model of 9-DOF and Simulink model have been built to
analysis the problem. The influence of the suspension pa-
rameters was simulated by increasing the four suspensions
stiffness values. According to the calculated results, the
suspension stiffness is a critical influence factor for the
battery pack. When increased the four suspensions stiff-
ness, the stability of the battery pack has declined. And the
vibration is uncontrolled. Results obtained from this study
are summarized as follows:

1. The stability of the vehicle body and the battery
pack can reach an optimum value by the reasonable selec-
tion of the parameters of the suspension and the bracket;

2. Equipping vehicles with an active roll control
system, a new type of suspension control system. It has
become one of the hot spots in the development of auto-
mobile techniques.
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Yuezhen Fan, Jie Sun

STUDY ON THE INTERACTION OF ELECTRIC
VEHICLE ROLL AND BATTERY PACK STABILITY

Summary

As a key factor for the safety of electric vehicles,
electric vehicles are focused on battery pack stability rather
than vehicle dynamics. The stability of battery pack de-
pends on the performance of suspensions and battery sup-
porting system. Automobile suspensions can reduce the
bumps and vibrations that come from road unevenness. Its
purposes are to prevent the shock and vibration from trans-
ferring to the body, and reduce the vibration of the battery
pack. To improve the performance of suspension systems
of the electric vehicle and the stability of battery pack, the
paper proposes a study on the interaction of electric vehicle
roll and battery pack stability. 9-DOF vehicle vibration and
roll model was established based on analysis of movement
of the battery pack. Then simulation model was established
to check the result to get the reasonable suspension stiff-
ness by using Matlab/Simulink. The results show that the
stiffness of the suspension is increased by configuring a
high performance shock absorber and a short spring. Alt-
hough it will inhibit roll, simply increasing the hardness of
the shock absorber and the spring will cause a lot of nega-
tive effects.

Keywords: roll, vibration, stability, battery pack, electric
vehicle.
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