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This paper presents vehicle’s ride comfort performance evaluation after the conversion into an
electric vehicle (EV) and the possible ride comfort improvement by an active suspension
system have been investigated. The evaluations were done using a validated 7 degrees of
freedom of vehicle’s ride model. The mathematical modelling of the vehicle’s ride as well as its
validations was developed in order to predict the vehicle’s ride behaviours. The model was then
integrated with the active suspension system in order to improve the EV conversion’s ride
comfort performance. It was found that the modifications towards an EV conversion do not
affect vehicle’s ride comfort performance significantly, except it changes only the vehicle’s
vertical displacement, pitch rate and pitch angle responses. However, further application of an
active suspension system in EV conversion was found to be able to improve all of the observed
responses for ride comfort performance of an EV conversion by overall improvement of 71.1
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1.0 INTRODUCTION

The development of electric vehicle (EV) from the commercially
available vehicle model is becoming a trend nowadays due to the
global concerns in reducing the greenhouse effect which one of its
contributing factors came from the pollution from vehicles. An
electric vehicle that is being converted from a normal production
vehicle model usually known as an electric vehicle conversion or
EV conversion.

The electric vehicle is driven by an electric motor. It is either
used only two or four electric motors to move the vehicle.
Another common component that can be seen in an electric
conversion vehicle are batteries, AC/DC or DC/DC converters,
battery management system, pedal relays and others auxiliary
components such as electric power steering. Many research works
were found to focus on the electric vehicle’s electric and
electronic systems, but not many were found to focus on

improving EV conversion’s stability while manoeuvring. The
researches on EV conversion’s stability are mainly related to the
yaw stability control and traction system.

In yaw stability control of electric vehicle [1~4] it focuses on
controlling yaw motion of the electric vehicle by controlling the
operation of the drive motor. The drive motor, either two or four
are basically controlled in termsof its torque generation. While in
traction control system [5~8] the generation of electric motor
torque is controlled to ensure the wheel does not skid while
accelerating ensuring full control over the vehicle. This is done by
controlling the slip ratio of the wheel.

It is not clear how the modifications towards an EV
conversion affect the vehicle’s ride comfort and handling
performance; the level of isolations of the passenger compartment
from being affected by the harsh road profile and vehicle’s
steerability after the conversions. Typically, any conversion of an
internal combustion engine vehicle to electric vehicle involves
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some weight addition (or weight reduction). This is due to the
installations of the electric vehicle systems, i.e. battery system and
converters. Any weight addition or weight reduction on the
chassis will cause the vehicle’s weight distribution to change and
this can compromise vehicle’s ride comfort and handling
performance, as the current suspension system tuning was not
being designed specifically for the new weight and load
distribution at the front and rear axles. This paper will investigate
the effects of weight distribution changes on EV conversion’s ride
comfort when is subjected to random road profiles as well as
possible improvements that can be done using an active
suspension system.

2.0 EV CONVERSION RIDE MODEL

The development of seven-degrees-of-freedom (7DOF) vehicle
ride model in this study is based on [9] and [10]. The modelling of
the simulation model was made based on several assumptions. In
developing the mathematical model for an EV conversion it is
assumed that vehicle body is lumped into a single mass. This is
referred to as the sprung mass. The aerodynamic drag and lift
forces are completely ignored in this model. It is also assumed
that the vehicle will always remain grounded at all times and the
four tyres always in contact with the ground during manoeuvring.
The effects of anti-roll bars and the control arm are ignored in this
study, to reduce the complexity of the modelling and to prevent
simulation error. In modelling the vehicle model, the deflections
in pitch and roll planes are small and simplified with small angle
approximation. While for the tyre, it is modelled as a linear spring
without having damping characteristic.

Figure 1 shows the vehicle model while Figures 2 and 3
shows the model viewed from the front and side of the vehicle
respectively.

FRONT LEFT
SIDE SIDE

FRONT RIGHT

Figure 2 Rolling effect

REAR LEFT
SIDE SIDE

FRONT LEFT

Figure 3 Pitching effect

Based on the 7DOF of ride model in Figures 1 to 3, the
displacements of the sprung masses are given by;

a

Zgy =Zp +%‘%ar —Liacar 1)
a,

Zggy =Zp — czar Ocar — Lt tcar )
a

Zori =Zp + =2 Oar + Ly gar 3)
a,

Zoy =2y - czar Ocar + Lracar 4

with Zg; is the total sprung mass displacement (i =f for front, r
for rear and j=I for left, r for right), Z, is the sprung mass
vertical displacement at the center of gravity, 6, is the roll
angle and a,, is the pitch angle. The distance of the centre of
gravity to the front axle and rear axle are given by L; and L,
respectively. The value of L¢ and L, are depends on the weight

distributions at front and rear axles, where this has not being
emphasised in [8] and [9]; the position of the CGthe vehicle’s
wheelbaselocated at the middle of vehicle’s wheelbase. The
forces acting on each of the suspension (Fij) is the sum of the
spring force (Fg;;) and damper force (Fg;j) . These suspension

forces are given by;

Fa =Fsn +Fan (5)
Fer =Ferr + Fafr (6)
Fri = Fsr + Far (M
Frr = Fsrr + Farr (8)

In detail, the spring forces in each of the suspension system are
given by;

Fsit = Ksti (Zun —Zss1) (9)
Fstr = Kstr (Zutr = Zstr) (10)
Fsri = Ksri (Zur = Zsr1) (11)
Fsrr =Ksrr (Zurr = Zsrr) (12)
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with Kg;; is the spring stiffness of the spring, Zy; and Zg; are

the unsprung mass vertical displacement and the sprung mass
vertical displacement respectively at each side of the vehicle. The
damper forces are given by

Fafi = Csti (Zufi— Zst) (13)
Fatr = Cstr (Zufr— Z sfr) (14)
Fart = Cer (Zuri—Zsr1) (15)
Fdrr=Csr(Z urr—Z srr) (16)

with Cg;; are the damping coefficient of the dampers, Zuij and

z sij are the unsprung mass vertical velocity and the sprung mass

vertical velocity respectively. For the vehicle tires, it is modelled
as a spring and the force acting at the tires is usually known as
dynamic tire loads, F; . For each tire, their dynamic tire loads are

given by;

Fer = Kin (Zent —Zun) 7
Fite = Kitr (Zeir — Zufr) (18)
Firt = Kirt (Zer1 —Zun1) (19)
Firr = Keer (Zrer = Zurr) (20)

where Ky, Zyjj, and Z;;, are the tire stiffness, road input

displacement and unsprung mass displacement respectively.
Using Newton’s Second Law at the vehicle’s sprung mass,

the body vertical acceleration, Z,, can be determined by

Fg +Fg +F + Fre =MpZy, (21)

where My, is the total mass of the vehicle. Angular acceleration

during the roll effect, & is given by;

a(‘al‘ a(‘ar
(Fﬂ +F;~1)T_(Ffr +Frr) )

=10 (22)

xx "~ car

where a,, is the vehicle’s track width and 1, is the moment of

inertia about x-axis. The angular acceleration while the vehicle is
in pitch effect, & , it is given by;

(Fr +Fre )by =(Fg + Fe)bs =lyylcar (23)

with |yy is moment about y-axis . The acceleration of each

wheel can be calculated using

Fit — s — Fan = MynZun (24)

Fr — Fste — Fafe = MusrZufr (25)
Fert —Fsri —Fan = Murlzurl (26)
Ftrr - Fsrr - Fdrr = I\/Iurrzurr (27)

The ride model of the passenger vehicle was developed using
equations (1) to (27) by using Matlab/Simulink.

2.1 Ride Comfort Performance Evaluations on EV
Conversion

The developed ride comfort model was used to study the effect of
modifications on the passenger vehicle into an electric vehicle. It
is assumed in this study that the passenger vehicle is about to be
converted into an electric vehicle. The effects of weight
distribution in electric vehicle conversion which is typically
biased to the rear of the vehicle, due to the battery system are
investigated. The evaluations were done by considering two
weight distribution ratios; 60:40 and 40:60 weight distribution
(WD) ratios. The 60:40 weight distribution ratio is the assumption
of weight distribution before modifications while 40:60 weight
distribution ratio is the assumption ratio, after modifications are
done. The weight distribution used, determined the position of the
centre of gravity from the front and rear axles, Ls and L,

respectively. Below are the relation between weight distribution
and the distance of CG to front and rear axles:

W,

We ==L, (28)
L
W,

Wy ==L (29)

where W¢ W, and W, are weight at the front axle, weight at the
rear axle and vehicle total weight respectively.

H3.0 EV CONVERSION WITH ACTIVE SUSPENSION
SYSTEM

An active suspension system is considered in this study to
improve EV conversion’s ride comfort and handling performance.
A slow-active suspension system type is used where it consists a
conventional spring combined with hydraulic actuator.

3.1 Modelling of Hydraulic Actuator in Active Suspension
System

The modelling of hydraulic actuator for active suspension system
is based on [9]. The dynamics of hydraulic actuator is given by

: Ps —sgn(uy) P, Co
FA—Apa|:Cd1WU1 /%(‘“)L—ctm PL-Ap (s —xu) | (30)

where «,Cqy;,Cqp and Cyy, are constants while Ap,w, X =X, ,

P, and P_ are spool length, spool relative velocity, supply

pressure and pressure different respectively. Spool valve positions
uz and uz are controlled by a current-position feedback loop.

t uru=ky (31)
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Figure 4 Controller layout for SAS-controlled active suspension system

The parameters of used for hydraulic actuator model were taken
from [9] as the followings: Ap= 0.0044 m?, o = 2.273e9 N/m5,
Cd1=0.7, Cd2= 0.7, w = 0.008 m, Ps = 20684 kN/m2, p =3500,
Ctm = 15e-12, 7 = 0.001 sec.

3.2 Stability Augmentation System Algorithm

The stability augmentation system (SAS) [10] was used to control
the operation of the actuator in active suspension system. The
SAS operates by considering the motion of sprung and unsprung
mass as well as the vertical roll and pitch motions. The algorithm
basically consists of two controller loops; the outer and inner lips.
The outer loop is used to reject the effect of road disturbances
while the inner loop’s function is to stabilize the motions of
heave, roll and pitch. Figure 4 shows the controller layout of SAS
algorithm in the active suspension system for an EV conversion’s
ride model. An additional loop is considered in this study, which
is the loop of force tracking control. The 2" inner loop is used for
the force tracking control between the estimated damping force
from the algorithm and the actual damping force produced by the
hydraulic actuator.
The equation of the SAS algorithm is given as follows:

¢ 1, 1 1u
&L, +L) 2(L+L) 273, )
ér 0 é [ 1 1 & -z)-B.2.\
2,{::3_22@,;4_) T20+L) '2T£K:(ZM ) B:.ZE
%,3—2# 1 i@q(qr,-q)-B,,q. 3
& .a @2(L,+L,) 2(L+L) 2T €K, (a, - a)- B,a U
e L 1ol @)
(L, +L) 2(L,+L) 2T §

é : u
ézuﬂ - Zg1) u

&2 Z)a
+Cdé .u/l' sfi [_,j

u
&Zuw- Zwm)U
é a

&Zur- Zo)l

where K,, K, K,.B,,B,: B and C, are constants (for the outer
loop) and damping coefficient (for the inner loop) respectively.

The parameter value in the SAS algorithm can either be tuned
manually or by using any available optimization method, towards
an optimal ride comfort performance i.e. genetic algorithm
optimization method. In this study, a systematic tuning procedure
is used, in tuning the parameter values in the SAS algorithm. The
tuning was done by focusing the search for parameter value in the
outer loop, followed by the 1t inner loop and 2™ inner loop.
Figure 5 shows flow for the parameter values tuning in SAS
algorithm.

1. 1% Inner Loop Tuning
Once the values of K and B was confirmed to give the lowest
value of CRMS for heave, roll and pitch, the tuning in
searching the value of the damping coefficient, Cq is started.

Table 2 is used to assist the tuning effort for the 1% inner loop.

Outer Loop Tuning
(For Disturbance Rejection)

v

1st Inner Loop Tuning
(Stabilization)

v

2nd Inner Loop Tuning
(Force Tracking)

Figure 5 Manual tuning procedures for SAS algorithm

2. 2" Inner Loop Tuning
The 2™ inner loop is used for the purpose of force tracking
control. Based on the rigorous work it was found that only
proportional gain, P affects the force tracking in the simulation
model. Table 3 is used to assist the tuning effort for the 2"
inner loop.

Based on the tuning work done, it was found that the value for K
and B is 1e6 and 1e5 respectively. The tuning done for 1% inner
loop gave the value for Cyq is 0. As the value of P (in the 2" loop)

is 18.
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Table 1 Tuning table for the SAS system’s outer loop

Kz\Bz 0 10 1000 10000 100000
0| CRMS1 CRMS8 | CRMS15 | CRMS22 | CRMS29 | CRMS36
10| CRMS2 CRMS9 | CRMS16 | CRMS23 | CRMS30 | CRMS37
100 CEMS3 | CRMSI0 | CRMSI17 [ CRMS24 | CEMS31 | CRMS38
1000 CEMS4 | CEMSI1 | CRMSI18 | CRMS25 | CEMS32 | CRMS39
10000 CRMSS | CRMS12 | CRMS19 | CRMS26 | CRMS33 | CRMS40
100000 CRMS6 | CRMS13 | CRMS20 | CRMS27 | CRMS34 | CRMS41
1000000) CRMS7T | CRMS14 | CRMS21 | CRMS28 | CRMS35 | CRMS42

Table 2 Tuning table for the SAS system’s 1% inner loop

Cd (Nsfm)| 0 100 | 200 | 300

500 | 600 | 700 | §oo | %00 | 1lood

CRMS | CRMSI | CRMS2 | CRMS3 | CRMS4 | CRMSS

CRMS6 | CRMST | CRMSE | CRMS9 |CRMS10{CRMS11

Table 3 Tuning table for the SAS system’s 2nd inner loop

P 0 1 2 3

18 19 20

CRMS | CRMS1| CRMS2 | CRMS3 | CRMS4

CRMS18|CRMS19|CRMS20

Figure 6 Random road profile input

4.0 RANDOM ROAD PROFILES INPUT

The random road profiles were used to simulate the EV
conversion ride comfort performance when it is driven on a rough
terrain. The worst case scenario of road profiles for the EV
conversion was selected due to the fact that the developed
simulation model has been validated to be reliable in representing
roll and pitch behaviour of the vehicle. Figure 6 shows the
diagram of timing of random road profiles, subjected to the
simulation model.

The random road profiles of the simulation model were
generated based on the timing of front and rear wheels hit the road
profiles. It is assumed that at the front wheel the inputs were
generated at the time equal to T while the rear wheels will only
have the same input as the front wheel after a while, which is at

the time is equal to T +(Ls +L,)/V . However, in order to create

the roll and pitch effect simultaneously, the timing for left and
right side of the vehicle need to be slightly different. Below are
the timing for the inputs given to the simulation model

TFL :Tl (33)
Tr =T (34)
L¢ +Lr
TeL =T JLertn (35)
\Y
Le+L
TRR :TZ +—( fV r) (36)

with Tg , Teg Tre and Tgg are the hitting time for the front left,
front right, rear left and rear right wheels respectively.
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5.0 SIMULATION RESULTS

Table 4 shows the ride comfort performance of the vehicle before
the conversion, after the conversion as well as the EV
conversion’s responses with the active suspension system. Based
on Table 4, it can be seen that that there are no significant changes
occurred on the observed responses as the result of the
modifications towards an EV; except for the vertical displacement
response for both of the wvehicle models. It seems that the
modification into an electric vehicle is causing the vehicle to have
a higher vertical displacement peak when the vehicle is subjected
to the random road profiles input. Pitch motions (pitch rate and
pitch angle) were also observed to change. This is happening due
to position changing of the CG. In a normal vehicle, the CG is

Saiful Anuar et al. / Jurnal Teknologi (Sciences & Engineering) 71:2 (2014) 113-120

located near the front axle and when the wheel hit the bump, the
vertical displacement peak would be higher, compared when the
rear wheel hit the bump. As for the EV conversion, the CG is
biased to the rear axle, therefore when the front wheel hit the
bump; the vertical displacement magnitude peak is not as high
when the rear wheel hit the bump.

As for the improvement made by the active suspension
system, it is observed that in general the active suspension system
was able to improve all the observed responses for EV conversion
ride behaviours. The most significant improvement that made by
the active suspension system are in improving the vertical
displacement and roll angle responses of the vehicle. The active
suspension system controlled by the SAS algorithm functions by
lifting up the vehicle when the wheels in the pothole

Table 4 RMS values of the studied responses during random road profiles input

. . : . Improvement
60:40WD 40:60WD Active (40:60) Over 40:60WD (%)
Jerk (m/s?) 248.4 249.2 0.9226 99.6
Vertical Acceleration (m/s?) 1.544 1.5444 0.384 75.1
Vertical Displacement (m) 0.007492 0.007714 0.000275 96.4
Roll Rate (rad/s) 0.002313 0.0002398 0.002187 8.8
Roll Angle (rad) 0.0006160 0.0006170 0.0001131 81.7
Pitch Rate (rad/s) 0.0034730 0.0037490 0.002107 43.8
Pitch Angle (rad) 0.0005553 0.0005598 0.00004424 42.1
Jerk
400
300 |
200
:? 100 Il l l
0
E o
E 00 § 5
-200 1 || IR T I - ' T L) T 1
-300
400
Time(s)

| —WD60:60 — WD40:60 —— WD40:60{Active)

Figure 7

Jerk responses

Vertical Acceleration

—

LU

Acceleration(m/s*2)
b dfa o amwswmo

Time(s)

| —WD60:60 — WD40:60 ——WD40:60(Active)

Figure 8 Vertical acceleration responses
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Figure 9 Vertical displacement responses
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Figure 12 Pitch rate responses
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Figure 13 Pitch angle responses

6.0 CONCLUSIONS

The modification of a normal passenger vehicle into an electric
vehicle was found not to significantly affect the vehicle’s ride
comfort performance. The application of active suspension system
in an electric vehicle conversion was found to significantly
improve the vehicle’s ride comfort performance. However,
electric vehicle conversion’s ride comfort improvement made by
the active suspension would be depending on the algorithm used
to control the operations of the actuators in the active system. The
SAS used to control the hydraulic actuator in active suspension
system was found to be able to improve the ride comfort
performance of the EV conversion significantly
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