\l
o

a ¢ 2 du Y &Y
ﬂ1‘i?lﬂ’§1$?‘i!ﬁﬂﬂ‘§ﬂ1wﬂﬁmﬂﬁiﬂ\‘lsllﬂﬁ‘iﬂﬂﬁ\h\lf\hﬂ‘i%!ﬂ‘i’l‘W‘Hﬂ]

De

De

AeNTMINaeIMINamansMInasuNUTafven

MeNaNHE! WINHNA

a a c’; I ' d! = (Y] a v A
IeniinusiiuaiunilavesmsanmmunangasliyanImnssumansumiudia
MUNIFIAINTINMSHAN

a U =S =
umIngnagnalulaggsmns

= =3
Umsanw 2560



THE CORNERING PERFORMANCE ANALYSIS
OF LOW FLOOR ELECTRIC BUS USING

MULTIBODY DYNAMIC SIMULATION

Ekalak Prompakdee

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Engineering in Manufacturing Engineering
Suranaree University of Technology

Academic Year 2017



= Jd = ::‘1’ b s A c':
ﬂ'l‘iiillﬂ‘i1$‘I"i!ﬁﬂﬂiflTINﬂ1ilaEJ'JTF]ﬂ‘ll@ﬂiﬂﬂﬁllﬂﬁ1ﬂ‘iﬁ’,lﬂﬂw1iﬂ1

AeAEmMItavInanamaninsnaeuinuuafUen

L9

~ a = =) wag Yo o = o z:i’d T &
wnaneauma I laggsuis eysialn YAnentwuinafuuamn eI ANy

munangaIUIgnumriuge

= = o
AUZNTTUMTADUINGTUWUS

o/

J4
(9. 9595501 1J9ga)

525 1UNTTUMS

P

77
= @ d
(WAL, a3.gnne J1lUus)

o = P o
ﬂiiﬂﬂ1§(ﬂﬁﬂiﬂ%ﬂ%ﬂﬂ13W81uWUﬁ)

o Qd s o d
(0, 7. AUANA AIATTINIFA)

ATTUNT

rea

(NELEYFITTT GIIANIAana)

NITUNTI

FHIe— i by

) an o 0o A o

(fl. @9.607UA Llﬂuﬁ‘s) (371, 9.9. AT.NUATT "’]ﬂ“ﬂﬁ%ﬁ']ﬁﬂ)
o =0 = g @ o =) o
59490505 UARIEIINS ﬂmUaﬂTUﬂ?ﬂﬂ'ﬁﬁﬂﬂﬁﬁuﬁ']ﬁﬂS

wazwarauiluana



ndneel weusng : mydnsziaasmwmsEen Idswessave Ifhsznming
AT NISIaeInawa eI Ms AU AR UeR (THE CORNERING
PERFORMANCE ANALYSIS OF LOW FLOOR ELECTRIC BUS USING
MULTIBODY DYNAMIC SIMULATION) 819156#11/3nw1 : §oaesnansiasd

= o d o
as.ganY JUTUE, 105 i,

o ow g a) =Y =% o aﬁ’ :5
nutedumslszlivadosnmwmeanamanisa laseans Ilihnud luanznis
ﬂsll Y ol o o w o c‘l‘ =y d 1
@3 1de A5 mssiaeamenamaninuuiadueauu llsunsuneufinmessaolunis
= g = = o i 1
ANTIEH MSC ADAMS/Car Tumsanw laGuduninsandmiagagudalesa lagens i
éj o ey = o = . @ = kY o
WAt msamseiuu llsunsunouiamesswiumsmaaeusss vinu ldmsatie
o & -rf ° @ Al { § a o
upudnesnses Idsvessa Taoes Ifhitudineldaniesadianudened medinsed
= o dy 4
WRANIIUNNamaafeuouduazn1sael Idsveswansznuainnisal feuulag
' = a0 o é; @ 1 g o 1 @
ATNTRBIAN ) A9 1) Faaaunisnsgaieiminluuuleifmamivds (Front:Rear
1 Qs = C{ o
weight distribution ratio) 2) A1¢ wsEANTUIIA L9098 onii -H a9 (Front-Rear cornering
1 o ) qc‘ = 1 Q’ g dl o
stiffness) uag 3) MdvseEnsanuGuamusznidetuiivauu Moiigaldiminaaey
a A ~ ) = o =2 ' ~ < 9 = 1
BuNenSousudududunansTmsed vianans@nymumnmnandinesdiinade
a & v ' Y a A Y W Y a A
nganssuluvnzsamer ldwazdawaltinanisduloavesdendawinnidonstmiedn
] ] ] £
Fund1 91013 12T (Oversteer) Failoin1sn1dnsinsnldsunilasyudevmuzi@onIde
1 ' 3 ]
(Understeer gradient) nlaudhIndgudnioaniiziisn lasas IWffiud Siadosniwnis
v oo dy -ﬂ'dc’i 1 ti' ar 1 %\J w d.' 1 ar 1 =
deRuasnange wunndagaumsnszneimviinluiuwsiimeaniivas whdu 50:50 3
v b3 rd
monmsfavuutlaayudevazi@ed TR 1Ny 2.49 deg/g uazarduilszEnsusagrudis
Yo ideniuaznde (M1 3,000 N/deg taz 5,000 Nideg ude Sadasinisalasunag

b T I’ i
yudounz@en TRUMINY -0.29 deg/g Tuaaziaduilsz Gnsanudoaniuseniado sy

a

o

L Al oW = Y -=5!.J F VoW A
DUUMINDY 0.9 UA1oas1veansilasuulasyndovaziter IRUNIAY -1.31 deg/e Tauilorh

&l e

- 4 T w a £ = =
ﬂ'li’]lﬂ‘i'l%‘l’?Nﬂﬁ'ﬂ'ﬂﬁuﬂ\iﬂ'}'mhl? W‘}J’J‘]ﬂ1ﬁﬂJ‘]J‘§$ﬁ1fl”ﬁLLS\‘]ﬁ?ﬂﬁ?ﬁﬂ@ﬂﬁﬂLﬂﬂW?iﬁJlﬂﬂﬁ'Vlll
1 g 9/ d' c? drl [ = U o
ﬂ?1ﬂ13ﬁﬂﬁﬂi§ﬂu$ﬂﬁlﬁﬂﬁiﬂ\3ENT'I’&:(@ ui’)ﬂmﬂuEll't]"ﬂ1ﬂ'lSt‘ﬂdifJ‘UmEl‘!Jﬁ%T’T'J"I\'iﬂ'ISTI']ﬂﬂQ‘lJH

=Y o @ =Y H 1 ~ ar
Tdsunsunpuiameinuminaaaussawan laum lndifeeny

~ = =y A A @ = /%0
VNI AAINTIUNTINARN MYNITDUNANE

[ &7
Un1sfinm 2560 Aei0%9019156N1/3 NE1 /@TV‘/N




EKALAK PROMPAKDEE : THE CORNERING PERFORMANCE
ANALYSIS OF LOW FLOOR ELECTRIC BUS USING MULTIBODY
DYNAMIC SIMULATION. THESIS ADVISOR : ASST. PROF. SUPAKIT

ROOPPAKHUN, Ph.D., 105 PP.

LOW FLOOR ELECTRIC BUS/ CENTER OF GRAVITY/ FRICTION

COEFICIENT/ CORNERING STIFFNESS/ UNDERSTEER GRADIENT

The research is to evaluate the dynamics performance of low-floor electric bus
base on cornering condition using multibody dynamic simulation via computer
programs (called MSC ADAMS/Car). Firstly, the position of the center gravity was
estimated by the method of computer program together with the actual test. Secondly,
the three-dimensional (3D) model of low-floor electric bus was simulated under
constant cornering conditions. According to the dynamic performance analysis, the
total of three effective parameters following as 1) the proportion of front to rear
weight distribution ratio 2) the magnitude of front and rear cornering stiffness 3) the
friction coefficient between tire and road were then evaluated. Finally, the actual test
was performed to compare and verify the simulated results. The results revealed that
three parameters were affected to dynamics cornering performance and the low-floor
electric bus trend to exhibit sideslip behavior in rear wheel more than front wheel or
éalled oversteer phenomena. According to the optimal understeer gradient value, the
50:50 proportion of front to rear weight distribution ratio displayed value of -2.49
deg/g. The magnitude of front and rear cornering stiffness were 3,000 N/deg and
5,000 N/deg exhibited the low valuable of understeer gradient as -0.29 deg/g. In

addition, the value of the maximum friction coefficient between tire and road were 0.9



shown that high cornering performance as -1.31 deg/g. For the sensitivity analysis
among parametric, the magnitude of cornering stiffness was importance parameter
affect to the response of dynamics performance under cornering condition, especially
in the magnitude of front cornering stiffness. Moreover, the comparison results

between acute testing and simulation display in the same trend.
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Slip angle of the front tire

Slip angle of the rear tire

Side slip angle of vehicle

Front wheel steering angle

Inner radius

Outside radius

Lateral acceleration at vehicle Center of Gravity
Effective cornering stiffness of the front axle
Effective cornering stiffness of the rear axle
Understeer gradient

Wheelbase

Front axle weight

Rear axle weight

Turning radius

Vehicle speed

Total mass

Friction coefficient

The lateral force

The normal force

Gravitational acceleration
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518 Override Mass Properties [ 2¢

I Override mass: 1000.00kilograms z

[7] override center of mass:

>

-52.24mm Z: | -787.79mm e

i

338.36mm

As defined in; | Assembly coordinate system (default)

["] override moments of inertia:
(@ Enter principal axes and principal moments of inertia

Enter reference frame and moments of inertia
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5[5 Mass Properties a l‘_‘:‘ X

(r% Layoutl-1.SLDASM

[ Override Mass Properties... ] [ Recalculate ]

[V]Include hidden bodies/components

[7] Show weld bead mass

Report coordinate values relative to:I Coordinate System1 v I

Mass properties of Layoutl-1 -
Configuration: Default B
Coordinate system: Coordinate Systeml

Mass = 5824.20 kilograms

Volume = 5517247510.35 cubic millimeters

Surface area = 482171339.21 square millimeters

m

Center of mass: ( millimeters )
X = 3667.67
¥Y=-1514
Z=1386.62
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[ Assembly; ?Subsystem I msc_bus_rigid.msc_bus_rear_suspension j Name Filter: | *
loc x loc v loc z

hpl_drive_axle_loc 9459.0 -305.73 153.054
hpl_hub_loc 9405.9 -904.1 158.4
hpl_hub_to_axle 9405.9 -874.1 158.4
hpl_inside_whi_cntr 9405.9 -693.447 158.4
hpl_lwr_spring_seat 9768.6 -392.1 451
hpl_outside_whl_cntr 9405.9 -1090.0 158.4
hpl_shock_to_axle 9520.2 5203 776
hpl_shock_to_frame 9625.5 -512.5 602.1
hpl_trailing_arm_to_axle 9405.9 -450.0 100.0
hpl_trailing_arm_to_frame 8758.6 -450.0 100.0
hpl_upper_spring_mount 9768.6 -392.1 3913
hps_center_of_drive_axles 9405.86 0.0 158.41
hps_origin 2000.0 0.0 -600.0
hps_panhard_link_to_rod 9440.0 265.0 500.0
hps_panhard_rod_loc 9437 .61 ;-60.2196 512.99
hps_panhard_rod_to_frame 9440.0 -360.0 515.0
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8 Full-Vehicle Analysi

Full-Vehicle Assembly I msc_bus_rigid j
Output Prefix l

interactive v

Simulation Mode

Road Data File I mdids://acar_shared/roads tbl/2d_fi
Output Step Size l 01

Gear Position _I m

Turn Radius |50

Length Units Im—L|

Turn Direction ;mi

Control

Duration of maneuver
Initial Velocity

Final Velocity
Velocity Units

I~ Shift Gears

{(7 velocity ¢ lateral acceleration

|50
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50

km/hr x
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The Influence of Weight Distribution on the Handling Characteristics of
Intercity Bus under Steady State Vehicle Cornering Condition

Ekalak Prompakdee’, Pornporm Boonporm? and Supakit Rooppakhun?

"School of Manufacturing Engineering, Institute of Engineering, Suranaree Universily of Technology, Nakhonratchasima, 30000 Thailand.
2School of Mechanical Engineering, Institute of Engineering, Suranaree University of Technology, Nakhonrafchasima, 30000 Thailand.

Abstract. The vehicle cornering behavior is an important performance in handling stability especially for the intercity
bus. Accordingly, one of the significant parameters concerns the weight distribution which is affected by the center of
gravity (CG). In this paper, the effect of weight distribution while varying the turning radius is compared and it
should be expressed, and interpreted by understeer gradient which is influenced by the location of CG. The
characteristic of intercity bus was modeled and evaluated using the multi-body dynamic analysis software. The
analysis has been conducted under steady state cornering based on a total of three configurations, with front/rear axle
weight in percent, as 40/60, 45/55, and 50/50.The results stated that the magnitude of weight distribution on front axle

of bus in a range of 40% to 50% caused the incr

| value of understeer gradient and it was also increased as three

times in each turning radius since the difference lateral slip angles between front and rear are expanded.

1 Introduction

Nowadays, travelling by means of intercity bus in
Thailand plays an extremely important role. From the
department of land transport statistics, there are more
than 35 million passengers for the intercity bus passenger
[1]. Consequently, the number of intercity bus accidents
should be taken into consideration and the root causes
came from its yaw stability during cornering. It required
both static and dynamic tests for this safety issue [2]. The
static stability test related the vehicle’s rollover resistance
is a calculation of the center of gravity that affects from
the significant parameters of vehicle weight distribution
such as the position of engine, transmission, axle and
other component [3, 4]. In case of dynamics, the subject
deals with the study of vehicle response related to driver
input, ability of the vehicle to stabilize its motion against
external disturbances and ride characteristics of vehicle
[5-7]. The vehicle handling performance including the
stability control were the crucial factors involved to the
standard tests consisted of lateral acceleration, roll
moment, braking performance, and CG position [8, 9].

Generally, the most autonomies safety systems such
as antilock braking, traction control and stability control
have been introduced in passenger vehicles but in such
systems like heavy vehicle (e.g., truck and bus) requires a
sound knowledge of the steering response characteristics
under both steady-state and transient conditions as well as
handling performance [10]. However, the research related
to the study of dynamics response during cornering of the
heavy vehicle.

Therefore, the study aimed to evaluate the handling
characteristics of a typical intercity bus under steady-state
cornering condition. Using the multi-body dynamic
model and simulation, the effect of weight distribution
including various turning radius of intercity bus to
handling characteristics (e.g. lateral acceleration, slip
angle, and understeer gradient) were conducted. The
understeer gradient can be evaluated by operating the
vehicle around a constant radius turn and observing
steering angle versus lateral acceleration.

2 Steady state vehicle cornering

The well-known bicycle model is considered in order to
identify the relationship among the various parameters
like lateral, longitudinal as well as yaw dynamics. In
figure 1, X-Y earth fixed coordinate frame is defined in
direction like east and north and x-y-z rotating frame at
the vehicle’s center of gravity. Assuming plane
kinematics, the rotation angle about vertical axis, called
yaw angle (i) , is taken into account.

To define the relationship between the fix frame X-Y
and the rotating frame x-y, the acceleration analysis is
perform. Let »=—Rj, the acceleration of rigid body is
defined as

@ =yl —R))) + oo~ R))+ 2k R)) + ¥ + 3 (1)
So that the lateral acceleration is

= =D, v
ay =y R+ (2)

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
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License 4.0 (http://creati g y/4.0/).
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The term 7 is interesting because it shows the
vehicle slip so that side slip behavior cannot be negligible

Figure 1. Steady state vehicle cornering condition.

Steady state cornering is the practical test in order to
verify the handling characteristics. The aim of this test is
to determine the understeer gradient of difference
configuration of weigh transfer. The front and rear wheel
slip angle denote by a, and«, , respectively as shown in
figure 1. The instantaneous turn center O of the vehicle is
the point at which the two lines perpendicular to the
velocities of the two wheels meet. Under the assumption
that the road radius is much larger than the wheel base of
the vehicle. From the geometry, we have the relationship
of the steering angle & that can be approximated as

5 E
-0 -1 z; 3)

Consider the dynamics equations, &, and <, are

related to the forces acted on tired and the small slip is
assumed so that the lateral tired force is proportional to
its slip angle with the constant called cornering stiffness
for front C, andrear C,

The steady state steering angle in equation 3 can be
rewritten to

L L (m I
o, —o, == H| el S| )
R R |2¢, 2G JR
or
- /
0=F+K’a’ (5)

In this case of understeer, the understeer gradient X

should greater than zero due to a larger slip angle at the
front tires compared to the rear tires. The relationship
between weight transfer and wheel slip angle is
interpreted in following equation 6.

ﬂl’ m'
—>—L=a. >a 6
¢ C = ©

! ¥

3 Multi-body dynamic simulation

The basic information required to understand multi-body
dynamic simulation is its mathematical formulation. It
also explains how lateral forces are generated while a
vehicle turning, and their relation with the slip angle and
lateral acceleration as well as understeer gradient. The
intercity bus model is used to conduct for estimating
vehicle handling characteristic as shown in Figure 2.

Figure 2. Location of Center of Gravity (CG.)

Table 1. Specification of intercity bus

Parameters Bus model
Gross Vehicle Weight 1,8000 kg
Overall Length 12,000 mm
Wheelbase 5,139 mm
Front 2,120 mm
Track Width
Rear 1,780 mm
Front Coil Spring
Susp
Rear Coil Spring
Front Axle Double wishbone
Rear Axle Rigid axle
Tires 318/80 R22.5

3.1 The virtual intercity bus model

According to the virtual model of intercity bus model, the
multi-body dynamic model has been carried in MSC
ADAMS/Truck tool (MSC software). Table 1 showed the
specificaiton of intercity bus model. The virtual model
consised of sub-system as following: chassis body,
powertrain, steering system, anti-roll bar, wheel model,
front and rear suspension system. Table II display the
weight distribution of intercity bus model and the
distance of CG position from front axle in this study.
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Table 2. The weight distribution of an intercity bus model

Lavout Distance from % WD
ayou front axle F/R)
I 3,083 mm 40/60
I 2,826 mm 45/55
I 2,570 mm 50/50

3.2 Steady state cornering condition

The vehicle dynamic test under steady state condition
was virtually simulated on a total of nine conditions. A
three constant cornering radius consisted of 50-m, 75-m,
and 100-m was performed in each difference weight
distribution. For the test, the wvehicle models were
maneuvered on the test track at initial longitudinal
velocity 12 km/h for left turn. The data were carried out
by 0.1 interval time up to 30 km'h under 50 seconds on
the flat track.

4 Results and discussion

According to the result, the firstly is investigated the
lateral translation or lateral slip 7 explained in equation
2. Normally, the lateral acceleration rises related the
curvilinear motion, because of the change in direction in
vehicle rotating frame which should have the wvalue
as yx(yxr) . However, the side slip phenomena occur
and lead to instability in the real environment. Figure 3
show the value of lateral slip acceleration ¥ form each
layout model, and the result also show that the increased
vehicle speed of the bus have the more lateral slip
acceleration is arise. Consequently, the bus speed in
range of 12 - 30 kim'h is taken into consideration.

0.02

of <2 / 1
e M |
¥ A

2
b o
2 8

c. (m/s®)
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=

= L 4060
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0121 1
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Figure 3. The relationship between lateral slip acceleration and
the vehicle speed.

Lateral acceleration versus front wheel side slip is
depicted in figure 4. Following equation 4 and 5 the
relationship between the steering angle and lateral
acceleration is stated and it is shown that the slope of the
graph the understeer gradient. But in our cases, constant
steering angle input is deployed for three layouts with 75
meter constant turning radius. The steering angle and
wheel slip angle are associated and can be approximate

via the bicycle model from figure 1 by assuming small
rear wheel slip evidenced in figure 5. The slopes of these
are summarized in table 3.

—— 40/60
4 —— 45/55
—— 50/50

front wheel slip(deg)
w

003 004 005 006 007 008 009 01
lateral acceleration (g)

Figure 4. Front wheel slip angle versus lateral acceleration.

Table 3. Understeer gradient of each layout in various turning
radius condition

Understeer Gradient
(deg/g)
Layout % WD
ER) 50m | 75m | 100m
I 40/60 2.73 272 2.83
T 45/55 6.65 6.73 6.93
1T 50/50 92 9.04 8.98

Table 3 displayed the comparison of weight
distribution effective between the various turn radiuses.
Clearly, the increase in weight distribution on front axle
disclosed the increasing of understeer characteristic.
Regarding the magnitude of understeer gradient, the
result is closely agree with the N. Yu,, et al,, [10] which
reported the steady state handling behavior of transit bus
experimentally. The study revealed that the understeer
gradient for the bus left turn was experimentally
determined to be 5.1 deg/g. Generally, the understeer
gradient of a specific vehicle depend on the several of
parameters such as suspension spring stiffness, steering
ratio, and wheel alignment conditions, and weight
distribution, etc.

In addition, the theoretically understeer gradient is
directly proportion to the weight on front axle. That is,
the understeer gradient increases with the increase in
weight on the front axle. Therefore, with the increase in
weight on rear axle, the result exhibit tendency to
oversteer behavior [11, 12]. The trends of study results
hold well when compared with the theoretical
predictions. Thus, the conclusion can be draw that
obtained result are reliable.

Figure 5 showed the comparison of the front slip
angle and rear slip angle to confirm the understeer
characteristics in each configuration referred to equation
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6. The variation of slip angle of front and rear wheel
seems to be the same over the speed range. The slip angle
of front wheel increases when the weight distribution is
increased toward the front axle

40/60R75

6

g4

R

g2

® T S - T—

0 L 1 L 1 I 1 1 L

2 1 16 18 20 2 24 2% B 30
45/55R75

6

g4

R

g2

® VOR— —

o

2 1 16 18 0 2 24 2% 28 30
50/50R75

————

24

ke
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T P S e

6 a—

7 M 16 18 D 2 A pn
speed (km/h) — Rear wheel slip

Figure 5. The comparison between front and rear slip in some
cases as mentioned.
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Figure 6. Lateral acceleration determination

One another important parameter ensuring safety
during cornering is lateral acceleration as shown in
Figure 6 for the worst case. This value is not exceed the
threshold value of the heavy duty truck and bus which is
approximately less than 0.2g for the heavy duty truck
mentioned as our experience. ~Although this threshold
seems to be subjectivity, we did perform the experiment
in the passenger car and light pick up as reported in [13].
In our simulation range with maximum speed 30 km/h
during cornering, these values are far from the threshold.

Yaw rate evaluation should be mentioned although it
does not show directly the handling stability; it played the
important in stability control issue. We tried to compare
the rate for the layout I by varying the turning radius.
The yaw rate signal just slightly exceeds the desire yaw
rate which can be derived from lateral acceleration and
the velocity as

a,
Vs =5 M
5 ’vx +v;

We found that yaw rate increases when the radius is
smaller and it will increase when it drives faster. The
error between simulated and desired one is raised
concerning the faster speed. The results from other two
cases are in the same trend.

10, T T

yaw rate (degs)
@

e desired.

5l
18 20 2 24 26 28 30
speed (km/h)

Figure 7. Desired yaw rate and simulated yaw rate in layout
40/60 by varying the turning radius

Theoretically, in curvilinear translation motion the
vehicle speed should be in the tangent direction of the
travel path or vehicle longitudinal direction, but actually
lateral velocity occurs because of side slip. It is obviously
that the wvehicle moves in an undesired mode.
The side slip angle ( ) is defined as equation 8.

@®)

lateral speed (km/h)

55 L
18 20 22 24 26 28 30
langitudinal speed (km/h)

Figure 8. Bus speed in longitudinal and lateral direction using
R100.

In our cases of low velocity, mentioned in figure 8 in
layout I and III with turning radius 100 m. The lateral
speed is near to zero compare to longitudinal one, then
the vehicle speed is estimated as the longitudinal speed.
In the graph, we can point to side slip angle that layout [
has this value less than layout III, consequently, it can be
interpreted that model IIT tends to have more understeer
gradient than model I So that, it is the same way as
reported in table 3.
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5 Conclusion

Applying the multi-body dynamic simulation, the effect
of weight distribution in each layout with three different
turning radiuses to evaluate the vehicle handling
characteristic of intercity bus was performed. As the
results, the magnitude of understeer gradient increased
approximately three times when the weight distribution is
increased towards front axle. The variation of slip angle
of front and rear tires is responsible for the variation of
understeer gradient.
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Abstract

The Low Floor electric bus, which had been promoted
by the Government of Thailand, boost design technologies
and research in the automotive industry. In order to fulfill the
safety requirements regulated by the Department of Land
Transport of Thailand, it must undergo both static and
dynamic analysis. The vehicle dynamic comering behavior
plays an important role to demonstrate handling stability
especially for active safety. In this paper, we study effect of
the parameters of weight distribution and the road friction
coefficient, which were indicated in terms of understeer
gradient. The analysis had been conducted by ADAM CARS
based on the vehicle’s multi-body model. The analysis was
applied under steady state cornering conditions based on
three front to rear weight distribution configurations in
percent of 50/50, 45/55 and 40/60, and a lateral tire road
friction coefficient of 0.5, 0.7 and 0.9. The results show that
the greater the friction coefficient between road and tire, the
better handling behavior. The trends are in the same fashion
when the three weight distributions are varied and the 40/60
configuration has the smallest understeer gradient. But in the
real design we should consider other behavior like ride
performance and static analysis, so that the configuration of
45/55 is chosen in our real design.

Keywords: Center of Gravity, Comering Dynamic, Low
Floor Electric Bus, Understeer gradient, Bus handling.

DOI: 10.12792/iciae2017.046 254

1. Notation

In this paper, the following notation is used throughout:

a, =Slip angle of the front tire

a, = Slip angle of the rear tire
B = Side slip angle of vehicle
O  =TFront wheel steering angle
a

¥ =Lateral acceleration at vehicle C.G.

€ / = Effective cornering stiffness of the Front axle
C, =Effective cornering stiffness of the rear axle
K =Understeer gradient

L =Wheelbase

m, =Front axle weight
m, = Rear axle weight
R =Turning radius

V' =ehicle speed

m = Total mass

7

KL The lateral force

= Friction coefficient

£, = The normal force

g = Gravitational acceleration
¥ = Yaw angle

Y = Yaw rate

= Lateral slip acceleration

© 2017 The Institute of Industrial Applications Engineers, Japan




89

2. Introduction

Concerning mass transportation, a number of countries
have researched and developed a bus industry. So do
Thailand, domestic electric buses are promoted for design
and development tasks in order to achieve the main goals like
performance as well as safety issues.

Referring to the statistics from the Department of
Transport of Thailand, there are approximately 80,000
busses per year which have registered to serve more than 35
million passengers traveling by bus. Consequently, traffic
accidents are occurred by evaluating damage and dead about
600 million baht [1]. For this reason, in the bus design
process, both static and dynamic behaviors analysis is
required to indicate the safety of the bus. The static stability
test relates to the vehicle’s resistance to rollover, which
involves a pose of center of gravity.

The parameters of vehicle weight distribution can be
designed and calculated via the position of battery, air
condition, axle and other component. In the case of vehicle
dynamics, the subject deals with the study of vehicle
response related to driver input, ability of the vehicle to
stabilize its motion against external disturbances for purpose
of handling characteristics, especially cornering dynamic
characteristic[2] (e.g., lateral acceleration, side slip angle,
Yaw rate and understeer gradient) [3, 4].

This study is aimed at evaluating the cornering dynamie
characteristics of the Low Floor Electric bus under the effect
of mass distribution. The analysis had been applied by
ADAM CARS [5] based vehicle multi-body model under
thee steady state cornering conditions. Three possible
configurations front/rear axle weight distribution (in percent)
of 50/50, 45/55 and 40/60 are taken into account as well as
the variation of the friction coefficient in the wet to dry road
condition of 0.5, 0.7 and 0.9.  The handling characteristics
are mainly determined from understeer gradient wheel slip
angle and yaw rate. [7, 8] The understeer gradient could be
evaluated by operating the vehicle around a constant radius
turn by observing steering angle versus lateral acceleration.

3. Problem Definition

The evaluation of the cornering dynamic behavior of
buses [9] plays an important role to make it capable of
operating in the most of road condition safely. ~ So that there
are the cooperation between bus manufacturer Cherdchai
industrial co.ltd and Suranaree University of Technology for
design and development of electric bus in the theme of

255

weight distribution during steady state condition.

4. Steady State Vehicle Cornering Condition

To explain the cornering characteristic, a simple bicycle
model is considered in order to identify the kinematics
among the parameters like lateral,
longitudinal as well as yaw dynamics. In figure 1, X-Y
reference coordinate frame is defined using compass

characteristics

directions (e.g. east and north) and an x-y rotating frame at
the vehicle’ s center of gravity in longitudinal and lateral
dynamics respectively. In plane kinematics, one of the
rotation angle about z-axis, called yaw angle (¥ ), was taken
nto account.

To define the relationship between the fixed frame X-Y
and the rotating frame X-y, the acceleration analysis was
perform. The acceleration of the vehicle in global coordinate
frame is defined as

a=yxyxr+yxr+2pxr+i+j (1)

And the lateral acceleration is
ay =y R+j @
The term j is inléreslin.g because it shows that the vehicle

slip behavior and it cannot be negligible in some case of
operation as discuss later.

X

Fig. 1. Steady state vehicle comering condition.

Steady state cornering is implemented to verify the

handling characteristic which is aimed at understeer gradient.

As shown in figure 1, the front and rear wheel slip angle,
denoted by a, and ¢, respectively, are defined as the
angle between the longitudinal axis of the wheel and the
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velocity vector. The instantaneous turn centre JC of the
vehicle is the point at which the two lines perpendicular to
the velocities of the two wheels meet. It is assumed
throughout that the road radius is much larger than the wheel
base of the vehicle. From this geometry, we approximate a

kinematics relationship for the wheel steering angle & as:

5—af+zx,z£ 3)

R
Fyri |

¥

Fyro ‘A

Fig. 2. Lateral Force acting on the vehicle and the
components of friction force at each wheels [12].

2

V.
Fo=m ]‘2 =ma, @

Considering the dynamics model of the vehicle mentioned in
figure 2, there are lateral forces acted on the tires due to the
centripetal action during cornering following equation 4 so
that the wheel side slip angle, a; and ¢, are varied to
the lateral tries force. Assuming the small slip condition, the
lateral tire force is proportional to its slip angle with the
constant called cornering stiffness and they are denoted for

the front andrear asC; and C, respectively.
The steady state steering angle in equation 3 then can be
rewritten as:

é‘:%+af~a,:£+[ﬂ—

m, |
. ]R ®

3, 20
Or equivalently:
L
5= E+ Ka, ©)

Where £ is understeer gradient, In case of understeer
& should greater than zero due to a larger slip angle at the
front tires compared to the rear tires. The relationship
between weight transfer and wheel slip angle is interpreted
in following equation 7.

256

m
e @
c, ¢

v

The coefficient of friction is concerned the contact
surface between tire and ground. The faster the vehicle
negotiates a bend, the higher the coefficient of friction used
to prevent the undesired understeer behavior.

5. Multi-Body Dynamic Simulation

A multi body dynamic (MBD) system is a simulation
modeling method, consisting of solid bodies, or links, that
are connected to each other by joints that restrict their
relative motion. Motion analysis is important because
product design frequently requires an understanding of how
multiple moving parts interact with each other and their
environment. From automobiles and aircraft to washing
machines and assembly lines moving parts generate loads
that were often difficult to predict. Complex mechanical
assemblies present design challenges that require a dynamic
system level analysis to be met.

To study the cornering dynamic behavior of buses under
steady state and transient state conditions, multi-body model
of the bus had been built in MSC ADAMS CARS software
tool. The multi-body bus model was built based on the
specification in Table 1.

Table 1. Specification of Low Floor Electric Bus

Parameters Bus Model
GVW 18,000 kg
Total Weight 12,530 kg.
Front Axle Weight 5750 kg
Rear Axle Weight 6,780 kg.
Overall Length 12m
Wheelbase 65m
Track Width Front 2,096 mm.
Rear 1,300 mm.
Suspension Front Air Suspension
Rear Air Suspension
Tires 275710 R225
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air Condition
Rear Axe

Steering
Front Axle

Fig. 3. Low Floor Electric Bus model.
5.1 The Virtual Low Floor Electric Bus

According to the virtual model of the Low Floor Electric
bus model, the multi- body dynamic modelling had been
carried out in MSC ADAMS/ Truck tool (MSC software) .
The virtual model consisted of the sub-systems in the Low
Floor Electric bus specification, with the center of gravity
from experiments shown in figure 4.

o

Fig. 4. Experi;neﬁtél of Center of Gravity (CG.)
From the experiment realting to the center of gravity, the
front axle weight was found to be 5,750 kg, and the rear axle
weight was 6,780 kg, giving the weight distribution % (F/R)
of 45/55. For the height of center of gravity, it was necessary
to use the static stability factor (SSF), which is an at rest
calculation of the roll- over resistance based on exterior
dimension of vehicle. The SSF formula is
SSF =t/2h ®

Where £ is the track width of the vehicle (mm), and h is the
height of center of gravity (mm). The SSF of pick-up trucks,
vans and buses will be in the range of 1 to 1.3. For the

purpose of calculations herein, it is assumed to be 1.
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ssF=t 551=2096
2k 2k
h= 20296 >> 1048 mm

Fig. 5. Location of Center of Gravity (CG.)
Table 2. show the weight distribution of Low Floor Electric
bus model and the distance of CG position from front axle in
this study.

The basic information required to understand multi-
Table 2. The Weight Distribution of Low Floor Electric
Bus.

Layout Distant form % WD {FRR)
Front axle
CG1 3250 mm 5050
cG2 3520 mm. 4555
CG3 3900 mm 40660

body dynamic simulation is its mathematical formulation. It
explains how lateral forces are generated while a vehicle is
turning, and their relation with the slip angle and lateral
acceleration, as well as understeer gradient. The Low Floor
Electric bus model was used to estimate vehicle handling
characteristics required for the model.

5.2  Simulation condition

The vehicle dynamic test under steady state condition
was simulated virtually on a constant radius cornering test.
The aim of this test was to assess the lateral acceleration, side
slip angle, Yaw rate and understeer gradient of different
configurations of virtual model. The characteristics of the
test vehicle were investigated in a total of nine conditions:
three friction coefficients (0.5, 0.7, and 0.9) [11] at each of
three different weight distributions (front/rear axle weight in
percent, as 55/45, 50/50 and 45/55). For the test, the vehicle
models were maneuvered on the test track at initial
longitudinal velocity 10 km/h for left turn. The data were
carried out by 0.1 interval time up to 45 km/h under 50
seconds on the flat track.

5.3 Lateral Friction Coefficient
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The lateral coefficient of friction relates to the ease with
which a vehicle will skid on a road. It is the ratio between the
lateral force and the normal force acting on the contact point,
given by:

u= ©
F,
The maximum lateral friction coefficient is related to the
maximum forces that the tires can provide. It corresponds to
the value where the lateral force reaches saturation and there
is a risk of an exit route. Maximum friction was largely
related to road conditions and effects between the tire and the
road. It was an indication of road status and possible loss of
adhesion.  This parameter cannot be measured by
conventional sensors, so it requires an estimation technique
for its estimation based on available measurements and
tire/ road interaction models. The true values of friction
coefficient used by the simulator in the generation of the
dynamic parameters, for a dry road the maximum friction
coefficient is 0. 9 and wet road the maximum friction

coefficient is 0.6 [11].
6. Results and Discussion

Under steady state cornering investigation, the lateral
acceleration consists of two components as described in
equation (2) it was evidenced that the lateral acceleration
yaw rate and vehicle speed can be measured and calculated.
Both were not equal because of the lateral slip acceleration
cannot be measured directly, but by comparison. Its value
occurs and leads to instability in the real world. Figure 6
demonstrates the components among them. From each test
condition, the result show that the more increase of bus
speed, the more gap between them or slip accelerations were
raised and there were in the same fashion.

Acceleration (g)

15 20 2% 30 35 40 45
Speed (kmvh)

Fig. 6. Components of acceleration

In relation to the friction coefficient and slip, the lateral

force at each wheels determines the cornering behavior as
discussed in section 4. It was known that the lateral force was
roughly dependent on the square of vehicle speed, but the
friction forces at each wheel increased unfortunately not at
the same rate as the lateral force. It caused the bigger side
slip angle at wheel unequally because of the tire contact
geometry. Figure 7 shown the relationship between the
lateral forces in term of wheel side slip angle in case
mentioned below. The slopes of these graphs

12000
10000
8000

6000

Lateral force (N)

4000

2000

0 05 1 15 2 25 3 35 4 45 5
Wheel side slip angle (deg)

Fig. 7. The relationship between lateral force and wheel
side slip in the case of 45/55 weight distribution and
friction coefficient 0.5
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Fig.8 Comparison of front and rear wheel side slip angle in
term of speed for the 45/55 weight distribution model with
various friction coefficient.

Side slip plays an important role in understanding the
cornering behavior. We investigate and found out the
difference between them in order to calculate the understeer
gradient. At lower speeds, during the turn the direction of the
wheel side slips are shown in figure 9(a). They were in the
opposite direction, and from the kinematics analysis the
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velocity vector of the vehicle makes it behave like
understeer. In contrast, in figure 9(b) at higher speed, the
rear wheel slip was in the same direction as rear wheel slip
angle, causing the bus to also understeer with higher
understeer gradient.

AC
Low Speed /| ’

Turn direction

(@)

High Speed

|
Tum direction

®)

Fig. 9. Front and rear side slip during (a) lower speed 10-30
km/h and (b) higher speed 30-45 km/h
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Lateral acceleration (g)

Fig. 10 The relationship between front wheel steering
angle and the lateral acceleration.

Based on the result of steady state vehicle dynamic test,
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the understeer gradient by varying CG and friction
coefficient were evaluated. Understeer gradients were
derived from equation (5) by evaluating the slope of the
graph ( in figure 10.) between front wheel steering angle
versus lateral acceleration. The trend seems to be nonlinear
but it was approximated as bilinear curve during low speed
and high speed criteria, as stated in table 3 and 4.

Both table 3 and 4 displayed the comparison of weight
distribution and friction coefficient .The decrease in weight
distribution F/R ratio as 50/50 45/55 and 40/60 affect minor
change in understeer gradient. Unlike the variation of friction
coefficient, it was obviously shown the better handling
behavior. By the way all values are acceptable based on our
handling

experience of behavior.

Table 3. Understeer gradient of each layout in fiction
condition at velocity 10-30 kh.

Layout % WD Understeer Gradient (deg/g)
FRy 05 07 09
CG1 50/50 2:12 197 1.92
CG2 45/55 2.05 1.94 1.85
CG3 40/60 1.74 151 148
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Fig. 11 The relationship between understeer gradient
and friction and the weight ratio at velocity 10-30 km/h.

Table 4. Understeer gradient of each layout in fiction
condition at velocity 30-45 kh.

Layout % WD Understeer Gradient deg/g)
FR) 05 07 09
CG1 50/50 324 242 220
CG2 45/55 314 238 218
CG3 4060 274 186 162
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Fig. 12 The relationship between understeer gradient
and friction and the weight ratio at velocity 30-45 km/h.

7. Conclusion

Considering the multi-body dynamic simulation, we
studied the effect of weight distribution and friction
coefficient in steady state cornering condition. The vehicle
handling characteristic of Low floor electric bus was
performed via understeer gradient. The effect of various
friction coefficients are significantly in the same pattern when
varying the weight transfer configuration. The greater value
of the coefficient leads the bus better handling. The weight
distribution in format 40/60 seems to be the best understeer
gradient in compare to three models. But in the real design we
choose the 45/55 because of compromising other condition
like ride performance. In this study, the center of gravity at
low speed and higher speeds was not over than the value from
literature review. So that for propose in bus design process
should be realized require to know the weight of bus
component and design to get the highest balance of the bus.
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Abstract

Since people want to travel from one place to another, bus is one among the important road
transportation due to its low cost compared to any other. Bus industries have become a key factor to
drive the economic growth in Thailand. Regarding the bus design process, the structural analysis of
chassis is taken into account carefully because it concerns the passenger safety. Usually, the chassis
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which is used in bus assembly process in Thailand have to meet the legislation administered by the
department of land transportation. This regulation will increase passenger confidence during the use of
bus transport. According to understand the structural strength behavior, the knowledge on computer-aided
engineering design was employed in this research to evaluate the double-decker bus chassis which was
made by European bus manufacturer (Model A) and national bus manufacturer (Model B). The chassis
was modeled with three-dimensional surface elements using computer-aided engineering software. The
assumption of this study based on linearly static load including its mechanical property was considered
with linear isotropic elastic material. Regarding the comparison, the similar payload condition was applied
to evaluate the strength behavior of such two chassis model. The results showed that the magnitude of
maximum stress of the Model A- and Model B-chassis was found on the region connected between the
central and rear compartment (drop frame area) as following 247.34 MPa and 274.14 MPa, respectively.
According to the distortion energy theory, the calculated factor of safety of Model A- and Model B-chassis
revealed as 2.2 and 2.0, respectively. However, the structural stiffness per weight ratio of Model B-
chassis (0.73 N/mm-kg) discovered higher than Model B-chassis (0.41 N/mm-kg). In addition, the load
distribution on the front and rear wheel axles of both models was below the specification prescribed by
the standard of the department of land transportation.

Keywords: Double-decker Bus, Strength Analysis, Chassis frame, Finite Element Method.
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