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Abstract:-

Vertical and pitch dynamic responses are investigated and examined to improve the
critical speed of a road vehicle. The objective of this paper is to improve the road vehicle
critical speed by using new design of semi-active PID suspension equipped with conical
spring stiffness installed at front and rear wheels which has variable magnitudes of spring
stiffness that will depress the oscillations effectively. A numerical full road vehicle
simulation model comprising mathematical differential equations of operation with (9)
degrees of freedom and passive PID suspensions with helical shaped spring is constructed.
Mathematical differential equations of operation contain all rectilinear and angular
displacements of a road vehicle such as vertical displacements of road vehicle carbody
with the front and rear wheels. Also roll, pitch, yaw, and lateral dynamic responses are
included in the mathematical differential equations while a special technique is used to
transform these second order differential equations into first order to reduce the
computational time. Computer-aided simulation model with Matlab Program is adopted at
different speeds and different sudden step steer angles. In order to satisfy the reliability of
the adopted road vehicle simulation model, an experimental work using Hyundai-Tucson
2009 is carried out to examine the lateral and vertical dynamic responses of the road
vehicle carbody. In the present simulation model the critical speed of a road vehicle is
improved by 13.4% using semi-active PID suspension which is equipped with conical
shaped spring at front and rear wheels.

Keywords:- road vehicle dynamic; vertical response; pitch response; critical speed;
semi-active PID suspension

1. Introduction and moments which are introduced due

_ _ _ to the tire-road contact parameters will
The road vehicle dynamic behavior — create  undesirable  vibrations and

against the introduced forces and oscillations that are immediately
moments at the tire-road contact area transformed to the road vehicle

depends upon different conditions such carbody through a set of PID

as side slip angles, vertical tir_e load and suspension elements in which these
the present road surface quality. Forces
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vibrations in turn causing some
prospective mechanical problems and
influencing ride passenger comfort
during road vehicle instability. The
instability of a road vehicle during
motion subjected to different vehicle
speeds and different sudden step steer
angles is existed according to the
absent of a road vehicle control at a
critical value of vehicle speed which is
well-known as a critical speed.

This study is undertaken to improve the
characteristics of the road vehicle
handling by improving the critical
speed by means of using suspensions
with variable spring stiffness. Ride
passenger comfort is the main goal for
this research in which it is considered
as the research question. Many studies
and researches have been done in the
last years to improve the critical speed
of the road vehicle adopting
investigation on different dynamical
responses. In the study of Zuraulic V.
et al [1], the parameters important for
lateral dynamics of vehicles are
analyzed in order to establish the
values of the critical speed on the
moment of losing the stability. It is
concluded in the study of Akhilesh
Kumar Maurya et al [2] that the speed
at which maximum deceleration rate
occurred (referred here as critical
speed) depends on vehicle type and its
maximum speed. Also it is observed
that the critical speed (where
deceleration is maximum) depends on

vehicle type. A full-vehicle active
suspension system is designed to
simultaneously improve vehicle ride
comfort and steady-state handling
performance in the study of Jun Wang
et al [3]. In addition, this research
presents that the most common
measure  of vehicle steady-state
handling performance is the understeer
gradient [4], by which vehicles are
categorized into three types: neutral
steer, understeer and oversteer. In the
neutral steer case, the lateral
acceleration at the gravity center of the
vehicle will yield an identical increase
in slip angle at both front and rear
wheels. In the understeer case, the
lateral acceleration will cause more
front-wheel slip. An oversteer vehicle
could lose its directional stability at the
critical speed and vehicle understeer
gradient varies due to transient
maneuvers. In the present study the
vertical and pitch road vehicle dynamic
responses are investigated and analyzed
to identify the critical speed of a road
vehicle subjected to different vehicle
velocities and sudden step steer angles
with helical shaped spring of passive
PID suspensions.

2. Theoretical Study

The characteristics of the handling
performance of a Road vehicle are
proportional directly to the transmitted
forces and moments introduced
horizontally and vertically at the tire-
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road contact area as a result of steering,
braking and driving operations as well
as sudden external road disturbances as
shown in Figure 1.

=

|2
Fig.1 Forces and moments introduced at
the tire-road contact area of a road vehicle
The road vehicle motion undergoes
unstable state when the critical speed is
exceeded in which it could be
happened at the oversteer situation of a
road vehicle where it should be moved
with speed less than the associated
critical speed. In fact the directional
behavior of a road vehicle during
maneuver at different vehicle speeds is
highly dependent upon the
relationships between the side slip
angles of the front and rear tires
whereas the steady-state cornering
characteristics could be classified into
neutralsteer, understeer and oversteer
as shown in Figure 2. In understeer
situation the slip angles of the front
tiers are more than that of the rear tires
so we should turn the steering wheel
more than expected to maintain the
road vehicle on a desired path but
conversely the slip angles of rear tires
are more than that of front tires in

oversteer situation and we should turn
the steering wheel less than expected.
Neutral steering situation may be
existed when the slip angles are equal
for both front and rear tires

/ Neutral steer

Over steer Under steer

f @\ccclcration
b
-

Fig. 2 Classification of the steady-state
cornering characteristics

As shown in Figure 3, the steer angle
rapidly decreases until it becomes zero
at the value of the road vehicle critical
speed where instability starts to be
existed. In this figure it can be
observed that the ratio (L/R) plays an
important role in the classification of
the road vehicle cornering
characteristics where L is the wheel
base and R is the cornering radius.
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Fig. 3 Relationships between steer angles
and speed of neutralsteer, understeer and
oversteer vehicles

3. Mathematical Full Model of
Road Vehicle

Road wvehicle is mathematically
modeled with (9) degrees of freedom
including vertical displacement of the
road vehicle carbody and for the front
and rear wheels combining with roll,
pitch, yaw and lateral movements of
the road vehicle carbody as shown in
Figure 4.

Fig. 4 Road vehicle displacements
Mathematical differential equations of
operation for the full car road vehicle
model

Fig.5 Full car road vehicle simulation
model [5]

Expressing vertical, roll, and pitch are
derived as in the following equations
according to the road vehicle
movements and displacements as
shown in Figure 5. In which the full
road vehicle car is modeled with 9
degrees of freedom including vertical,
roll, pitch, yaw and lateral 5 equations
for the road vehicle carbody while 4
equations are derived for the vertical
motion of the front and rear wheels.
The equation of the vertical
displacement of carbody is [5],
mZ, = =2(Cr + C.)Z + CpZyy +
CiZyy + CrZys + CrZyy +
(=by + by)(Cr + C,)0 +
2(Cray — Cplay)0 — 2(Kr + K, )Z +
KiZyy + KeZyy + KpZoyys + K Z s +
(=by + b)) (Kr + K, )0 +
2(Kra, — Kra,)0 (1)
While equation of the vertical
displacements of front and rear wheels
are [5],
mWZW1 = CfZ — CfZW1 + Cfb1® —

. 1
Cfa19 + KfZ + (Kf — KT'f (b1+Dy)2
Ker) Zus + (Keby + Ky 5mim) 0

Zw
Kf(llQ + KT'f m + thzwl
(2)

: 1
Cfa19 + KfZ — (Kf - KT'f —(b1+b2)2

Kep) Zwa = (Kpbe + Koy 35-) 0 =
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Zw2
Kra,0 + K¢ e’
(3)

Coa,0 + K, Z — (K + K, —

" (by+b,)?
Ker) Zus + (Krby +

Kir b, b2) D+
Zyy
Kraze + Krr m + KtrZw3
(4)

+ KifZy

+

Cb,d +

1

CraZH + KTZ (K + Krr m +
Ker ) Zu (K by + Krr i ——)0 +
Kra,0 + Ky, m + KirZwa

()

The equation of roll angular
displacements for the carbody are
constructed as [5],

Ixxé = _[(bl - ?2)(Cf - Cr-)]Z. +
blcfZ.wl - bZCwaz - blchWS +_
b,CrZys — [ (b7 + b2)(C; — C, )]0 +

[(a1b1 - a1b2)Cf + (azb;y —

a,b,)C.]0 = [(by — by) (K, — K,)]Z +
bleZm - szfZWZ - blKrZWS +
by K, Zys — [(0? + bD)(K; — K,)]0 +

[(a1b1 - a1b2)Kf + (azb; — azbz)Kr]
(6)

Whereas the equation of pitch angular
displacements for the carbody are
constructed as [5],

Lyt = 2(a, s — a,C.)Z —
aleZ.W1 — alezwz + a, CTZW3 +
a2CrZyg + [(a1b1 —a,by)Cr —

(azbl - azbz)Cr]é) - Z(G%Cf +

a3C)0 + 2(ay Ky — a,K,)Z —
alezwl - alezwz + azKrZW3 +
Ky Zyg + [(a1b1 —a1b;) Ky —

(azby — azb,)K,. |0 — 2(aZK; +

a?kK, )6 (7)

Yaw and lateral motion  for the
carbody are constructed as the
following equations as shown in
Figure 6. Yaw motion of the carbody
can be expressed as the following
equation,

L, = 2l;Csbcosé —

(ZI{]Cf cosd) (Zl]? i 6056) P+
21,5y = 21254 + 2ugly (T +
mw) siné (8)

The lateral motion of the carbody is
written as,

mYy = 2Crbcosd — (— cosd)
(2 L lfcos6)1p 2% Y +2& lrlp +

2ug (Z + mw) sm6 + U
9)
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Fig.6 Road vehicle Yaw and lateral motion

4. Experimental Work

Theroad vehicle used for an
experimentally work in this study is
Hyundai Tucson 2009, which is

a compact crossover produced by the
South Korean manufacturer Hyundai. In
order to measure the vehicle vibration
experimentally, some specific locations
are chosen for vibration sensors to

investigate  the displacement and
velocity for different speeds and
different sudden step steer angles.

Figure 7 shows the vibration meter and
sensors located on the top, side and front
of the vehicle. Some of the experimental
results which are obtained by using
semi-active road vehicle suspension
controller are shown in Figures 8-9. In
which the experimental results are very
closer to the magnitudes obtained by the

full car simulation model provided with
semi-active PID suspension controller.

" F

BN
Fig.7 Vibration meter and sensors used to
investigate road vehicle vibrations

Semi-Active Experimental Controller
U= 30 Km/h & 8=0 deg
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Fig.8 Road vehicle vertical experimentally

dynamic response of the carbody when the

vehicle is accelerated up to speed 30 Km/h

with zero sudden step steer angle
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Fig. 9 Road vehicle vertical experimentally
dynamic response of the carbody when the
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vehicle is accelerated up to speed 30 Km/h
with 10 deg. sudden step steer angle

5.Road Vehicle Simulation
Model
Computer-aided simulation IS

presented to investigate the vertical and
pitch dynamic responses of a road
vehicle subjected to different vehicle
velocities and sudden step steer angles
in which the road vehicle is equipped
with helical shaped spring of passive
PID suspension controller. A special
technique is used to transform the
mathematical differential equations of
operation for the full road vehicle into
first order differential equations in
order to be easily solved with computt

program Matlab and to reduce tf

computational time [7]. Figures belo

show the simulation results of tf

vertical and pitch road vehicle dynami

responses in order to identify the valt

of the critical speed. When vertical an

pitch dynamic responses are examine

by the simulation model, it is observeu
that the vehicle speed 184 Km/h is
considered as the value of the critical
speed for the road vehicle subjected to
zero sudden step steer angles as shown
in Figure 10. Also it can be noticed
from Figure 11 that the critical speed
of road vehicle occurs at 64 deg.
Sudden step steer angle. As shown in
Figure 12 the wvertical and Pitch
dynamic responses of road vehicles

Vehicle Vertical Displacement (m)

[

ES

carbody subjected to the critical speed
184 Km/h and zero sudden step steer
angles are adopted with passive and
semi-active PID suspension controllers.
It can be clearly observed that road
vehicle  with  semi-active  PID
suspension controller is under the value
of the road vehicle critical speed in
contrast with passive PID suspension
controller at the critical speed 184
Km/h. But in Figure 13 it can be
shown that the critical speed is
improved by using semi-active PID
suspension controller up to 210 Km/h
in which it means that the critical speed
of a road vehicle is improved in 13.4%
by using semi-active PID suspension
controller with conical shaped spring.

10" 10°
——U=30 Km/h

——U=60 Km/h.
=184 Km/h

[
——U=30 Km/h
——U=60 Km/h.
——U=184 Km/h.
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Fig.10 Vertical and pitch dynamic
responses of a road vehicle carbody
subjected to different vehicle speeds with
zero sudden step steer angles equipped
with helical shaped spring passive PID
suspension controller.
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Fig.11 Vertical and pitch dynamic
responses of a road vehicle carbody
subjected to different sudden step steer
angles and 184 Km/h speed equipped with
helical shaped spring passive PID
suspension controller.

4 3
10 10

6
— Passive Controller — Passive Controller

— Semi-active Controller

IS

S

— Semi-active Controller

S

Vehicle Pitch Angle (deg)
[ S [ o = N %) IS 2] o

Vehicle Vertical Displacement (m)
o

ES

o

0 10 2

4 6 4 6
Time (s) Time (s)

Fig.12 Vertical and Pitch dynamic
responses of road vehicles carbody
subjected to the vehicle critical speed 184
Km/h and to zero sudden step steer angles
with  passive and semi-active PID
suspension controllers.
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Fig.13 Vertical and Pitch dynamic
responses of road vehicles carbody
subjected to the vehicle improved critical
speed 210 Km/h and to zero sudden step
steer angles with passive and semi-active
PID suspension controllers.

6. Conclusion

It is previously observed that the
critical speed of a road vehicle
subjected to different vehicle velocities
and different sudden step steer angles is
about 184 Km/h when the road vehicle
using  passive  PID  suspension
controller with helical shaped spring of
constant magnitude of stiffness. But
this critical speed is improved and
raised up to 210 Km/h by using semi-
active PID suspension controller with
conical shaped spring of variable
magnitudes of stiffness. And it can be
concluded that the critical speed of a
road vehicle is improved about 13.4%
using semi-active PID suspension
controller.
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