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Abstract

Considering that many Nigerian roads are untarred, the effect of frequent plying of these untarred
roads on passengers and the expected performance of suspension system of vehicles are important
for health and safety reasons. This is significant because the transmission of vibration associated
with suspension systems are dependent on the frequency range of the road parameters type the
nature of the suspension system and the vehicle seating arrangement that is producing the vibration.
Thus, this study focuses on the discomfort experienced by passengers based on parametric study of
vehicle with semi-active suspension system under transient road conditions. The modeling of the
of semi-active vehicle suspension system properties are contrived on the mass- spring damper
system for 4 degree-of—freedom half- car model integrated with 3 degrees of freedom human-seat
arrangement. Using vehicle parameters, the severity of ride discomfort experienced by the
passenger as the vehicle traversed transient road conditions (i.e., traversing obstruction) was
evaluated in terms of the vibration dose value (VDV). Results of simulation based on the parametric
studies are presented and the vibration dose values evaluated to show the dependence of vehicle
ride comfort on the characteristics of the various elements of the vehicle suspension such as stiffness
and damping characteristics. The result showed that the variation of sprung mass and suspension
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stiffness of the vehicle had more significant effects on passenger discomfort than the variation of
the unsprung mass. The parametric study also revealed that suspension stiffness affects the
suspension working space as the vehicle traversed transient road condition.

Keywords: Frequency spectrum. Half-car Model. Ride discomfort. Semi-active suspensions.
Transient road condition. Vibration dose value.

Nomenclature

a,, a,, as distance between front and rear suspensions and the vehicle body from
center of center of gravity

Cy, C3 Damper of ower and upper limb

Css , Csr Front and rear suspension damper of sprung mass

Cusr Cur Front and rear suspension damper of unsprung mass

Faf, Far Damping forces of the front and rear half-car suspension model

Fsf, Fy, Fyy, Fy Upward force on the system due to front suspension and rear suspension of sprung
and unsprung masses

E F, Force function of front and rear control and force function of road input
hy, Height of road bump

G Center of gravity

Ji Polar Moment of inertia

ko, ks Spring constant of the lower and upper limb

kse, Cse Spring and damper of seat

Ksf Ky Front and rear suspension stiffness of sprung mass

Kyr, Kur Front and rear suspension stiffness of unsprung mass

my, Vehicle body mass

Mge, My, My Masses of seat, lower limb and upper limb

Mgs, M, Sprung masses of front and rear suspensions

M5, My, Unsprung masses of front and rear suspensions

qp, qp Vertical displacement and velocity of seat

Us , Uy Control forces of the front and rear suspension

Vo, Velocity of vehicle

wy, Width of road bump

Xp The vertical displacement of sprung mass about the center of gravity
Xse» X2, X3 Displacements of seat, lower and upper limb

Xser Xp, X3 Velocities of the seat, lower and upper limb

Xger Xp, X3 Accelerations of the seat, lower and upper limb

Xsfr Xor Vertical displacement of front and rear sprung mass about the center of gravity
Xuf Xurs Vertical displacement of the front and rear unsprung mass

ze (t), z(t)
Z,Z
Zf, Zy

Sinusoidal road induced disturbance to the front and rear wheels
Displacement and velocity of the road input function
Disturbances at the front and the rear due to the movement of the vehicle over an

uneven road disturbance

Zf Zy Velocities of the front and rear due to road input
1) Circular frequency of road distribution
0,0,0 Angular displacement Pitch rate of change and Angular acceleration of the

body
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1. Introduction

Road conditions have tremendous effects on vehicle’s Centre of gravity (CG) acceleration,
axle acceleration, suspension working space, dynamic tire loading, dampers and spring forces, etc.
The influence of the road profile in relation to the comfort and health of passengers is an important
consideration because road unevenness causes a form of excitations for a moving vehicle and affects
the accelerations of sprung mass and unsprung mass of the suspension system. The varying vehicle
speed and road profile impact the frequency spectrum of vehicle oscillation. Thus, when a vehicle
moves on rough terrain at variable speeds, it’s sprung mass and unsprung mass have different
motions which cause dynamic response of the chassis, driving characteristics, vehicle braking
characteristics, passengers’ comfort and health, and vehicle’s safety (Blundel, 1999). Consequently,
the effect of some tropical and developing world roads on vehicle suspension system and the
attendant consequences on the health of passengers in those vehicles calls for concern and is the
motivation for this work. This is significant as it will create the awareness of the influence of the
undulating nature of rough roads particularly on suspension system, discomfort experienced by
passengers, and the related health issues ranging from passengers back pain to fatigue to mention
just a few. The responses of passengers and drivers to road disturbances can be evaluated on the
basis of the rider’s comfort on a vehicle which is an important parameter (Griffin, 1990). The
vibrating frequency response of the rider, the excitation spectrum and the time of exposure play
important roles in ride comfort of vehicles.

Many research works had been done in the area of rider’s discomfort on a vehicle. For
example, Jones and Saunder (1972) exposed 30 men and 30 women participants for 8 second
vibrating input in a study experiment in unrestricted sitting positions on a vibrating plate. Griffin
(1992) used Laboratory based evaluation method of discomfort produced by vibration. This method
made use of shake table rig (motion simulator). The set- up was carried out to produce the feeling
of being in a vehicle that is moving. Niekerk et al. (2002) used 16 subject participants in a test, and
combinations of six different automotive seats attached to a vibrator. Another approach used to
quantify discomfort involves the situation where the vehicle dynamic effects are isolated by
defining the comfort in relation to the vibration level of the seat (Mansfield, 2005). This approach
was used by many researchers to carry out objective measurement to predict ride comfort with
vehicle occupant participating in the measurement. Hacaambwa and Giacomin (2007) measured the
subjective response of a human participant in a seating position in a small vehicle driven on a road
and the analysis was carried out for 15 seconds in order to quantify ride discomfort experienced by
the rider.

Several car models such as quarter-car (Q-car), Segla and Reich (2001), Faheem et al
(2006), Jacquelien et al (2006); Half-car (H-car) model by Senthilkumar and Vijayarangan (2007),
and Full-car (F-car) by Blundel (1999) and Guglielmino et al. (2008) have been developed to study
riders’ discomfort. In the quarter-car model, 2 degrees of freedom was considered in its simplest
form and it used vertical displacement with a single wheel. The quarter-car model is usually used
for suspension analysis because of its simplicity and captures the important parameters of the full
car model. In vehicle system dynamics, the quarter-car model has been employed on many
occasions to assess the ride performance of vehicles (Sharp and Hassan, 1986; Thompson, 1989).

However, the quarter-car model did not consider pitching, yaw and rolling motions which
are important, in particular, during the traversing of obstacles such as bumps and potholes. Thus,
alternative models are the half-car models which provide knowledge about the pitch, roll and
bounce of the vehicle body and produce quite satisfactory results for transient conditions (Ihsan et
al., 2007). When a vehicle traversed irregular road profile, the road excitation characteristics
influence its ride performance and handling stability (Gohrle et al. 2014; Kim and Choi 2016). As
a result, suspension plays a critical role in the transmission of force between vehicle tire and body
and reduces the effect of the road surface on the vehicle occupants (Kim and Choi 2016). Although
most passenger vehicles provide acceptable ride comfort on smooth road surfaces, some performed
poorly when travelling on rough terrain such as potholes and bumps (Sharp and Hassan 1986). As
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a result, shocks are generated which are reduced to a considerable extent by tires, springs and shock
absorbers.

Many researchers had investigated the response of the half-car model in relation to the road
conditions. Lin and Kortum (2007) carried out a time-domain direct identification of parameters for
vehicle mass, damping and stiffness while Akcay and Turkay (2009) studied multi-objective control
of half-car suspension system. They noticed that proper estimation of the tire damping coefficients
led to road holding quality of the suspension system, vehicle handling, braking for good safety and
drive pleasure, keeping the occupants of the vehicle comfortable and secluded from road noise,
bumps and vibration. They used frequency domain method to estimate the suspension system
parameters and frequency response of half-car model, due to pavement roughness, accessed the ride
quality and comfort. Deriving data through experimental method, it was observed that the damping
coefficients of the tire can be estimated and the road holding quality of the suspension system
parameters can be improved by using frequency domain method (Akcay and Turkay, 2009).

Using the application of linear switched reluctance motor as active suspension system in
half car model, the ride’s comfort best performance and handling quality under all driving
conditions was achieved by considering the vehicle body as an elastic assembly (Zhang et al 2010)
while Fischer and Isermann (2004) determined ride comfort using the relationship between the
parameters of the half-car model and road roughness defined by acceleration value of the response
of the suspension system.

Using half-car model parameters (Soliman et. al 2013) carried out design and modeling,
through simulation to determine the relationship between road roughness and passenger comfort,
while Miliken (1995) investigated kinematic response measures such as bump and roll camber
angles which are design requirements for the suspension components of vehicle. The nonlinearity
of the road profile due to the unevenness and smoothness of the road surface and control
performance for half car suspension system of mass, damping and stiffness indicates that the
behavior of the vehicle under different excitations (road conditions) - bumps or potholes is used to
reveal the transient characteristics of the road disturbance (Akcay and Turkay, 2009). In the
transient state, the vehicle travels with varying vehicle velocities, while in steady state, constant
vehicle velocity were performed using direct identification for vehicle mass, damping and stiffness,
(Gao and Zing, 2010 and Thite et al, 2011).

Methods for assessing the transient response of a vehicle include computer simulation
(Sharp and Hassan, 1986) or theoretical analysis by mathematical modeling (Thompson, 1989) or
experimental testing either on the road or on the ride simulator in the laboratory (Olatunbosun and
Dunn, 1991). Computer aided analysis is fast becoming an important tool in the development of
suspension system. One of such tools are based on Matlab/Simulink software which has been
adopted and implemented by several researchers to analyze the response of vehicles traversing road
irregularities (Olatunbosun and Dunn, 1991).

Dynamic simulation of automotive suspension system has become significant for improving
vehicle ride comfort and safety (Zhaoling, 2002). The use of computer aided analysis has the ability
to determine the effects of parameter changes early in the design process and to reduce development
cost (Simon and Ahmadian, 2001). In general, investigations of vehicle dynamic analysis require
reduction of the vehicle system to a mathematical model which becomes the representation of the
vehicle (Sharp and Hassan, 1986 and Thompson, 1989).

Automotive suspension system also employs asymmetric dampers which exhibit high
damping coefficient in the rebound than in compression. It was pointed out that the reason for such
asymmetry was not quantified explicitly (Dixon, 2007). However, it is most likely due to high
dependence of vehicle performance on the damping asymmetry properties (Anderson and Fan,
1990). Also, the effect of damping asymmetry is highly influenced by the type of excitation and
suspension responses. Researchers have investigated the suspension properties and their effects on
various vehicle performance extensively (Duym et al, 1997 and Basso, 1998). Only some few
researchers have attempted to quantify the effects of asymmetric damping on vehicle counteractions
to transient excitations using bumps and potholes (Verros et al., 2000; Simms and Crolla, 2007).




. The Journal of Engineering and Exact Sciences — JCEC

Road profile simulations are also carried out using power spectral density, PSD which
generate road profile signals. Many procedures had been presented in literature for the generation
of random time signal with given spectral density using periodic functions (Rouillard et al. 2008
and Sun, 2002). The governing mathematical model of the dynamics of a system is applied,
especially in multi-body systems where the equations of motion can be obtained from numeric
algorithms (Haug, 1989) or symbolic algorithms (Bruulseman and McPhee, 2002, and He and
McPhee 2007). The values chosen for the system parameters used in the mathematical model, such
as spring stiffness, damping coefficient and mass properties, is important in determining the extent
to which the model will respond. The collected experimental data from a physical system can be
used to determine the model parameters that are difficult to measure directly and to obtain more
accurate estimate for parameters that are known approximately (Haug, 2002; Bruulseman and
McPhee, 2002).

This study is undertaken in order to assess the discomfort experienced by vehicle occupant
and the working space of the suspension of the vehicle using the parameters of the vehicle
suspension characteristics and the human biomechanical parameters. A half-car semi-active
suspension system combined with a human-seat arrangement was modeled. A transient road
condition was considered as input to the suspension system, in which the vehicle was excited by a
half sine bump on an otherwise smooth road.

2. Methodology
2.1 Model Description

In this study, a 4 degree of freedom half-car model that has wheels fixed at the two ends of
a rigid beam was considered. The end of the car body is allowed to oscillate about its own conjugate
point so that the spherical joint for the rear axle is placed in the front of the conjugate point. In this
way, the entire mass of the car body is considered in the half-car model which is useful for the
accuracy of the results (Shahriar et al, 2016). The wheel and the road generate the forces while the
wheels are control elements, having significance in the dynamic behavior of vehicles (Sharp and
Hassan, 1986). The spring-damper characteristics are modeled as simple linear system (Hacaambwa
and Giacomin, 2007; Jones and Saunder, 1972). The springs and dampers are modeled together as
semi-active elements, translational in nature and they are positioned between the car body and the
axle (Mohan et al., 2010).

A seat-human subsystem is included in the semi-active vehicle suspension system in order to
assess the performance of the model in relation to the ride comfort of the passengers (Mansfield,
2005). By adding a 3 degree of freedom human-seat arrangement to the half-car model, a 7 degree
of freedom system is created as shown in the Figure 1. The joints of the human body were
represented using spring-damper elements to connect each of the body part (Abbas et al, 2010).

The spring-damper parts in the human body are translational. The body interacts with the
suspension through the seat. The seat is modeled by mass my, spring stiffness kg, and damper c,,
while the human sub-system is composed of lower and upper body masses m, and mg; the spring
stiffness and damping properties of the lower and upper bodies segments are k, and k5, damper
¢, and c; respectively. The point C represents the driver or passenger position and point B, located
at a distance a5 from the center of gravity of the vehicle body is the distance between the vehicle
body and the seat—driver subsystem.

Semi-active suspension is a type of automotive suspension systems that controls the
damping force of the shock absorber in response to input from the continuously varying road
surfaces. It is intended to approximately implement the active suspension with a damping force
adjustable shock absorber. The performance of the semi-active system implies that the sprung mass
acceleration, suspension deflection and tire deflection are all significantly improved at the first
natural frequency.
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Figure 1: Half-car vehicle model with human-seat
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2.2 Mathematical Modeling

A 7 degree of freedom (d.o.f) model consisting of 4 d.o.f half-car semi-active suspension
combined with 3 d.o.f human-seat biodynamic model is adopted order to model and investigate the
rider’s discomfort on a passenger vehicle with semi-active suspension system, traversing transient
road condition. The semi-active half-car suspension system incorporates magneto rheological,
(MR) dampers which offers the advantages of passive and active suspension systems. MR dampers
usage in vehicles suspension is attributed to their ease, high dynamic range, low power requirement,
large force capacity and robustness (Wei and Lin, 2007).

The half-car model is used because it takes into account both translational bounce motion
about any axis) and rotational motions (pitch motion about the y axis) of the sprung mass. This
assumes the car is symmetric about the longitudinal axis and also assumes equal suspension
characteristics for both front wheels and rear wheels (Olatunbosun and Dunn, 1991). This is shown
in Figure 2. In this study, the half-car model was adopted because it captured the important
characteristics of the full car model in simulating pitch, and heave or bounce motions, and the
pattern followed by the displacements and acceleration of the sprung mass was the same as that of
the full car model. However, in this study, the roll motion of the half-car is not considered.

az =f= al
"'_ __________________ =
- [= o
—(= % L~
0

Figure 2: Schematic diagram of a half-car model

Half car models are classified into roll degree of freedom and pitch degree of freedom
models, each model having 4-degrees of freedom. In the roll degree of freedom model, the vehicle
is considered to be half at the rolling axis. In other words, when the disturbance or shock at the left
wheel of the front axle is isolated, then the effect at the right wheel of front axle is also considered.
In the pitch degree of freedom, pitching axis is the point of separation. The pitch model of the half-
car is considered in this study. It is the rotation angle about the lateral axis which allows the analysis
of road excitation to be applied to both wheels of the vehicle. Pitch motion occurs as an outcome
of the difference between the upward movement of the front and rear suspensions of the vehicle.
The model for this study is considered on the basis of vehicle wheel base, suspension stiffness and
damping characteristics and height of road unevenness.

In the half-car model, specific values such as vehicle body mass, the vehicle body mass
moment of inertia, masses of the front and rear wheels, distance of the front or rear suspension
location to the center of gravity of the vehicle body, stiffness of front and rear tires, damping
coefficients and spring stiffness of front and rear suspensions are considered. However, the model
presents the following assumptions: The contact with the road is a point contact. This is a simple
model of the tire, springs and dampers which are considered linear, with single point attachments
of the springs which restrict the degree of freedom in the axles and frame and only the vertical
displacement of suspension is considered.
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2.2.1 Vehicle coordinate system: The coordinate system of a vehicle showing the roll, pitch
and yaw in the x, y and z directions is shown in Figure 3, according to Dorsch (2014).

1) Yaw

Y
Z

Figure 3: Vehicle coordinate system

The vehicle fixed coordinate system which has its origin fixed at the center of gravity of the
vehicle and travels with vehicle was used in order to define a relative coordinate system for the
dynamics of the suspension components when studying the suspension system (Chace, 1967).
According to 1ISO 2631 (1997), the positive directions of the axes are defined as follows: (i) X-Axis
is straight to the front from vehicle. (ii) Y-Axis is straight to the right from the vehicle. (iii) Z-Axis
points downward from the vehicle.

The motion of the vehicle is described in terms of six degrees of freedom relative to the
origin of the coordinate system of the vehicle which includes three translational and three rotational
degrees of freedoms about the principal axes. These motions include the following: (i) Longitudinal
motion: the body motion in the x-axis dimension or forward/backward. For example, as the vehicle
accelerates or brakes, its body is excited with forces in this direction (longitudinal force). (ii) Lateral
motion: the body motion in the y-axis dimension or left/right. The centrifugal lateral force exerted
on the vehicle during turning is an example. (iii) Vertical motion: the body motion in the z-axis
dimension or up/down. An example is an upward and downward motion of the vehicle body caused
by uneven road profile. This is the heave or bounce motion usually measured at the mass center of
the vehicle body. It is an important parameter in the performance of vehicle suspension. (iv) Roll
motion is the rotation of body motion about the x-axis. An example for the excitation of roll motion
is when a vehicle is negotiating a corner. The performance of vehicle suspension system provides
roll stability for the vehicle. (v) Pitch motion is the rotation of the body motion about the y-axis.
The dive of the vehicle body during braking is an example of the pitch body motion. (vi) Yaw
motion is the rotation of the vehicle body motion about the z-axis. The spinning motion of a vehicle
is an example.

2.2.2 The mathematical model: The mathematical model of the road profile was derived as
follows: the vehicle wheel base, w,, passing over each bump with speed V km/h will have front
vertical displacement, z . The rear wheel followed the same track as the front at a given time delay,
7. In this study, it was assumed that the vehicle model travelled with constant velocity of 20 km/h,
bump length 0.5 m and bump height 0.05 m. However, the model adopted in this study did not
consider the yaw and roll motions as only the half-car pitch degree of motion is adopted.

The seven degrees of freedom resulting from half-car and human-seat suspension model are
governed by equation (1) — (7) as shown as follows:

maXs + c3(dk3 — Xge) + k3(x3 —x5¢) =0 (1)
MyXy + cp(ky — Xge) + ka(x2 — Xge) =0 2)
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msejése + Csexse + Cz(xse - J.CZ) + C3 (J.Cse - J.53) + ksexse + k2 (xse - xz) + k3 (xse - x3)

= Cseqp T kseqp (3)

mbjéb + Csf(xxf - xuf) + Csr(xsr - xur) + ksf(xsf - xuf) + ksr(xsr - xur) + Csec.Ib - kseqb

+ CoeXse + KseXse = Ur + Uy (4)

My ¥y + CupXys + csf(fcuf - J'csf) + kysxys + ksf(xuf - xsf) = —us + cyrz + kysze  (5)

murjéur + Curxur + Csr (xur - xsr) + kurxur + ksr(xur - xsr)v =—u, + CurZr + kurzr (6)
]6 + alcsf(xsf - xuf) - azcsr(xsr - xur) + alksf(xsf - xuf) - azksr(xsr - xur) +

A3Cseqp + A3Kseqp — AzkseXse — A3CseXse = A Uy — AUy (7)

If the seat undergoes small rotation at a distance a5 about the center of gravity, the vertical
displacement of the seat is approximated as equation (8a):

qp = Xp — azf (8a)

Differentiating equation (8a) twice, we have equation (8b) and (8c) respectively:

qp = %p — az60 (85)

Gp = Xp — az0 (8c)

If the vehicle body undergoes small rotation about the center of gravity CG, equations (9a)
and (10a) approximations hold for the vertical displacement of the front sprung mass and the
vertical displacement of the rear sprung mass. Carrying out two successive differentiations of the
equations (9a) and (10a), we have (9b), (9c), (10b) and (10c) respectively

Xsp = Xp — 40 (9a)
Xsp = Xp — a,0 (9b)
Xsp = Xp — a,0 (9c)
Xgr = Xp + a0 (10a)
Xgp = Xp + 050 (10b)
Xop = ¥p + a0 (10c)

Substituting equations (8a) and (8b) into equation (3), and simplify, we have equation (11)

msejése + (Cse + C2 + 63)5659 + Csea39 - Csexb - szz - C35€3 + (kse + kz + k3)xse - ksexb
+ ksea30 - kzXZ - k3X3 = 0 (11)

Substituting equations 9 (a) and (b) and equations 10 (a) and (b) into equation (4), we have
equation (12)
mpXp, + (csf + Cc5p + cse)a'cb + (azcsr — ayCs — a3cse)9 + (azksr — aiksp — agkse)
+ (ksf + ks + kse)xb - Csfxuf — CsrXur — ksfxuf — KsrXur — CseXse — KseXse
= U + U, (12)
Substituting equations (9a) and (9b) into equation (5), we obtain equation (13)
mufic'uf - Csfxb + Csfalé? + (Cuf + Csf)xuf + (kuf + ksf)xuf - ksfxb + ksfa19
= —uf + Cufo + kufo (13)

Substituting equations (10a) and (10b) into equation (6), and simplify, we obtain equation
(14)

murjéur - Csrjcb - azcsre + (Cur + Csr)xur - ksrxb + (ksr + kur)xur + azksrg
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= —Up + CyrZy + KyrZy (14)

Substituting equations (8a), (8b), (9a), (9b), (10a) and (10b) in equation (7), and simplify we
have equation (15)

]16 + (alcsf — AyCer + A3C50 )%y — (az%cs, + a,’cgp + as?cge )0 — A1 CspXyp + ApCsrXyy
+ alksfxuf - azksrxur + (alksf - azksr + a3kse)xb
- (alzksf + azzksr + a32kse)9 - a3ksexse - a3csexse = AUy — aluf (15)

Expressing equations (1), (2), (11), (12), (13), (14) and (15) in matrix form, we have equation
(16), the generalized system equation of motion as

[M]{x} + [C]{x} + [K]{x} = {F} (16)
Where
m, 0 0 0 0 0 O]
Om 0 O 0 o0 O
o 0m, 0 0 o0 O
[M]=|0o 0o 0 m, 0O 0 ©
o 0 0 0 m, O O
o 0 0 0 0 m, O
0 0 0 0 0 0 J
c, O —C.. 0 0 0 0 |
0 C, —C. 0 0 0 0
—C; —C; C.+C,*Cq —Ce 0 0 Ceds
c]=| 0 0 C. Cs tCs T Ce —Cs+  —Cq Co@: Cy i Cuas
0 0 0 _Csf Cuf +Csf O Csf al
o 0 0 —Cs 0  C.*Cy —C. &,
0 0 C.A  Ce@Co@tCulds —Ceds Cod: -(C.a *Csa+C.ds)]
k, © —k, 0 0 0 0
ok, —k, 0 0 0 0
—k; —Kk. Ketk.*K; K. 0 0 K. as
[K]=] 0 0 —K. Ko+KoetKe ks ke kia. ksiak.as
O 0 0 _ksf kuf +ksf 0 ksf al
0 0 0 —K. 0 Ko+ Ko K, a.
0 o0 k.a, kea.-Ksatk.a: kesa —k.a. kea *k.a, +k.as |
(0 ) ( 0 Y[ 0 )
0 0 0
0 0 0
[E,]J={ Urtu jand [F,]= < 0 b= 4 0
—Uyr kurzs + cypzy (kuf +ja)cuf)zf
—Ur kurzr + CurZr (kur +jwcur)zr
\Q1 Uy — AUy ) \ 0 J \ 0 J

Zf = jwzy, Zr = jwz,  aretime derivative of zr and z, respectively
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[M], [C] and [K] are mass, damping and stiffness matrices respectively;
{x}, {x} and {x} are the displacement, velocity and acceleration vectors respectively;

[E,] and [F,] are the force functions.

The vectors {z:},{z¢},{z,},{z,} are displacements and velocities of front and rear tires due
to road input.

Based on the passenger vehicle model for the study, displacement vector, velocity vector and
acceleration vector matrices are formulated as shown equation (17).

r X3 (X3 (X3
Xy X2 X2
Xse xse xse
{y=1x p{&3={ % (&} =1 % (17)
Xuf Xuf Xuf
Xur Xur Xur
.0/ \ g / \ g /

For example, displacements of the upper body, x5 of passenger comes before that of the lower
body, x, etc. The quantities are also in accordance with the equations (1), (2), (11), (12), (13), (14)
and (15).

2.3 Input Road Profile Excitation

The sinusoidal road profile excitation is adopted to analyze the proposed model to be able
to assess the transient performance of the suspension system. The sinusoidal road induced
disturbance for the front and rear wheels are assumed as in equations (18) and (19) (Alireza and
Salim, 2006; Shirahatt, et. al 2008; and Gao and Zing, 2010).

27 (t) = hysin(wty) (18)
z,(t) = hysin(wt,) (19)

Where t, =t; +71
t1 1s the time required for the front wheel to impact the bump,
t, is the time required for the rear wheel to impact the bump, and
7 is the delay time for the rear wheel to impact the bump.
The sinusoidal induced disturbance for the front wheel is given in equation (20) (Stutz and
Rochinha, 2011) as:

hysin (@) v ty S <ty +2

26(t) = b o (20)
0 A tStOOT't>tO+U—
0

0

Where w = TVL is the circular frequency of road disturbance,
b

h, = the height of the road irregularities (bump)

w,, = width of the road irregularities (bump) which has sinusoidal profile with half wavelength and
to = initial time of the impact;

v, = velocity of the vehicle.

2.4 Suspension Parameters and Simulation of Semi-active Half-car Suspension System with Human
Seat Arrangement

Appropriate parameter selection in vehicle suspension system analysis is aimed at providing
an isolation of vehicle body from road irregularities and to ensure passengers’ comfort. The first
aim involves ride analysis and how discomfort experienced by riders of the vehicle can be reduced.
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The second aim is in the area of road holding analysis. The design goal of vehicle suspension system
is to minimize both the acceleration of the vehicle body and the suspension working space for a
given vehicle suspension value.

The parameters utilized in this study were obtained from a mid-sized saloon (Raji, 2013) car.
This is significant because of the widespread use of this type of vehicle for passengers, its lower
cost of purchase, effects of vibration on the vehicle occupants and the ride performance
characteristics of the vehicles as they traversed different road conditions. These parameters are
given in Table 1.

Table 1: Suspension parameters (Raji, 2013

Parameter Symbol | Values | Unit
Sprung mass of vehicle chassis my, 575 kg
Moment of inertia of the vehicle J 769 | kgm?
Unsprung mass of the front axle Myr 60 kg
Unsprung mass of the rear axle My, 60 kg
Stiffness of the front tire kyr 190 KN/m
Stiffness of the rear tire ki, 190 KN/m
Damping coefficient of front tire Cuf 350 Ns/m
Damping coefficient of rear tire Cur 350 Ns/m
Stiffness of the front suspension ks 16812 | N/m
Stiffness of the rear suspension kg, 16812 | N/m
Damping coefficient of the front suspension Csf 1000 Ns/m
Damping coefficient of the rear suspension Cor 1000 Ns/m
Front body length from CG a; 1.35 m
Rear body length from CG a, 1.45 m
Seat-driver distance from CG as 0.65 m

Table 2: Human Biomechanical parameters (Abbas et al, 2010)

Parameter Symbol | Values Unit
Mass of lower limb mz 55 kg
Mass of upper limb ms 36 kg
Stiffness of lower limb k, 144000 N/m
Stiffness of upper limb k4 20000 N/m
Damping coefficient of lower limb Cy 909 Ns/m
Damping coefficient of upper limb [ 330 Ns/m

2.5 Simulink Block Diagram for Road Bump

Simulink block diagram as shown in Fig. 4 is developed to investigate the dynamic response
of the vehicle model under transient road conditions. Using the vehicle system model equations (1,
2,11,12, 13, 14 and 15); equations (16) in matrices form and the transient road conditions equations
(18 and 19), computer simulations are carried out. In the transient condition, the vehicle traverses
a half sine obstacle with dimension of 0.05 m maximum height and 0.5 m long. The vehicle model
parameters and the biomechanical model parameters of human system used for the computer
simulations were given in Tables 1 and 2.
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Figure 4: Simulink block diagram for road bump under transient road conditions

3. Results and Discussions

Responses of vehicle suspension system to transient road condition using the parameters in
Tables 1 and 2 and the Simulink block diagram are shown in Figures 5 — 10. The simulations are
based on the mathematical model for a 4 degree of freedom half-car model combined with a 3
degree of freedom human subsystem-seat model. The car is assumed to be moving at a speed of
20km/h at the time it traversed the half-sine bump of height 0.05 m and length 0.5 m.

3.1 Responses of Vehicle Suspension System to Transient Condition

For the given input parameters, the performance of the vehicle was observed on basis of the
responses of the vehicle suspension system via simulation using Matlab/Simulink block diagram
which was developed using the model equations of motion. The simulation results are shown in
Figures 5 — 10. The observed parameters of the model were suspension displacements and
accelerations of the lower and upper body of the passenger, displacement of vehicle chassis, pitch
angle of the vehicle body, displacement of front and rear wheel, acceleration of passenger seat and
chassis.

Figure 5 shows the response of the upper and lower parts of the human body. The upper
body produced a higher displacement compared to the lower body. Both upper and lower bodies
responded to a settling time longer than 3.5 seconds (the time required by the system response to
reach specified range of it final value for the first time). This is due to the shift in the center of
gravity of the vehicle because of the inclusion of the human seat arrangement in the vehicle model.
It may also be due to the vibration received by the upper body from the seat combined with that
induced by the lower body.
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Figure 5: Displacement of upper and lower body of the rider in a vehicle passing over a
bump obstacle, 0.05 m height and 0.5 m length

Figure 6 shows the acceleration responses of the upper and lower body of the human
subsystem. The upper body has a higher vertical acceleration compared to the lower body. This is
due to the higher displacement experienced by the upper body as the vehicle traversed the bump.
Thus, it took the upper body longer settling time compared to the lower body. This is due to the
period of time over which vibration occurred in the upper body. But both took settling time longer
than 3.5 seconds.
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Figure 6: Acceleration of upper and lower body for vehicle passing over a bump obstacle,
0.05 m height and 0.5 m length
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Figure 7 depicts the responses of the front and rear chassis vertical displacements. Both took
longer settling time, although the settling time of the rear chassis was longer than 3.5 seconds
compared to the front chassis with settling time of about 3.0 seconds. This is perhaps due to the
time delay (the required by the system response to reach half of its final value for the first time)
between the front and rear chassis when the vehicle traversed the bump. This is because the rear
wheel traversed the bump later than the front wheel.

0.02 T T T T T T

Front
Rear | -

T

0.015

0.01 7

0.005

-0.005 .

-0.01 4

-0.015 7

Displacements at Chassis (Front amd Rear), m
o

_002 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5

Time, Secs
Figure 7: Displacement at chassis for vehicle passing over a bump obstacle, 0.05 m height
and 0.5 m length

Figure 8 shows the pitch response of the vehicle. Again, it took a settling time of almost 3.5
seconds.
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Figure 8: Pitch Angle for vehicle passing over a bump obstacle, 0.05 m height and 0.5 m
length
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Figure 9 shows the responses of the front and rear wheel as the vehicle traversed the bump.
The settling time of the front wheel was about 1.7 seconds compared to the rear wheel with a settling
time of about 1.2seconds. This is because the front wheel traversed the bump earlier before the rear
wheel. The response shows that when the front wheel goes over bump, rear wheel stayed on ground
which causes reduction in the displacement and acceleration of the vehicle body. When the rear
wheel reaches the bump, the front wheel was on the ground which also causes a reduction in
displacement. Thus, Figure 9 showed that the settling time of the rear wheel was faster compared
to the front wheel.
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Figure 9: Displacement at Front and Rear Wheels for vehicle passing over a bump obstacle,
0.05 m height and 0.5 m length

Figure 10 shows the acceleration responses of the seat and chassis about the center of gravity,
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Figure 10: Acceleration at Seat and Chassis C.G for vehicle passing over a bump obstacle,
0.05 m height and 0.5 m length
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The seat has a higher acceleration at the center of gravity compared to the chassis. This is
perhaps due to the shift in the center of gravity of the vehicle because of the inclusion of human
seat arrangement with the half-car vehicle model. Also, the settling time of the chassis of about 1.7
seconds was faster than the settling time of the seat of about 3.5 seconds.

3.2 Vehicle Discomfort Parameters

For transient ride, the ride performance is assessed in terms of the vibration dose value,
(VDV) which is a cumulative measure of the vibration transmitted to the body of passengers as the
vehicle traverses the obstruction. It is calculated by the fourth root of the integral with respect to
the time of the fourth power of the acceleration. The use of the fourth power (Paddan and Griffin,
2002) makes the VDV more sensitive to peaks in the acceleration waveform. The vibration dose
value, VDV gives a measure of the total exposure of the body to vibration, taking account of the
magnitude, frequency and exposure duration. For analysis method based on acceleration, VDV
gives the highest correlation between vibration magnitude and discomfort (Paddan and Griffin,

2002). Thus, the VDV ms™" defined by BS 6841 (1987), 1SO 2631(1997) and Goncalves and
Ambrosio (2003), as:

1

vov = (J; a(1:)4d1:)Z (21)

a(t) and T are the acceleration and the period of time over which vibration occur (ISO 2631, 1997
and BS 6841, 1987). According to the BS 6841 (1987), vibration magnitudes and directions that

produce VDV in the region of 15ms™" will normally cause severe discomfort. Vibration dose
value, VDV measures in m/s>’ shows the total amount of vibration received by human over a
period of time. When the motion of a vehicle included shock or impulsive velocity change, the
vibration dose value, VDV is considered more suitable for the evaluation of vehicle ride
performance. For example, driving on a rough road surface induces high peak and impulses. Thus,
the VDV becomes a significant tool for human comfort evaluation.

3.2. Parametric Study of Transient Road Condition

Parameter study was carried out to investigate the effects of various suspension parameters
on the passengers’ discomfort in transient situation while the vehicle is traversing a half sine road
obstacle. The speeds of vehicle traversing the transient road condition were 20 km/h, 30 km/h, 40
km/h, 50 km/h and 60 km/h. Each system parameter: - damping coefficient, tire stiffness, sprung
mass and unsprung mass were varied from 80% of the original to 120 % in turn while the other
parameters were left unchanged.

Figures 11 — 22 below show the variations of the calculated discomfort of the human system
when the damping coefficient, tire stiffness, spring stiffness, sprung mass and unsprung mass were
varied. From the responses of the vehicle suspension system for transient road condition, the
discomfort experienced by the human body (vibration dose values, VDV) were calculated using
equation (21). Figures 11 and 12 show the variation of sprung mass with discomfort at the upper
and lower bodies of the passenger respectively. The results showed that the discomfort at the upper
bodies (Figure 11) and lower bodies (Figure 12) decreased considerably with increase in sprung
mass of the vehicle at a particular vehicle speed but increase as the speed of the vehicle increased
from 20 km/h to 60 km/h.
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Figures 13 and 14 also showed the variation of unsprung mass in relation to the discomfort
at the upper body (Figure 13) and lower body (Figure 14) of the human body as the vehicle traversed
irregular road profile. The result indicated that increase in the unsprung mass of the vehicle has
little effect on the discomfort of the vehicle occupant but increase with speed of the vehicle.
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Figure 14: Discomfort at Lower body vs Unprung mass (sprung mass, suspension damping,

suspension stiffness, tire stiffness and tire damping constant)

Thus, the variation of the sprung mass has a more significant effect on passenger discomfort
than variation of the unsprung mass. These results correlate with that obtained by Blundel (1999)
on modeling and simulation of vehicle handling, Senthilkumar and Vijayarangan (2007) on
analytical and experimental studies on active suspension system of light passenger vehicle to
improve comfort, Olatunbosun and Dunn (1991) in simulation model for passive suspension ride
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performance optimization; and Paddan and Griffin (2002) on the effect of seating on exposure to
whole-body vibration.

Figures 15 and 16 show the variation of suspension stiffness in relation to the discomfort at
the upper body (Figure 15) and lower body (Figure 16) of the vehicle rider. The lower and upper
bodies of the rider showed considerable increase in discomfort with increase in suspension stiffness
and increase in vehicle speed. The result indicated that increase in the value of the suspension
stiffness or vehicle speed had an influence on the lower and upper bodies of the passenger as vehicle
traversed road obstacle. The result agreed with that obtained by (Blundel, 1999; Olatunbosun and
Dunn, 1991).
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Figures 17 and 18 show the relationship between the tire stiffness in relation to the discomfort
at the upper and lower bodies respectively. The upper and lower bodies of passenger are sensitive
to tire stiffness, the body discomfort increasing rapidly as the tire stiffness and the vehicle speed
increased. These results correlate with the results obtained by Sharp and Hassan (1986) on the
evaluation of passive automotive suspension system (Olatunbosun and Dunn, 1991 and Paddan and
Griffin, 2002).
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The relationship between the tire damping and the rider discomfort at the lower and upper
body are shown in Figure 19 and Figure 20 respectively. In Figures 19 and 20, there were little
discomfort of the vehicle occupant at the lower and upper bodies due to tire damping. This is due
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to the role played by the damper as absorber of vehicle shock when it traversed an obstacle. This
agreed with the result obtained by Duym et al (1997), Basso (1998), and Simm and Crolla (2007).
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Figures 21 and 22 showed the level of discomfort at the upper and lower bodies of the
passenger with increasing suspension damping. The parameter study showed that there was a little
variation in discomfort at the upper and lower bodies of the rider while increasing the suspension
damping of the vehicle traversing over bump road. The result agreed with that obtained by Sharp
and Hassan (1986), Olatunbosun and Dunn (1991), Duym et al (1997), Basso (1998), Simm and
Crolla (2007).

1,8 - ——9— Discomfort at 20km/h ‘ Discomfort at;30km/h
" Discomfort at 40km/h Discomfort at/50km/h
N Discomfort at 60km/h
< 1,7 -
& | |
£
c |
o 1,6 -
[T
E
o
2
T 1,5 -
3 |
T
5]
o]
g 14 -
o
=)
1,3 T T T T 1
700 800 900 1000 1100 1200

Suspension Damping, Ns/m

Figure 21: Discomfort at Upper body vs Suspension Damping
(sprung mass, unsprung mass, suspension stiffness, tire damping and tire stiffness were

constant)
1,8 4 ‘ ‘
n
~N
(]
<
<
E_ 1,7 -
"E —&— Discomfort at 20km/h Discomfort at 30km/h
8 Discomfort at 40km/h Discomfort at 50km/h
% Discomfort at 60km/h
>
T 16 - ‘
o
]
H
]
T
1,5 4
700 800 900 1000 1100 1200

Suspension Damping, Ns/m

Figure 22: Discomfort at Lower body vs Suspension Damping
(sprung mass, unsprung mass, suspension stiffness, tire damping and tire stiffness were
constant)




. The Journal of Engineering and Exact Sciences — JCEC

Figures 23 and 24 show the effects of varying both the suspension stiffness and suspension
damping on suspension travel. While there is a steady increase in suspension travel with increase
in suspension stiffness, there is a gradual decrease in suspension travel with increase in suspension
damping. Again, this might probably be attributed to role played by damper as shock absorber when
a vehicle traversed road obstacle. Also, there was decrease in suspension travel with increase in tire
stiffness. These results agreed with Olatubosun and Dunn (1991).
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Figure 25 shows the relationships between suspension travel and tire stiffness which reflects
the same result as Figure 24. The variation showed a gradual decrease in suspension working space
as the tire stiffness is increased. These results agreed with Olatunbosun and Dunn (1991).
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4. Conclusions

In this work, parametric study of rider’s discomfort on passengers’ vehicle with semi-active
suspension system under transient road conditions was carried out. Some selected vehicle and
biomechanical parameters of the human system were used to investigate the responses of the vehicle
which is assumed to have traversed a half-sine obstacle with dimension 0.05 m maximum height
and 0.5 m length. A Simulink block diagram based on the equations of motion of the vehicle was
developed to carry out transient responses. The discomfort experienced by the driver/passenger was
analyzed on the basis of vibration dose value, VDV, by varying the vehicle parameters such as
sprung and unsprung masses, suspension stiffness, tire stiffness, tire and suspension dampings. The
study revealed that, discomforts at the upper and lower parts of the rider’s body decrease with
increase in sprung mass and increase in tire damping but increase with increase in vehicle speed. It
was also observed that discomforts at the upper and lower parts of the rider’s body increase with
increase in unsprung mass, suspension stiffness, tire stiffness, suspension damping and vehicle
speeds. It is therefore concluded that unsprung mass, suspension stiffness, tire stiffness and
suspension damping of a vehicle need to be improved upon (must be in good condition) at all times
in order to minimize the discomfort experienced by rider on a vehicle with semi-active suspension
system traversing transient road conditions.
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