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Abstract

Ride-comfort and durability of the vehicle are influenced by irregularities on the road surface and varying vehicle
speed due to road traffic conditions. Hence it becomes important to analyze the effect of road roughness on vehicle
vibration response. In this work, effect of road roughness and vehicle speed on the dynamic response of a Sport Utility
Vehicle (SUV) is investigated through vehicle simulation. The vehicle model used is the seven degrees-of-freedom full
car vertical dynamic ride model. Features of the model include suspension characteristics for each of the four tires,
and vehicle body. The simulation of the seven degrees-of-freedom state space model is carried out using MATLAB.
Particularly, the response of the seven degrees-of-freedom model is analyzed for ride-comfort on four different
artificial road profiles simulated using Gaussian Moving Average (GMA) as per 1SO 8608 and at three different vehicle
speeds. It is observed that road roughness and vehicle speed have a significant impact on the ride-comfort and load

history.
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1. Introduction

Dynamic response of the vehicle (i.e. vehicle vibration)
is influenced by road profile excitation, as road and
pavements are responsible for transient displacement
excitations to which vehicles are exposed during an
operation at a prevailing traffic speed. Prevailing speed
mentioned is constrained by traffic conditions, road
conditions, and local regulation about the vehicle
speed. Hence, interest of vehicle dynamics engineers is
always focused on a road roughness and vehicle
vibration in the frequency range of interest, which
corresponds to a wave number range appropriate to
prevailing traffic speed.

Several researchers have attempted to analyze the
effect of various operating and system parameters on
the dynamic behavior of the vehicle. P. Pawar, et al
(2009) have investigated the effects of road roughness
on a vehicle's ride-comfort and durability by the
experimental data acquisition method. They observed
that, as International Roughness Index (IRI) of a road
surface increase, the standard deviation of axle and
chassis acceleration and suspension displacement
increases. Road profiling provides an opportunity to
segregate small patches of rough terrain out of total
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stretch, which are important from vehicle durability
point of view. P. Johannesson, et al. (2012, 2014) have
studied the reconstruction of the measured road
profile using stochastic road profile models. For
reconstruction of road profile, road roughness
indicator like IRI was taken from the measurement of
road profile information. They concluded that road
profile can be reconstructed efficiently from condensed
roughness data in the form of IRI values or roughness
coefficients. K. Bogsjo, et al. (2002) have studied the
statistical description and analysis of road surface
irregularities. Mathematical road models viz. Laplace
Moving  Average, Non-homogenous Gaussian,
Homogeneous Gaussian, Gaussian Moving Average are
proposed and verified with Swedish road roughness
data of 230 km. The importance of the road section
with a high degree of road roughness in a fatigue life
calculation has been highlighted. R. Ma, et al. (2013)
have discussed the state of art in the road profile
characterization. Various road characterization
methods viz. PSD, Auto regression, Markov chain,
Wavelet Transform, Hilbert-Huang Transformation are
reviewed. They concluded that, vehicle design and
development time could be cut down by making use of
proper road profile characterization technique to
predict chassis loads and the vehicle response. L.
Munari, et al. (2012) have discussed method for
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retrieving road profile from a given Power Spectral
Density (PSD) for ride simulation. It is been concluded
that road profiles are necessary for design of vehicle
and its accessories for ride-comfort and durability. M.
Soliman, et al. (2013) have investigated the effect of
road roughness on the ride-comfort by using a half car
vehicle model simulation with given fixed
configuration.

Considering work done in the past, there is a scope
to study the effect of operating parameters on dynamic
response of the vehicle by using the more accurate
vehicle and road model. In this work, the effect of road
roughness and vehicle speed on the response of typical
Sports Utility Vehicle (SUV) is investigated. The vehicle
model used for investigation is a state space seven
degrees-of-freedom full car model vertical dynamic
ride model. The model derived is capable of predicting
time history for axle accelerations, Centre of Gravity
(CG) acceleration, wheel loads, spring loads, and
damper loads. Response of the seven degrees-of-
freedom vehicle model with typical SUV configuration
is analyzed for ISO 8608 [8] class A, B, C, and D road
profile. Gaussian Moving Average (GMA) model is used
to retrieve artificial road profile from ISO 8608 PSD. To
investigate effect of the vehicle speed on the vehicle
response, vehicle speed range of 10 to 45 km/h is
considered. To investigate effects of road roughness
and vehicle speed variation on vehicle response
minimum, maximum and Root Mean Square (RMS)
values of vehicle body CG acceleration, suspension
spring and axle loads are compared. Simulation of the
seven degrees-of-freedom state space model and the
artificial road profile creation is carried out using
MATLAB. This paper is organized in the following
sequence - vehicle model, artificial road model, finally,
the MATLAB simulation results are discussed followed
by conclusion.

2. Vehicle Model

Mathematical modeling of a vehicle as vibrating system
is widely used to study the vehicle response to given
bump or pothole road profile. The vehicle can be
mathematically modeled in order of their increasing
complexity as quarter car, half car, and full car
respectively, as per analysis requirements. M. Mahala
et al (2009) have concluded that the seven degrees-of-
freedom vehicle model should be used for accurate
prediction of vehicle response to given road profile. In
this work, seven degrees-of-freedom vehicle model is
used.

2.1 Vehicle Model Description

Seven degrees-of-freedom mathematical model is
derived to study the influence of the road roughness
and vehicle speed on the typical SUV ride-comfort and
durability loads. The seven degrees-of-freedom of the
vehicle model are the heave Z, pitch 6, roll ® of the
vehicle body, and the vertical displacements (Zy1, Zr1,

Zw2, Zrr2) of each of the four un-sprung masses (M,
Muwr1, Mwiz, Mur2). All of the displacements mentioned
above are absolute quantities. The sprung mass and
un-sprung mass is modeled as a rigid body.

The vehicle model consists of suspended masses,
which are coupled by parallel linear springs and
viscous dampers as shown in Figure 1. The inputs are
transmitted from the road to the vehicle body via tires,
which are represented as equivalent linear spring and
viscous damping, and ‘"suspensions" = which
approximate stiffness and damping characteristics. The
tires are connected to the vehicle body (chassis) by
another equivalent linear spring and damper, which
approximate the vehicle axle suspension elements. The
driver is modeled as a lumped mass connected to
vehicle body via another linear spring and viscous
damper which approximate seat cushioning.
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Fig.1 Seven degrees-of-freedom model

The equations of motion for the seven degrees-of-
freedom vehicle model are derived using Newton's
second law of motion and free body diagram concept.
The full derivation is as given below from Equations

(1) to (7).

For vehicle bounce, motion (Sprung mass):

Mszcg = —Ksr1 (ch —0a—¢c— Zwrl) = Ksin (ch -

0a + @d — Zyyy) — Ksra(Zeg + 6b — ¢ — Zyyyy) —
Ks12(Zeg + b + @d — Zyy1p) — Cspy (Zeg — 6 — e —
Zuwi2) = Cs1 (Zeg — 0a + @d — Zyyjz) — Csrp(Zeg + 0b —
('pc - Zwlz)'cslz (ch + eb - (pd - Zwlz) (1)

For vehicle body pitch motion:

Iyy0 = Kgp1 (Zeg — 02 — @C — Zyyr1 )a — Ky (Zeg — 02 +
(Pd - Zwll)a - Ksr2 (ch + 6b — @c— Zwrz)b -

Ks12(Zeg + 6b + @d — Zy1z )b — Copy (Zeg — 02 — e —
Zwrl)a + Csll (ch - éa + (bd - Zwll)a - Cer (ch +

Ob — @c — Zyrz )b-Cyja(Zeg + Ob + @d — Zy1, )b (2)
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For vehicle body roll motion:

Lix® = Kgr1(Zeg — 02 — @C = Zyyry )¢ — Ky (Zeg — 02 +
od — Zwll)d + Ko (ch + 6b — @c — Zwrz)c -

Ksi2(Zeg + b + @d — Zyyp )d + Copy (Zeg — B2 — e —
Zwrl)c - Csll (ch - ea + (i)d - Zwll)d + Cer (ch +

6b — ¢pc— ZwrZ) + Csiz (ch +6b + ¢d— Zw12) (3)

For front right wheel bounce motion:

erlzyvrl = Ksrl (ch) - Csrl (ch) - Ksrla(e) -
Csrla(e) - Ksrlc((P) - Csrlc((i?) - (Ksrl + Kwrl)(zwrl)'
Csrl (Zwrl) + Kwrerrl + Ct(erl) (4)

For front left wheel bounce motion:

Mwllzyvll = Ksll(zcg) + Cgpy (ch) - Kslla(e) -
Cslla(e) + Kgd(e) + Cslld(.(p) = (K11 + K1) (Zyir)-
Csll (Zwll) + lelzrll + Ct(Zrll) (5)

For rear right wheel bounce motion:

erzzyvrz = Krz (ch) + Csr2 (ch) + Ksrzb(e) +
Csrza(e) - Ksrzc((P) - Csrzc((P) - (Ksrz + Kwrz)(zwrz)'
Csrz (Zwrz) + KwrZerZ + Ct(zrrz) + Ct(erZ) (6)

For rear left wheel bounce motion:

Mwlzzwlz = K512 (ch) + C512 (ch) + Kslzb(e) +
Cslzb(é) + Kg2d (@) + Cg2d (@) — (K2 + Kiyi2) (Zwiz)-
Csi2(Zwiz) + KwizZnz + Ce(Zn12) (7)

3 Road Model
3.1 Classification of Road Profiles as per ISO 8608

The ISO 8608 [8 121 has proposed a road roughness
classification (Class A-H) based on the PSD as shown in
Figure 2. In the ISO 8608 classification, the
relationships between the PSD and spatial frequency
for different classes of road roughness are
approximated by single straight lines with single slopes
on log-log scale, as shown in Figure 2. The ISO 8608
standard uses a fixed waviness (slope) for road profile
PSD as N= 2. The relationships are as given below in
equation (9).

Hence, PSD function becomes,

S(Q) = S(Qy) (2/Qy)72, (2m/90 rad/m< Q<2 m/0.35
rad/m) (8)

As per 1SO Class A road is considered as a good quality
of road profile with road roughness coefficient less
than 2x 107® (m2/rad/m), whereas class H road
considered as the worst quality road with road
roughness coefficient greater than 8192 X 107° (m?2
/rad/m)

3.2 Gaussian Moving Average Parallel Road Model

Gaussian Moving Average road profile model, is used to
retrieve artificial road profile from ISO 8608 road
roughness spectrum. It is a moving average of white
noise. Mathematically moving average is convolution of
a kernel function g(x) with an infinitesimally 'white
noise' process having variance equal to spatial

discretization step dx.
I1SO 8608

10

Power Spectral Density (rr?fcycleim)

[

107 10" 10 10
Spatial Frequency (cycle/m)

Fig. 2 Classification of road roughness as per ISO 8608
3.2.1 Model Description

Consider g(x), as kernel function, which is normalized
so that its square integrates to one

Standardized GMA with mean zero and variance one
Z(x) = [ g(x — w)Z; Vdx 9)
Where,

Z;=Independent standard Gaussian random variables,
while dx is the discretization step.

The kernel g(x) defined by its Fourier Transform viz.

(Fg) ()=y/2nS (@)

Where F stands for Fourier transform.

(10)

In order to generate correlated right Zyz(x)and left
Z;,(x) road profile normalized cross spectrum K(Q) is
defined as,

K(Q) = exp(—flQ]) (11)
Where, f =2

By making use of the above mentioned normalized
cross spectrum K(Q), two kernel g(x)

(Fg) () = S0l (12)
(Fg,) () = L0 (13)

2598| International Journal of Current Engineering and Technology, Vol.5, No.4 (Aug 2015)



0. P. Joshi et al

Investigating Effect of Road Roughness and Vehicle Speed on the Dynamic Response..

These calculated kernels g;and g, are used to
introduce correlation between left and right road
profiles. The kernel g(x) defined earlier in the will be
used to get the desired PSD. Now define two kernels

g:1(x) and g;(x) by
Fg, () = (Fg)(Q) - (FE) ()

Fg,(Q) = (Fe)(Q) - (F§.)(Q)

(14)
(15)

Gaussian process having spectrum S(€) and coherence
|K(Q)|? are given by the Gaussian Moving Averages,

Z,(x) = (g1 (X — x)Zy; + X g2 (x — X3) Zp;dx

(16)
Zr(x) = (X g2 (X —x1)Zyi + X g1 (X — ;) Zpidx

(17)

Where, Z;; and Z,; are independent standard Gaussian
random variables and with equality in dx limit as dx
tends to zero.

4. Results
4.1 Verification of the seven degrees of freedom model

Validation of the MATLAB seven degrees-of-freedom
state space SUV model is done by comparing
simulation results with MSC.ADAMS Car simulation
results.

Sin bump of 0.1 m amplitude and 8 m wavelength is
created in MATLAB as well as in MSC.ADAMS CAR.
Road builder functionality is used to create the road
Sin bump in MSC.ADAMS Car. Mass, suspension and
tire properties are assigned to multibody model in
MSC.ADAMS Car are same as that of used for simulating
the seven degrees-of-freedom MATLAB model.

Resad Paint Edrar X2

Fig. 3 Sin bump in MSC.ADAMS Car

I 1) [ —]

File Edit View Insert Teels Desktop Windew Help -

Distance )

Fig. 4 Sin bump in MATLAB

Figure 3 shows the Sin bump road profile MSC.ADAMS
Car while Figure 4 shows the Sin bump generated in
the MATLAB. Both the simulations are carried out for
vehicle speed of 10 kmph and sample rate of the 100
Hz.

Time history results obtained for various dynamic
response like body Center of Gravity (CG)
displacement, CG acceleration, body pitch angle, front
axle acceleration through MATLAB and MSC.ADAMS
Car simulation are compared in Figure 5.

. CG Disp
£ 006 : ; ‘
= —— MATLAB
5 0.04+ — ADAMS Car ||
5 0.02f 8
®
= 0
2
002 L L L i
= 0 1 2 3 4 5
Time (seconds)
()
Pitch Angle
4 . . :
—— MATLAB

— ADAMS Car [

Pitch Angle (degree)
o

S
sl i i i i
0 1 2 3 4 5
Time ( seconds)
(b)
- CG Accin
@ 2 ; -
g —— MATLAB
=g —— ADAMS Car ||
2
=
g
T 0
[
O
O 1 i i i i
<< 0 1 2 3 4 5
Time (seconds)
. ©
R Axle acceleration
E 10 : ; ;
= —— MATLAB
2 4l —— ADAMS Car ||
®
—
s -
Q0
o
©
-5 -
% 0 1 2 3 4 5
Time ( seconds)
(d)

Fig. 5 Comparison between MSC.ADAMS Car and
MATLAB Simulation results
(a) CG displacement (b) Pitch Angle (c) CG Acceleration
(d) Axle acceleration

4.2 Road Profile Simulation

Four artificial road profiles are generated with
different road roughness coefficients through MATLAB
simulation. Figures 6 (a) to 6 (d) show the artificial
road profile of class A, B, C, and D with road roughness
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coefficients as 1x10-¢ m3/rad, 4x10¢ m3/rad, 16x10-®
m3/rad, and 64x10-¢ m3/rad respectively. The length of
simulated road profile is 25 m with 0.01 m
discretization. After comparing Figure 6 (a) to 6 (d), it
is observed that as the road roughness increases
elevation of road profile also increases.
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Fig. 6 Simulated road profile as per ISO 8608 spectrum
by using Gaussian Moving Average Method. (a) Class A
(b) Class B (c) Class C (d) Class D (Red-Left side road
profile, Black- Right side road profile)

Range (mm)

65
48
40
20 14
1
0

Class A Class B Class C Class D

Fig. 7 Road elevation comparison four different class of
the simulated road

Figure 7 shows the range of elevation for all classes of
simulated road profiles.

4.3 Investigation on the Effect of Road Roughness on the
Dynamic Response of the Vehicle

In order to investigate effect of road roughness on
dynamic vehicle vibration response, artificial road
profiles generated those are mentioned in section 4.2
are used as an input to the eight degrees-of-freedom
model. Dynamic response is compared for class A, class
B, class C, and class D with road roughness coefficients
as 1x10¢ m3/rad, 4x10-¢ m3/rad, 16x10-¢ m3/rad, and
64x10-¢ m3/rad respectively. Values of vehicle
parameters used for simulation are given in the
Appendix A.

Effect of road roughness on RMS values of CG
acceleration, suspension force, and wheel load at
vehicle speed of 10 km/h are shown in Table 1. It is
observed that as the road roughness increases, from
class A to D values for all quantities representing
dynamic response viz. vehicle body CG acceleration,
axle acceleration, tire dynamic load, and spring force
also increase. For example, RMS value of the spring
force is lowest in class for class A road 56.41 N,
whereas 131.19 N, 235.9 N, 582.87 N for class B, C, D
roads respectively. The conclusion of the analysis is
that road roughness information is important for
evaluation of dynamic response of vehicle.

Table 1 Effect of road roughness on the dynamic
response of SUV (at 10km/h)

Parameter Class Class Class Class
A B C D
RMS CG accln (m/s?) 0.1 0.2 0.4 0.9
RMS Front left axle 0.2 05 09 17
accln (m/s?)
RMS fm“t(ll‘flgt tireforce | 935 | 1917 | 3575 | 8240
RMS frontleftspring | 5, | 4315 | 23509 | 5828
Force (N)

4.4 Investigation on the Effect of Vehicle Speed on the
Dynamic Response of the Vehicle

In order to investigate the effect of vehicle speed on
dynamic response of SUV, road profile mentioned in
section 4.2 are used as input to the eight degrees-of-
freedom model. Simulation is carried out at three
different vehicle speeds, i.e. 10 km/h, 20 km/h, and 45
km/h. After analyzing the time history response of the
vehicle dynamic quantity, the results obtained for class
A roads under different vehicle speeds are tabulated in
the Table 2.
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Table 2 Effect of vehicle speed on the dynamic
response of SUV (Class A)

Parameter 10 20 45
(kmph) (kmph) | (kmph)
RMS CG accln (m/s?) 0.1 0.2 03
RMS Front left
axle accln (m/s?) 0.2 0.7 22
RMS front left tire 3.6 1266 D03
force (N)
RMS front left spring
Force (N) 56.4 64.0 69.7
Conclusions

Investigation on effect of road roughness and vehicle
speed on dynamic response of a typical Sport Utility
Vehicle (SUV) is carried out using the seven degrees-of-
freedom vehicle model. Gaussian Moving Average
Parallel track model is used for artificial road profile
simulation as per ISO 8608 road Power Spectral
Density function. It is observed that axle acceleration is
the most sensitive parameter influenced by variation in
vehicle speed for constant road roughness, whereas
spring loads are the most sensitive parameter
influenced by variation in road roughness at constant
vehicle speed for give configuration of vehicle. The ride
quality of vehicle deteriorates as road roughness
increases. Road roughness has an impact on the
durability load history as well on ride comfort. Hence,
it is mandatory to have road roughness information for
customer usage pattern to design a balanced
configuration of the vehicle. Artificial road profile
models provide an opportunity to simulate vehicle
under random road profile, which resembles with
actual road condition.

In future, study of vehicle vibration response and
optimization of suspension parameters by using
artificial road profile derived from actual road PSD
could be an interesting research to work on.
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Appendix A

Table A.1: Inertial and geometric dimensions of the
eight degrees-of-freedom model

Sr. No. Description Values Unit
1 Mass of Vehicle Body 1532 Kg
2 Mass of Front Right Wheel 45 Kg
3 Mass of Front Left Wheel 45 Kg
4 Mass of Rear Right Wheel 55.45 Kg
5 Mass of Rear Left Wheel 55.48 Kg
6 Mass of Driver 106 Kg
7 Distance from CG to Front 1.25 m
8 Distance from CG to Rear 1.47 m
9 Distance from CG to Left 0.76 m
10 Distance from CG to Right 0.76 m
Moment of Inertia of Bod
11 about Roll Axis Y 9634 Kg-m?
12 Moment of Inertia of Body 4719.8 Kg-m?

about Pitch Axis

13 Distance of DI‘]VF‘I‘ s _Seat 0.75 -
along lateral direction

Distance of Driver's Seat

14 along longitudinal direction 05 m
15 Front Right Spring Stiffness 48.43 kN/m
16 Front Left Spring Stiffness 48.43 kN/m
17 Rear Right Spring Stiffness 63.75 kN/m
18 Rear Left Spring Stiffness 63.75 kN/m
Front Right Damping
19 Coefficient 6000 Ns/m
Front Left Damping
20 Coefficient 6000 Ns/m
Rear Right Damping
21 Coefficient 4900 Ns/m
Rear Left Damping
22 Coefficient 4900 Ns/m
23 Driver Seat Stiffness 3404 N/m
Driver Seat Damping
24 Coefficient 1440 Ns/m

Abbreviation & Notation

ISO International Standard Organization
Suv Sports Utility Vehicle

CG Center of Gravity

PSD Power Spectral Density

IRI International Roughness Index (m/km)
FFT Fast Fourier Transformed

Zg Displacement of Driver's Seat (m)

Zeg Displacement of SUV Body CG (m)
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Zrll
erl
Zrlz

erz

Displacement of Front Left (FL) Wheel (m)
Displacement of Front Right (FR) Wheel (m)
Displacement of Rear Left ( RL) Wheel (m)
Displacement of Rear Right (RR) Wheel (m)

SUV Body Pitch Angle at CG (degree)

SUV Body Roll Angle at CG (degree)

Mass of Vehicle Body (kg)

Mass of Front Right Wheel (kg)

Mass of Front Left Wheel (kg)

Mass of Rear Right Wheel (kg)

Mass of Rear Left Wheel (kg)

Distance from CG to Front Axle (m)

Distance from CG to Rear Axle (m)

Distance from CG to Left Wheel (m)

Distance from CG to Right Wheel (m)

Moment of Inertia of Body about Roll Axis (kg-m?2)
Moment of Inertia of Body about Pitch Axis (kg-m?2)
Distance of the seat from CG in lateral direction (m)
Distance of the seat from CG in longitudinal
direction (m)

Front Right Spring Stiffness (N/m)

Front Left Spring Stiffness (N/m)

Rear Right Spring Stiffness (N/m)

Kslz

erl
Cwll
erz
Cwll
Kwrl

lel

KwrZ
leZ

Rear Left Spring Stiffness (N/m)

Front Right Damping Coefficient (Ns/m)

Front Left Damping Coefficient (Ns/m)

Rear Right Damping Coefficient (Ns/m)

Rear Left Damping Coefficient (Ns/m)

Front Right Tire Stiffness (N/m)

Front Left Tire Stiffness (N/m)

Rear Right Tire Stiffness (N/m)

Rear Left Tire Stiffness (N/m)

Tire Damping Coefficient (Ns/m)

spatial frequency (rad/m)

power spectral density function of the elevation of
the road profile (m3/rad)

Road Power Spectral Density Slope

kernel function (m1/2)

Road Elevation at Distance x (m)

Independent standard Gaussian random variables
Right Wheel Road Profile (m)

Left Wheel Road Profile (m)

Normalized Cross Spectrum

Normalized Kernel

Normalized Kernel

Independent Standard Gaussian Random Variable
Independent Standard Gaussian Random Variable
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