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Abstract     The objective of this research is to develop a mathematical model us-

ing a seven degree-of-freedom full car. The simulation analyses were conducted to 

predict the response of the vehicle when driven across speed bumps of different 

shapes and at range of speeds. Three bump sizes were considered in this study in-

cluding bump 1 (500 mm x 50 mm), bump 2 (500 mm x 70 mm), and bump 3 (500 

mm x 100 mm). These were run through the model at speeds of 8 km/hr, 16 

km/hr, 24 km/hr and 32 km/hr. The model was validated using experimental data, 

which was collected by driving the vehicle across the bump 1 at a speed of 8km/h.  

The performance of the suspension in terms of ride comfort, road handling and 

stability of the vehicle were analysed and presented. The vibration analysis for dif-

ferent speed levels of 8 km/hr, 16 km/hr, 24 km/hr and 32 km/hr indicated that, the 

effect of vehicle speeds on the vibration of the vehicle body increases at lower 

speeds up to a maximum value after which it began to decrease from the optimum 

point with increasing vehicle speeds. The model has been used for fault detection 

of under-inflation of vehicle tyre by 35%, and also to predict possible future sus-

pension faults.  

 

Key words Condition monitoring, suspension modeling, vibration measurement, 

speed bump geometry, vehicle speed. 

1.0 Introduction 

Suspension systems and their components have significant influence on passenger 

safety, ride comfort, handling, and vehicle stability. According to the Ministry of 
Transport (M.O.T) data [1], between October 2010 and September 2011, approx-

imately 24.2 million vehicle tests were carried out in UK. Figure 1 represents the 

percentage failure by category for different car models. Lighting problems (19.79 
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%) attributed for a high number of re-tests followed by suspension faults (13.18 

%), brake faults (11.47 %) and tyre faults (8.75 %). As shown in the pie chart 

(Figure 1), suspension and tyres faults are the 2nd and the 4rt frequent faults in 

MOT tests respectively. To consider the performances of the suspension in terms 

of ride quality, handling and stability of the vehicle, some important parameters 

must be studied; these parameters are the wheel deflection, suspension travel and 

the vehicle body acceleration. 
 

 

Fig. 1 Percentage of failure by category for different cars 

The aim is to achieve small amplitude value for these parameters [2]. Road han-

dling is associated with the relative displacement between suspension and the road 

input (Zu - Zr). This is represented as wheel deflection as shown in the Figure 2. 
Suspension travel is defined as the relative vertical displacement between the ve-

hicle body and the wheel (Zs – Zu) as shown in the Figure 2. This can be used for 

assessing the space required to accommodate the suspension spring. Ride comfort 

is related to vehicle body motion sensed by the passenger’s comfort. This requires 

that the acceleration of the vehicle body (sprung mass) be relatively small. Ac-

cording to ISO: 2631-1-1997 [3] the proper road handling must be in the range of 

0.0508 m whilst the standard value for suspension travel must be in the range of 

minimum of 0.127 m. Finally, the passenger feels highly comfortable if the RMS 

acceleration is below 0.315 m/s
2
.
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   Fig. 2 Sketch of quarter car model  

A number of researchers have investigated suspension performance  using model-

ling/simulation [4]. A mathematical model for quarter car with 2-DOF and a half 
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car with 4-DOF have been investigated by Faheem [5]. Also, a mathematical 

model of a 3-DOF quarter car with semi-active suspension system has been devel-

oped by Rao [6]. The model was used for testing of skyhook and other strategies 

of semi active suspension system. Modeling of one and two DOF for a quarter car 

design a semi-active twin-tube shock has been developed by Esslaminasa et al.[7]. 

Darus [8] adopted a state space approach in developing a mathematical model for 

both a quarter car and full car using MATLAB packages. In Metallidis [9], statis-

tical system identification technique was applied for performing parametric identi-

fication and fault detection of nonlinear vehicle suspension system. A model-

based fault detection applied on a vehicle control system has been presented by 

Kashi [10], which relies on mathematical descriptions of the system and which 

yields a robust fault detection and isolation of faults affecting the system. 

Agharkakli et al. [11] presents a mathematical model for passive and active of 

quarter car suspension system. A research study to improve road handling and rid 

comfort was presented by Ikenaga et al. [12]. Active suspension control system 

based on a full Vehicle model was presented, and the performance of suspension 

system was included. The effect of truck speed on the shock and vibration levels 

was discussed by Lu et al [13]. They indicated that the effect of truck speed on 

root mean square acceleration of vibration was strong at a lower speed, but slight 

at a higher speed. 

The objective of this research is to analyse the performances of suspension in 

terms of ride comfort, road handling and stability. The effect of road conditions, 

vehicle speed and any changing in suspension specifications include the effect of 

tyre pressure, have been investigated. For this a mathematical modelling of the full 

car has been conducted in this study. 

To develop the vehicle model, it can be assumed that the vehicle is a rigid body 

and represented as sprung mass ms, while suspension axles represented as un-

sprang mass mu as shown in Figure 3. The suspension between the vehicle body 

and wheels are modelled by simple linear spring and damper elements, and also 

each tyre is modelled as a single linear spring and damper.  
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Fig. 3 Full vehicle models 
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the equations of all motions are derived separately, and finally the equations of the 

body motions are achieved [8]. 

  

Equation of motion for bouncing of sprung mass: 

    ̈     (       )     (       )     (       )     (    
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For pitching moment of inertia of sprung mass 
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For each wheel motion in vertical direction  

     ̈       (       )     ( ̇    ̇  )      (       )  

   ( ̇    ̇  )        (4) 

     ̈       (       )     ( ̇    ̇  )      (       )  
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The parameters of suspension system and the definition of equation variables are 

summarized in Table 1 which was adopted from [7] and [14], and some variables 

were emended to meet the specifications of the vehicle used in the experiment.  

The system can be represented in state space matrix forms as:  ̇   ( )   ( ) is 

the input state equation and    ( )   ( ) output for the state equation. To 

simulate the state space matrixes MATLAB code has been developed.  
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The road profile is assumed to be a single bump with sin wave shape; it was calcu-

lated and created according to vehicle speeds, height and width of the bumps by 

the following equation: 

 ( )              (         )                                   (8) 

Where (a) is the bump height, which was considered in this study as [50, 70 and 

100 mm],    frequency of the bump which was calculated by considering length 

of the bump and vehicle speed, t is the time for crossing the vehicle on the bump. 

Three bump sizes were considered in this study such as: bump 1 (500 mm in width 

x 50 mm height), bump 2 (500 mm in width x 70 mm height), and bump 3 (500 

mm in width x 100 mm height). The models were simulated for speeds of 8 km/hr, 

16 km/hr, 24 km/hr and 32 km/hr for validations.  

Table 1 Shows definition of equations variables and parameters of suspension 

Variables Definitions Units 

    =  1290 Sprung mass (mass of the body) Kg 

       ,    =  85 Unsprang mass  Kg 

                     Roll and pitch of moment of inertia  Kg m² 

                             Distance from front and rear wheel 

to the car centre 

m 

                     Stiffness of front and rear spring  N/m 

                Stiffness of front and rear tyre  N/m 

                  Front and rear damper coefficient 

for   

Nm/sec 

                       Front and rear vehicle width m 

     Displacement of the vehicle body m 

θ, φ Roll and pitch angles  rad 

2.0 Experimental set up and test procedures 

To validate the theoretical model, a 2001 Vauxhall ZAFIRA car, with a front 

wheel drive and equipped with two different sensors was used. The sensors 

mounted on the car include: (1) a vibration sensor with sensitivity of (3.770 

pc/ms-2) mounted on the upper mounting point of the front left shock absorber, 

and (2) a dynamic tyre pressure sensor (DTPS) with sensitivity of (11.43 

Pc/0.1Mpa) connected to the valve stem of the front left wheel.  
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In order to insure significant installation for the sensors, two different adapters 

were designed and manufactured at the University of Huddersfield. In addition, a 

wireless measurement system was also designed and installed on the car to offer a 

complete remote measurement for vibration and pressure data. The two sensors 

were connected to the wireless sensor nodes (transmitters) assembled and situated 

in the centre rim of the front left wheel for the pressure sensor, and inside the car 

for the vibration sensor. The gateway (receiver) was equipped together with a lap-

top inside the car. 

The main aim of this test was to obtain the acceleration (vibration) response of the 

suspension system in order to analyze the effect of velocity change and under-

inflation of the tyre on the performance of the suspension system. The test was 

conducted with standard tyre pressure (2.3bar) and vehicle speed of 8km/h. 

3.0 Results and Discussion 

The model was validated using experimental data collected by driving the vehicle 

across the bump1 (located in the University of Huddersfield premises) with speed 

of 8 km/h.  

 

 

Fig. 4 Vibration (acceleration) of suspension simulation and experimental 

The bump profile used was 5.80 m width, 0.50 m length and 0.050 m height. The 

MATLAB software was used to analyse the response of the vehicle. Figure 4 de-

picts the acceleration of vehicle body in time domain based on model simulation 

and experiments. It can be noted that the model fairly predicts the performance of 

the suspension in comparison with the experimental results. The plots of the road 

profile for the three bumps in time domain are shown in the Figure 5-a, for front 

and rear wheel of the vehicle. 

For the simulation study, road disturbance is assumed as the input for the system. 

Figure 5-b shows the displacement of the vehicle body (sprung mass) while Figure 

6 shows the displacement of four wheels (unsprung mass) in time domain.  From 
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these plots, it can be seen that the amplitude of the vehicle body and the wheels 

increase stably with increase in the bump height. This indicates that the perfor-

mance of the suspension may be affected by this change in the geometry of bumps 

or road disturbances. 

 

Fig. 5 (a) Road profile excitation and (b) displacement of vehicle body for different road bumps 

 

Fig. 6 Vehicle wheel’s displacement with different road profile (bumps) 
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To analyse the performances of the suspension in terms of ride quality, handling 

and stability of the vehicle, road handling profile for vehicle is associated with the 

contact forces between the road surface and the vehicle tyre (zu – zr). The wheel 

deflection for this simulation was about 0.011 m,  0.015 m and  0.025 m  for 

bump1, bump 2 and bump 3 respectively as presented in Figure 7-a. This range of 

wheel deflection seems to be acceptable compared with the proper road handling 

which must be in the range of 0.0508 m as per ISO: 2631-1-1997 [3].  

 

Fig. 7 (a) Wheel deflections and (b) suspension travel for different bumps   

The suspension travel can be defined as a relative displacement between the vehi-

cle body and the wheel (zs – zu) as shown in Figure 7-b. The value is about 0.02 

m, 0.028 m and 0.04 m for passing the vehicle over bump1, bump 2 and bump 3 

respectively. This range of suspension travel seems to be acceptable in comparison 

with the standard value which must have a minimum value of 0.127m according to 

the ISO: 2631-1-1997 specification [3]. In addition, ISO: 2631-1-1997 [3] also 

states that, the passenger feels highly comfortable if the RMS acceleration is be-

low 0.315 m/s
2
. In Figure 8, the acceleration of the vehicle body in time domain is 

presented. The results agree with both the ISO specification and with results pre-

sented in previous researches [11]. Figure 9 shows a typical example of RMS val-

ue for acceleration of the vehicle body at different speed levels of 8 km/hr, 11 

km/hr, 16 km/hr, 24 km/hr and 32 km/hr, and with different bump sizes. These re-

sults show that the effect of vehicle speed on the acceleration of the vehicle body 

is strong at lower speeds and slight at high speeds. It can be clearly noted that, the 

change of the RMS value was high with changing speeds at values between 8 to 

11 km/hr compared to changing the speed at high values between 11 to 16km/hr.  

It should also be noted that, the highest acceleration occurs during the speed of 

11–16 km/hr. These results have been compared with [13] and show some agree-

ment.  

The transfer function was used to detect the level of under-inflation of the tyre and 

also predict possible future suspension faults. In Figure 10, the amplitude-

frequency characteristic curves for changes of tyre stiffness in four different out-

put cases (vehicle body vertical displacement, vehicle body velocity, displacement 

of front wheel, and displacement of rear wheel) are shown. . From the plots, it can 
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be seen that every vibration response value causes resonance phenomenon and 

generates peak values in the vicinity of about 1 Hz and 9 Hz. The vibration re-

sponse value becomes larger in resonance region as the decrease of tyre stiffness. 

In the high frequency resonance region, there is a change in the vibration response 

values which is related to the wheels however the vibration response values relat-

ed to the vehicle’s body shows also high change.  

 
 

 

 
 

 

Fig. 10 Transfer function response for vehicle body and vehicle body velocity 

4.0 Conclusion 
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sion in terms of ride comfort, road handling and stability of the vehicle were pre-

sented. The acceleration analysis of the vehicle body for different speed levels of 8 

km/hr, 16 km/hr, 24 km/hr and 32 km/hr showed that the effect of vehicle speed 

on the acceleration of the vehicle body was higher at a low speed and reduced uni-

formly at higher speeds. Moreover, the influence of parameter variations on trans-

fer functions as a method of fault detection of suspension has been introduced. 

This approach has been used for fault detection of under-inflation of tyre for three 

conditions.   
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