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Abstract—This paper presents the effect of car speeds on a quarter car passive suspension system model dynamics. The model is 

identified using system identification technique, in which the input-output data are collected by running a test car on an artificial road 

surface with two different speeds i.e., 10 km/h and 20 km/h. The quarter car passive suspension system dynamics is assumed to have an 

ARX model structure and identified using linear least-square estimation algorithm. The car vertical body acceleration, which is the 

output variable, is measured by installing an accelerometer sensor on the car body, above the suspension. On the other hand, the car 

shaft acceleration, which is the input variable, is measured by installing an accelerometer sensor at the lower arm of the car suspension. 

The best model for the 10 km/h car speed gives the output order (��) = 4, the input order (��) = 2, delay (d) = 1, the best fit = 90.65%, 

and the Akaike’s Final Prediction Error (FPE) = 5.315e-06. In contrast, the 20 km/h speed results in 4th output order (��), 1st the input 

order (��), 1st delay (d), the best fit of 91.05%, and 7.503e-05 Akaike’s FPE. These results show that the higher speed reduces the effect 

of the road surface to car dynamics, which is indicated by the order of the model.  
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I. INTRODUCTION 

Suspension systems affect the handling and riding quality 

of cars, so they have been of great interest to both academia 

and industry [1]. The riding problem arises mainly from 

vehicle vibration. The major source of the vehicle vibration is 

road surface irregularities or roughness [2], [3]. The vehicle 

suspension systems receive the vibration from tire, transfer it 

into the vehicle body and finally to the passenger.  

The purposes of the suspension system are to support the 

vehicle weight, keep the wheels on the ground, minimize the 

transient force to the body, maintain good ride comfort, and 

enhance handling performance [4]. Thus, the most vital factor 

to improve handling and comfort of driver and passengers is 

by improving the vehicle suspension system. One way to 

improve the suspension system is by designing its controller 

[1], [5]-[7]. 

In order to design the controller for a vehicle suspension 

system, a mathematical model of the system is needed. The 

best way to determine the mathematical model is by using 

system identification. System identification is an art of 

modeling. Its basic philosophy is to form a good mathematical 

model to fit input-output data of a system instead of building 

a model from physical laws, although the physical structures 

do provide some guidance in choosing model structures and 

experiment designs [8]. One of the well-known system 

identification algorithms is using the least-squares estimation 

method and it has been applied in this works. 

A quarter-car model is an easy way to understand and 

represent the vehicle suspension system dynamic. A quarter 

car model describes the vibration transmission from the road 

surface to the vehicle body, and then to the passenger. 

Therefore, a quarter car model offers a quite reasonable 

representation of the actual suspension system dynamic [9]. 

In this paper, a quarter car is assumed to have an 

Autoregressive Exogenous (ARX) model structure and used 

to be a candidate model of the suspension system. The ARX 

model is assumed as a single input and single output (SISO) 

model.  

The car input-output data used to identify the ARX model 

are measured by running a test car on an artificial road with 

two different speeds, at 10 km/h and 20km/h.  

II. ARX MODEL APPROACH  

The ARX model of the quarter car passive suspension 

dynamic system is derived based on the dynamic model 

shown in Fig. 1, where �� is the sprung mass, �� is sprung 

mass position, 	� is the suspension spring element, 
� is the 
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suspension damping element and ��  is the unsprung mass 

position. Applying Newton’s Second Law, the equation of the 

quarter car is, 

 

�����  
����� � ���� � 	���� � ���                    (1) 

 

The input and output variables are sprung mass vertical 

acceleration and unsprung mass vertical acceleration, 

respectively. By differentiating equation (1) two times and by 

assuming that the output variable is �  ����
���  and the input 

variable is�  ����
��� , the following equation is obtained. 

 

���� � 
��� � 	��  
��� � 	��                            (2) 

 

Converting equation (2) into discrete form, 

 

�����  �� ��� � 1��� � �"��� � 2��� � 

$ ��� � 1���                                           (3) 

 

Note that the structure of equation (3) represents the ARX 

model.   
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Fig. 1. A Quarter Car Dynamic Model 

III. SYSTEM IDENTIFICATION 

System identification is the process of the deriving 

mathematical system model of a system from observed data 

in accordance with some predetermined criterion. The method 

uses a tail red model description that yields a system of 

ordinary differential equation. Since not all the coefficient is 

readily available, therefore, a procedure for calibrating the 

parameters of the virtual prototype is needed. For use on a test 

bench, the desired model parameters need to be adjusted as 

the testing proceeds. The system identification technique can 

be achieved efficiently by means of a mathematical 

optimization algorithm. The term system identification was 

coined by Lotfi Zadeh in 1962 [10] and decried system 

identification as: 

“Identification is the determination on the basis of input and 

output of a system within a specified class of systems to which 

the system under test is equivalent.” 

This definition is of course highly systems oriented, the 

term caught on and soon become standard terminology in the 

control community. The system identification block diagram 

is as bellow: 

 

 

Fig. 2. System Identification Block Diagram 

 
In system identification, there are three steps to determine 

the mathematical model of a system. First is recording the 

input-output data, the second is determining the set of models 

and lastly, is validating the model. System identification is the 

field of the modeling dynamic system from experimental data 

and it is a fundamental problem in system theory. The area of 

system identification has greatly matured over the last two 

decades [11]. However, a majority of effort has been directed 

towards technique of linear system. 

General form of ARX model is written as, 

 

        �����  �� ��� � 1��� � �%&��� � '(��� � 

          $ ��� � 1��� � ⋯ � $%*��� � + � ',���              (4) 

 

where, '(  and ', are output variable and input variable 

orders respectively and + is delay time. 

The best parameter estimation using least square 

estimation is given by, 

 

Θ./  0 
/ ∑ 2�3�24�3�/

�5 6
7 

0 
/ ∑ 2�3�24�3�/

�5 6      (5) 

 

where, 

2�3�  8���� � 1��� … � ��� � '(���  ��� � 1��� � ⋯
� ��� � + � ',���: 

Θ4  ;� … �%&    $ …  $%*< 
 

IV. INPUT OUTPUT DATA COLLECTION 

In system identification, the system model is identified 

based on the input-output data of the system collected through 

experiments or real test system. Then the data pre-processing 

is performed to determine whether the data is informative or 

not [12], [13]. In this work, car sprung mass vertical 

acceleration and unsprung mass vertical acceleration are the 

output and input variables, respectively, are measured using 

accelerometers installed on a test car, which runs on an  

artificial road surface. Installation of each accelerometer and 

data collection processes are shown in Fig. 3 till Fig. 5. 

 

 
Fig. 3. Accelerometer Sensor Installation for Vertical Body Acceleration 
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Fig. 4. Accelerometer Sensor Installation for Vertical Shaft Acceleration 

 

 
Fig. 5. Running Test Car  

 

Artificial road surfaces are made of plywood and the beam 

woods as depicted in Figure 5. A different dimension of beam 

woods are placed on the plywood with random distance. In 

order for the right and left side of car suspensions sense the 

same vibrations, two artificial road surfaces are made 

identical.  

V. SYSTEM IDENTIFICATION AND VALIDATION 

The input-output data of the quarter car suspension 

system are collected from two different speeds as mentioned 

previously. From each set of data, the best ARX model of a 

quarter car passive suspension system is identified using the 

least square estimation algorithm.  

 
A. 10 km/h Speed 

The data of sprung mass vertical acceleration as the 

output variable and the unsprung mass vertical acceleration as 

input variable at 10km/h speed are shown in Figure 6(a) and 

6(b), respectively. The data will be divided into two parts in 

which the first half is used for estimating the model parameter 

and the second half is for model validation purpose. 

 

 
(a) Sprung mass vertical acceleration signal as output variable 

 

 
(b) Unsprung mass vertical acceleration as input signal 

Fig. 6. Input-Output Data (10 km/h) 
 

The best ARX model of a quarter car passive suspension 

system dynamic produced from system identification 

technique for the data shown in Fig. 6 is represented as in 

equation (6). The model validation for best fit and Akaike’s 

Final Prediction Error (FPE) are 90.65% and 5.315e-06, 

respectively. On the other hand, the comparison between 

measured signal and the model response is presented in Fig. 

7. The autocorrelation of residual and cross-correlation 

between residual and input are described as shown in Fig. 8 

and 9, respectively.  

 

�����  0.9669���� � 1��� � 0.0134���� � 2��� 

                    �0.0004���� � 3��� � 0.0057���� � 4��� 

                    �0.9973���� � 1��� � 0.9728���� � 2��� 

                          �0.0170���� � 3��                                         (6)                                                 

 

 
Fig. 7. Comparison between Measured Signal and Model Response from 10 

km/h Speed of Run Test 

 

 
Fig. 8. Auto Correlation of Residual from 10 km/h Run Test Speed 

 

 
Fig. 9. Cross Correlation of Residual and Input from 10 km/h Run Test 

Speed 
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B. 20 km/h Speed 

The input-output data at 20km/h speed are illustrated in 

Figure 10. Input and output variables are sprung mass vertical 

acceleration signal and the unsprung mass vertical 

acceleration signal, respectively. The data is divided into two 

parts, one-half is to estimate the model parameter and the 

other part is for model validation.  

 

 
(a) Sprung mass vertical acceleration signal as the output variable. 

 

 
(b) Unsprung mass vertical acceleration as the input signal. 

Fig. 10. Input-Output Data (20 km/h) 

 
The best ARX model of a quarter car passive suspension 

system dynamic from this set of data is shown in equation (7). 

The best fit and Akaike’s Final Prediction Error (FPE) are 

91.05% and 7.503e-05, respectively. Figure 11 shows the 

comparison of measured signal and the best ARX model 

response. Fig. 12 and 13 present the autocorrelation of 

residual and cross-correlation between the residual and input.  

 

�����  0.9673���� � 1��� � 0.0002���� � 2��� 

                 �0.0002���� � 3��� � 0.0047���� � 4��� 

                 �1.002���� � 1��� � 0.9671���� � 2���       (7) 

 

 
Fig. 11. Comparison between Measured Signal and Model Response from 

20 km/h Speed of Run Test 

 

 
Fig. 12. Auto Correlation of Residual from 20 km/h Run Test Speed 

 

 
Fig. 13. Cross Correlation of Residual and Input from 20 km/h Run Test 

Speed 

VI. DISCUSSION  

System identification to identify the best ARX models of 

a quarter car passive suspension system with two different 

speeds has been performed. It uses the input-output data 

collected by running a test car on an artificial road surface 

with 10km/h and 20km/h speeds. In this project, the system 

identification criteria have been fulfilled and the responses of 

the identified models have similar trends with that of the 

measured data. Besides that, the residual autocorrelation and 

residual cross-correlation with input were also laid in limit 

areas. On the other hand, the obtained best fit and Akaike’s 

FPE values showed that the identified models are acceptable. 

VII. CONCLUSIONS 

The ARX models of a quarter car passive suspension 

system with body mass (sprung mass) acceleration as the 

output variable and tire mass (unsprung mass) acceleration as 

the input variable have been obtained through system 

identification technique. The best model for 10 km/h car 

speed has the following results: output order ('() = 4, the 

input order (',) = 2, delay (d) = 1, best fit = 90.65%, and the 

Akaike’s Final Prediction Error (FPE) = 5.315e-06. On the 

other hand, the 20 km/h speed produced 4th output order ('(), 

1st input order (',), 1st delay (d), 91.05% best fit and 7.503e-

05 Akaike’s FPE. The results showed that higher car speed 

reduced the effect of the road surface to car dynamics, as 

indicated by the value of ',.  
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