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Abstract—The isolation of passenger from road 

irregularities is the primary focus of suspension system 

development. A half-car model, consisting of the front and 

rear wheels in tandem, is used in this study. This system is 

used to study pitching of the vehicle body in addition to the 

dynamics of individual wheels. A pneumatic actuator placed 

parallel to the conventional spring and damper counters the 

force imparted by the road to the tyre by generating an 

opposing force. This actuator is controlled actively by PID 

controller which is capable of incorporating feedback from 

relevant data points on the model. The study is carried out at 

multiple road speeds to study the effect of vehicle speed 

variations on the suspension system. Simulation of the 

above model shows that there is significant improvement in 

the dynamics of the vehicle when the actively controlled 

pneumatic actuator is used. 

I. INTRODUCTION 

The suspension system in a vehicle distributes weight from 

the body to the tyre while also preventing vibrations being 

transmitted from the road to the body. This influences the 

stability of the vehicle by helping it to maintain good road 

contact under various driving conditions [1]. Suspensions 

are classified into three major types – passive, semi-active 

and active. A passive suspension consists of springs and 

dampers that have fixed properties. These properties are 

optimized according to the application for which the vehicle 

is used. An active suspension system utilizes a variable 

force generating component capable of counteracting the 

forces induced on to the tyre by the road. Hence, the 

vibration transmitted to the vehicle body and its occupants is 

considerably reduced [2-5].  

Active suspensions are also classified into two types – High 

bandwidth suspensions which consist purely of a variable 

active force generating component and Low bandwidth 

suspension which utilizes a conventional spring and damper 

in addition to an active component. The low bandwidth 

system utilizes much less power than the high bandwidth 

system. Also, modern conventional spring and damper 

systems mitigate road shocks in a variety of conditions 

requiring reduced force generation from the active 

component [6]. An added advantage of the low bandwidth 

system is that the failure of the active component does not 

lead to total suspension failure. The active components 

required for the transformation of a passive suspension into 

an active suspension are easily manufactured today. 

However, passive suspensions are at such a high level of 

refinement that it is difficult to justify the additional weight, 

effort and cost added by the active component. Hence there 

should be a significant performance gain offered by the 

active component. This can only be achieved by 

implementing a suitable control system and fine tuning the 

control algorithm to suit each combination of active and 

passive components. 

A mathematical model of the suspension is first developed 

based on the schematic shown in figure 1. A half-car model 

is used in this study. It considers one front and one back 

wheel. Here, the vertical motion of both wheels is taken into 

account and the pitching of the body is also considered. This 

model enables study of the motion of the front and rear 

components in relation to each other. Hence the resultant 

dynamics are coupled. The controller algorithm is modified 

to incorporate suspension constraints to ensure that the 

active components generate forces within limits [7, 8] and 

system performance is numerically optimized [9]. 

The structure of this paper is as follows: A low bandwidth 

system is first introduced. Necessary assumptions for 

simulation are explained. Design parameters and control 

system with algorithm are later introduced along with the 

road input used for testing the simulated system. The testing 

is simultaneously performed on a passive setup without the 

active component and the comparative results are illustrated 

below. 

II. DYNAMICS OF SUSPENSION SYSTEM 

A model with four degrees of freedom is shown here. The 

vehicle body moves vertically at the front and rear due to the 

motion of the tyres and also rotates about centre of gravity 

due to the relative motion between the front and rear. 

 
Fig. 1: Half car model 

The equations of motion for this system are written using 

Newton‘s law. The four measurable degrees of freedom are 

‗zs‘ (vertical motion of body), ‗θ‘ (rotation of the body about 

center of gravity), ‗zuf‘ (vertical displacement of front tyre) 

and ‗zur‘ (vertical displacement of rear tyre).  
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The active component implemented here is a pneumatic 

actuator. It develops force when air is forced into it at high 

pressure. The flow of pressurized air is controlled by a valve 

with a variable orifice. The overall dynamics of variable 

valve and pneumatic actuator are incorporated into the 

controller which oversees the functioning of the actuator. 

The force differential developed by the pneumatic actuator 

is given by 

  ̇  
 (     )

  
     (5) 

This dynamic equation can be further simplified as 
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The other parameters used to model the dynamics of this 

suspension are: muf and mus are the unsprang masses at the 

front and rear respectively, ktf and ktr are the front and rear 

tyre stiffness, zrf and zrr represent the displacement of the 

road from its mean level, ksf and ksr are the spring stiffness 

at the front and rear respectively, csf and csr represent 

damping coefficients of the front and rear dampers, fpa1 and 

fpa2 are the forces generated by the front and rear pneumatic 

actuators, zsf and zsr are the displacements of the body at 

front and rear, zs is the vertical displacement of the centre of 

gravity (CG) and ms is the mass of body considered to be 

acting at CG. 

III. CONTROL SYSTEM 

The controller for the active component used in this 

implementation is a PID controller (proportional, integral 

and derivative controller). For every force generated by the 

actuator, a sensor measures the error which is given as input 

to the PID controller. The function of the PID is to minimize 

this error. The error value is the difference between the force 

produced by the active component and the force generated 

by the actuator. 

The parameters of the PID that can be optimized are Kp, Ti 

and Td which are collectively known as proportional, 

integral and derivate gain parameters. A number of 

algorithms [10, 11] are available. The algorithm used in this 

simulation is a refined form of the Ziegler-Nichols 

algorithm [12].  

The mathematical equation used to simulate this controller 

is 
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IV. MODELLING OF ROAD INPUT 

The system may behave in various ways for different road 

inputs. Hence it is vital to check the system for different 

road irregularities which is the primary input of this system. 

ISO (International standards organization) has a number of 

standard road models available for this purpose. However, it 

is acceptable to use a single bump of 5cm to check the 

system performance. 

 [13, 14] .This reduces the complexity of the simulation to a 

large extent. 

In this study, the road disturbance used is mathematically 

represented as:  
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 Where ‗a‘ = 0.025. 

V. MODEL PARAMETERS 

The following parameters are considered for simulation: 

Vehicle body mass is 580kg, suspension damping and spring 

stiffness are 1000Ns/m and 10000N/m respectively. Tyre 

Stiffness is 100000 N/m. moment of inertia generated due to 

distance between the center of gravity and the wheels is 

910kg·m
2
.  

The othe parameters are: 

ms=580kg; Is=910kg.m
2
; muf=40kg; mur=30kg; 

ksf=10000N/m; ksr=10000N/m; 

ktf =100000N/m; ktr =100000N/m; csf=1000Ns/m; 

csr=1000Ns/m; l1=1.25m; l2=1.45m 

 

 
Fig. 2: Half car model – SIMULINK 

This road model, represented graphically in SIMULINK 

[Fig. 2] is given as input to both the passive and active 

system at different speeds to check the performance. The 

test speeds used here are 2.5km/hour, 20km/hour and 

70km/hour. These three represent a majority of the real 

world situations.  

VI. RESULTS AND DISCUSSION 

The active suspension and its passive counterpart are 

simulated using MATLAB. The performance of both 

systems is plotted against each other. The parameters that 

are used to assess performance are the acceleration of the 

body and the pitch about the centre of gravity for varying 

speeds. 
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Fig. 3: Body acceleration at 2.5km/hr 

 
Fig. 4: Body acceleration at 20km/hr 

 
Fig. 5: Body acceleration at 70km/hr 

VII. SIMULATION RESULT AND DISCUSSION 

The dynamics of the half car model is simulated for the 

proposed model using MATLAB. The case under study 

presents the active pneumatic system which has been 

compared with passive system. The figures [Fig. 3,4,5] 

shows the time based evaluation of the car body 

acceleration, \.  

Parameters at various 

speeds 

Peak Values Difference 

(%) Passive Active 

Body 

Acceleration 

(m/s2) 

2.5 

km/hour 
11.3354 7.2654 35.91 

20 

km/hour 
10.4154 6.9265 33.5 

70 

km/hour 
7.1089 4.8654 31.56 

Table 1: Percentage reduction in Body acceleration 

In this section we discussed the results of some numerical 

simulations. The proposed design is shown in figure 1, with 

values of the parameters that are commonly used [15, 16].   

The primary indicators of comfort are vertical acceleration 

and pitching of the vehicle body. The simulated 

performance of the active system is better than the passive 

system. The peak vertical body acceleration is seen to be 

reduced in between 31.56% to 35.91%. 

From the acceleration graphs, we deduce that the time taken 

for settling is lowered and the travel of the suspension is 

within reasonable limits. From the data, we can conclude 

that the aim of improving comfort has been achieved. 

VIII. CONCLUSION 

An actively controlled pneumatic suspension system with 

input of a single bump for a half car vehicle model was 

analysed, the results of which have been presented. The 

system was tested in passive and active modes. The obtained 

results confirm that the body acceleration of the proposed 

model has improved while maintaining a reasonable trade-

off between ride quality and suspension travel. 
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