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Abstract: Based on the dynamics analysis about the tracked vehicle electro-hydraulic semi-active suspension 
model, the optimal damping ratio control method was given in the paper. According to the character of 
suspension control objects and the influence factors of the vehicle ride comfort performance, the distributed not 
real-time suspension control system project was given. In the paper, the hardware and the software of intelligent 
suspension control system were designed which were used in the tracked vehicle test. At last, the test result has 
proved the suspension control system designed in the paper of excellent effect and reliability, which can 
improve the vehicle vibration environment and make sure that the control system could be well applied. 
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 

 

The suspension system is one of the most 
significant components of a tracked vehicle. 
Advanced suspension systems play a vital role in the 
performance of tracked vehicles [1]. These advanced 
suspension systems would be advantageous to retain 
the vehicle stability during various handling actions, 
to support the body and to keep the rider’s comfort 
within permissible allowances. So the importance of 
the semi-active control of the tracked vehicle’s 
suspension systems would never be underestimated. 
The basic principle of suspension system would be 
not difficult to understand. First, the working 
parameters of the tracked vehicle such as velocity, 
vertical vibration acceleration and so forth could be 

obtained by sensors. Second, based on the obtained 
parameters the controlling units would calculate 
some suspension parameters which would be the 
most advantageous to the whole vehicle such as the 
damping element parameters and elastic element 
parameters and then use these parameters to make the 
vehicle run smoothly.  

The suspension system which owns a simple 
structure and considerable reliability costs relatively 
less energy and is not difficult to accomplish, so the 
research based on it has been widely conducted all 
over the world. In the paper, according to the analysis 
of the tracked vehicle’s dynamic model and many 
bench tests, the optimal damping ratio control 
method has been demonstrated. Moreover the 
hardware and the software systems of intelligent 
suspension control systems have been designed [2]. 
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2. Design of the Intelligent Suspension 
Control System 

 
In reference [3], the nonlinear multi-body 

dynamic model of the tracked vehicle has been built 
and the calculation of the vibration environment has 
been conducted, which would lead to the conclusion 
that when under different working conditions, the 
vibration respond of the vehicle would vary under 
different suspension damping ratio. According to the 
experiment of shock absorber, the phenomenon has 
been discovered that the increase of temperature 
would have a negative influence on the performance 
of the shock absorber. So in the paper, based on that 
phenomenon, the optimal damping parameter of the 
vehicle’s suspension system, under certain 
circumstances, would be acquired and the control 
strategy would also be made based on the parameters 
of both working conditions and the temperature of 
shock absorber. Compared with the strategy in which 
the input of the controller would only be the vehicle’s 
acceleration, the strategy mentioned in the paper 
could lead researchers to choose a better and less 
expensive sensor because the controller chosen in this 
strategy has the input of the vehicle’s velocity, its 
acceleration and the temperature of the shock 
absorber. In this strategy, the performance of the 
vehicle being optimal all the time would not be 
necessary [4, 5]. All it needs is to make sure the 
working conditions of the vehicle were within 
permissible allowances. However, some working 
conditions that would have a severe impact on the 
damping force of the shock absorber should  

be monitored and controlled. Such working 
conditions include vehicle’s positions, its start, cease 
and lateral slating.  

Intelligent suspension control system consists of 
hardware and software which would bring about huge 
difficulties to its development and adjusting, because 
designer should not only have a deep understanding 
about the object and purpose of the controlling 
process but also be very familiar with the design and 
adjusting of the system’s hardware and software. In 
the paper, the design of the hardware would adopt a 
standardized and open way as well as the technology 
of separate functional module design. The design of 
the software would take the technology of modern 
software engineering into account. 
 
 
2.1. Hardware System Design 
 

According to the characters of the object of the 
suspension control system, the method – to 
concentrate the management and to distribute the 
controlling process – has been adopted in the paper 
and the method has been demonstrated in Fig. 1. 
Every shock absorber whose damping ratio could be 
changed is controlled by a single chip microcomputer 
(SCM), the slave of the whole system, which could 
exchange data through industrial control bus with the 
master [6]. The distributed control system could not 
only minimize the amount of connections but also 
guarantee that every slave could work separately, 
which could make sure that others could operate well 
even if there is some malfunctions in one slave. 

 
 

 
 

Fig. 1. The strategy of the intelligent suspension control system. 
 
 

The master consists of a CPU board, a display 
panel, a keyboard and a power supply. In the CPU 
board, there are a CPU, a clock circuit, a random 
access memory (RAM), a watchdog circuit and a 
communication interface circuit. In the master, the 

SCM AT89C51 has been used as the CPU which has 
three major functions: communicating with the slaves, 
monitoring the working units of the system and 
accomplishing human-computer interaction. The 
display panel contains a graphics card which could 
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control fourteen double-digit common cathode nixie 
tubes, which could demonstrate the time, the 
temperature of the shock absorber and the conditions 
of both the road and the vehicle. The watchdog 
circuit would monitor all the hardware of the whole 
system and prevent it from malfunction when there is 
any kind of disturbance. The hardware of the master 
has adopted the fieldbus of I2C and its strategy has 
been demonstrated in Fig. 2. 

The slaves, on the other hand, have adopted the 
SCM AT89C52 as the CPU which, by using the 

temperature sensor, velocity-testing circuit, could 
accumulate some basic data of the vehicle, such as 
the temperature of the shock absorber, the velocity of 
the vehicle, the position of the throttle, the braking 
signal, the rotation angle signal and the alarm signal 
of the whole system [7]. Then, the master would use 
these data which have been sent to it by the bus to 
make the whole system operate well. The strategy of 
the slaves’ hardware system has been demonstrated 
in Fig. 3.  

 
 

 
 

Fig. 2. The strategy of the hardware system. 
 
 

 
 

Fig. 3. The strategy of the software system. 
 
 
2.2. Software System Design 
 

Intelligent suspension control system is a multi-
task system which would be difficult to design and in 
order to fulfill the multi-task function, using the idea 
of modularity would be of great necessity. The 
process flow diagram (PFD) of the software system 
has been shown in Fig. 4. The controlling system 
would detect the real-time temperature of the shock 
absorber, the working condition of the vehicle and 
the vibration environment of the road, then sending 
these signals to the controlling units of the slaves 
which would make adjustments according to the 

uploaded program [8]. In the meantime, the master 
could detect and control every slave. In this 
controlling system, certain anti-interference method 
has been taken into account which is to insert some 
redundant orders right after some important ones, so 
that the program could be protected from breaking 
off and be operated well. There have two 
prerequisites of the process that the redundant orders 
are working. First, the orders must have run to the 
redundant part. Second, the programs that have lost 
control should be in the program zone otherwise 
another anti-interference method called software trap 
would be advantageous.  
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Fig. 4. The PFD of the software system. 
 
 
3. Research of Intelligent Suspension  

Control System  
 

In the paper, the electro-hydraulic proportional 
controlling technology has been adopted in the whole 
system to control the vehicle. Such technology, based 
upon the electro-hydraulic valve or the electro-
hydraulic pump could continuously control the 
pressure, the flow rate and the direction of the 
controlling liquid according to the signals that have 
been accumulated. Thus, the displacement of the 
valve plug could be accurately controlled which 
would lead to the accomplishment of the accurately 
controlling the liquid’s flow rate. The electro-
hydraulic proportional system has acquired some 
advantages of both electro-hydraulic servo system 
and the on-off control system. For example, it costs 
less and has a great capability of anti-pollution which 
would be more like an on-off control system, but its 
considerable reliability and effectively controlling the 
vehicle could be considered as acquired from the 
electro-hydraulic servo system. 

 
 

3.1. The Structure of the Proportional  
Controlling Valve 

 

The proportional solenoid valve which is 
specially made for the intelligent suspension system, 
shown in Fig. 5, is actually a two-position and two-
way proportional throttle valve applied slide valve as 
its reciprocating part. Moreover, the travel control 
proportional electromagnet has been adopted in the 
system to work as the electro-mechanical converter, 
so that the electrical signal could be converted to 
proportionally linear displacement. Then the damping 
ratio of the shock absorber could be changed by 
controlling the position of the slide valve.  

Open-loop controlling method has been used in 
the electro-hydraulic controller and the amplifier has 
used the technology of the deep current negative 
feedback (Fig. 6). When the controller is sending 
electrical signal, it would be amplified to current I 
and be sent to the proportional electromagnet so that 
the electromagnet force could be generated to control 
the whole valve moving by pushing the valve plug. 
Then the damping ratio of the shock absorber could 
be changed by the displacement made by the valve 
plug. 

 
 

 
 

Fig. 5. The structure of the proportional electromagnet. 
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Fig. 6. Open-loop electro-hydraulic controlling system. 

 

 
3.3. Vibration Test of the Intelligent 

Suspension System 

 
The purpose of the experiment is to examine 

whether or not the electrical signal has successfully 
controlled the movement of the mechanical part of 
the system, the shock absorber. 

In the experiment, the real-road simulation testing 
bench has exerted a stimulation of sine displacement 
to the proportional electromagnet valve. The 
stimulation has a frequency of 1.67 Hz and an 
amplitude A of 47.7 mm. The controlling current I 
which has been sent out by the intelligent suspension 
controlling system has been set as 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8 A and the temperature T of the 
shock absorber ranged from 40~53°C. Based on the 
data mentioned above, the indicator diagram of the 
shock absorber has been demonstrated in Fig. 7. 
According to the testing experiment, the conclusion 
that damping ratio of the shock absorber could be 
adjusted can be made when the controlling current 
was ranging from 0~0.5 A. Such adjustment has a 
dimension of 30 % which has already taken the 
influence of the temperature into account.  
 
 

 
 

Fig. 7. The indicator diagram of the shock absorber. 
 
 

4. Simulation of Intelligent Suspension 
Ride Comfort Performance 

 
The suspension system, one of the most important 

structures of a vehicle, can help to support the 
comprehensive structure of the vehicle; to decrease 
the impact, which is from the wheels to the whole 
structure, caused by the vehicle passing through a 

relatively rough road; to improve the ride comfort 
performance of the vehicle and the comfort of the 
driver as well as the comprehensive capacity of the 
vehicle [9]. 

The purpose of the article is to prove the 
possibility of using multi-body model to simulate the 
vibration of a real tracked vehicle; to optimize the 
parameters in the structure and the performance 
design of the vehicle suspension system in order to 
improve the process of manufacturing a vehicle and 
to provide the theory on which researchers who want 
to make active controlling strategy of the vehicle 
suspension system could rely.  

The entire system of the vehicle is consisted of 
three parts: the subsystem of the whole structure and 
the subsystems of the track links on both sides. The 
subsystem includes the complete structure of the 
vehicle, road wheels, driving wheels, inducer, 
support roller, elastic elements and damping elements. 
The subsystem of the track link is an annular 
structure which is constructed by several track boards 
conjoined with each other by connectors. The 
constraints of each component could be embodied 
according to the dynamic behaviors of them, and the 
model of the whole vehicle could be constructed 
based on the subsystems. The tracked vehicle’s 
model could be easily constructed by utilizing 
RecurDyn under the three-dimension Computer 
Aided Design (CAD) platform based on the core of 
Parasolid. The suspension system studied in this 
article has 243 components which, in total, have  
1210 degrees of freedom and it is displayed in Fig. 8.  

 
 

 
 

Fig. 8. Tracked vehicle’s multi-body model. 
 
 
According to the theory of similarity, the data of 

the simulation system is accumulated in the virtual 
experiment of the simulation system, and whether the 
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data could be useful is determined by the purpose of 
the model construction. 

Setting the Model Parameters. The input of the 
road roughness is the stimulation of the entire model 
and it has been made based on trigonometric series 
method. As the structural parameters of the model are 
constants, the parameters that have been set should 
strictly follow the designing parameters of tracked 
vehicles. The parameters of the suspension system 
include two parts: one is stiffness which could be set 
according to the spring curve and the installment of 
the structure, the other one is damping which could 
be set by the method of curve fitting.  

The verification of the simulation model. The 
progress of the verification includes two parts: one is 
taken when the model is assumed to be in the 
condition of static equilibrium, the other is taken 
when the model is assumed to be surmounting 
obstacles. In the first part, the dynamic constraints 
should be set as zero, so the body of the vehicle 
would be at the point where it meets the balance with 
the vehicle’s gravity. It is obvious that the solid line 
which stands for the real location of the center of 
mass would eventually overlap the dotted line, which 
means the model has past the first part of the 
verification. In the second part, the vertical vibration 
frequency of the center of mass should be important 
and the standard obstacle, according to the reference 
seven, could be assumed as a half-circle whose radius 
is 308 mm [10, 11]. 

The study of this suspension is focusing on the 
ride comfort performance of the suspension system 
under different conditions and parameters by 
observing and monitoring the model passing the road 
of level-D, level-E and level-F at a constant speed 
ranging from 20 km/h to 60 km/h.  

The comparison of the root mean square of the 
vertical vibration acceleration of the vehicle’s center 
of mass, under different kinds of roads, has been 
shown in Fig. 9. According to the Fig. 9, it would be 
of no difficulty to find that the root mean square of 
the acceleration, under the same speed, would 
increase with the condition of road going worse and 
the increase of the velocity [12-15].  

 
 

 
 

Fig. 9. The root mean square of the acceleration  
of the vehicle’s center of mass. 

 
 

Fig. 10 shows the acceleration of the vehicle’s 
center of mass when it is passing level-D road at the 

speed of 50 km/h. The curve is made by dividing the 
singular points of the acceleration and it obviously 
has showed the character of randomness. The curve 
in Fig. 11 is made according to analyzing the number 
accumulated in Fig. 10 by the method of Welch. It is 
easy to find out that the energy of the vehicle’s 
vibration response exists more in the low frequency 
area than the high frequency area.  
 
 

 
 

Fig. 10. The acceleration of the vehicle’s center of mass  
on level-F road. 

 
 

 
 

Fig. 11. The power spectrum of the acceleration of the 
vehicle’s center of mass. 

 
 

5. Road Experiment of the Intelligent 
Suspension System 

 
Driving a real tracked vehicle on the real road is 

advantageous, because it can not only test the liability 
and the characters of the suspension system but also 
be helpful when designing the vehicle. The results of 
the test are compared with dynamic characters of the 
vehicle’s simulation model acquired by the multi-
body simulation. Such comparison would be useful 
when modifying the model.  

According to the pre-analysis of the vibration 
signals, it can be known that the cut-off frequency of 
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the low-pass filter of the testing points should be 
50 Hz and that the sampling frequency is 50 Hz. The 
anti-alias filter whose band-pass filter’s minimum is 
set as 0.5 Hz has been chosen in order to eliminate 
the influence on the results from the high frequency 
alias and the trend term. Meanwhile, window should 
be taken into account when analyzing the frequency 
spectrum and the signals should be analyzed in 
several parts. Fig. 10 shows the curve of the time and 

the frequency of the vehicle’s center of mass 
acceleration when it is passing a random road (equals 
to level-F road) at the speed of 40 km/h. 

Fig. 12 is around 1.45 Hz which is close to that in 
Fig. 11. It is reasonable that the maximum of these 
two curves are not equal since the characters of the 
road have not been acquired, but the trends in both 
curves are almost the same.  

 

 

 
 

Fig. 12. Vehicle’s center of mass vibration acceleration & power spectrum curve. 
 
 
6. Conclusions 
 

In the paper, the optimal damping ratio control 
method of the tracked vehicle has been proposed and 
based on the controlling object the method-to 
concentrate the management and to distribute the 
controlling process-has also been demonstrated.  

Such algorithm could ensure a relatively high 
accuracy and stability of the controlling process. 
Moreover, an innovative strategy of the hardware and 
software system of the intelligent suspension control 
system has been designed. At last, according to the 
testing experiment, the suspension controlling system 
demonstrated in the paper has been proved to be 
simple, effective and of great reliability. What is 
more, such system could improve the performance 
and the vibration environment of the vehicle.  
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