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 4-DOF car motion simulator helps to simulate real-life experiences that drivers do not have 
the opportunity to access the real environment. The dynamics equation of 4-DOF car 
motion simulator is a very complex problem with many uncertain parameters, so it requires 
intelligent control algorithms. Sliding mode controller (SMC) can achieve good tracking 
performance and robustness to the disturbances, but SMC has worse stability and reliability 
than PID controller. As a most widely used controller, PID controller has many obvious 
advantages, but it has poorer tracking performance than SMC. In this paper, a control 
method of sliding mode type PID controllers is proposed to fully combine the advantages 
of the two controllers. In this study, based on the dynamics equation of 4-DOF car motion 
simulators the author develop two algorithms to control sliding mode control type PID 
(SMC-type-PID) and sliding mode controller type PID with GA optimization for 4-DOF 
car motion simulator. Firstly, the authors used Lyapunop theory to prove the stability of 
the system, next presenting the simulation results of two control algorithms with different 
uncertain components and comparing them to find and demonstrate the effectiveness of the 
new control method applied to the 4-DOF car motion simulator. 
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1. Introduction  

Parallel mechanisms have been researched and applied in many 
areas such as motion simulators, which simulate the experience of 
being in a car, plane, tank, and in a virtual reality environment or 
create motions to serve different goals. Parallel mechanisms have 
outstanding advantages compared to serial machines such as: high 
rigidity, high load bearing capacity, ability to change position and 
spiritual orientation, activation accuracy, high stability, high 
loading capability. The simulation model has 6-DOF [1] based on 
Stewart-Gough structure, this structure has good load capacity, 
however it needs to use 6 driving mechanisms leading to complex 
control.  

For motion simulation model for devices such as cars, tanks 
moto bike...in fact we only need 4-DOF is enough. These car 
motion simulators consist rotating and translating along the 
vertical OZ axis, rotating around the OX axis and OY axis. In this 
research the authors focus on the hybrid mechanism including 
parallel and serial mechanism, which generate 4 motions (4-DOF) 
in the space. The control problem for 4-DOF car motion simulators 
is difficult because of many non-linear parameters. Currently, a 

number of control methods have been developed and applied to 
control problems for a defined model or a model with constant 
parameter uncertainty in [2-7]. However, the control problem for 
a driving practice model with indefinite parameters has always 
paid much attention to further improving the kinetic quality and 
dynamics of the driving platform [8]. Sliding mode controller is 
used in nonlinear systems. It is robust and efficient in maintaining 
stability for nonlinear dynamic systems. Later this method was 
more interested by scientists because of its stability and stability 
even when there is the impact of noise as well as changes of model 
parameters. However, the chattering phenomenon remains the 
main  disadvantage of this robust control. As solution to this 
problem,  a  PID  sliding  mode  approach  is  exposed  and  tested  
in  this  paper. Sliding mode controller with type PID is used to 
eliminate the oscillation around the sliding surface when the 
amplitude of the slider control law changes greatly. The gain 
before the sign function in the sliding mode control law is 
calculated according to the Lyapunov stability criterion introduce 
in [9], [10] [11]. This gain, unless properly selected, is likely to 
cause oscillation. In this study, the authors  presented the 4-DOF 
car motion simulators with the serial and parallel mechanism, 
kinematics and dynamic equations. Base on dynamics equations 
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authors focused on building intelligent control algorithms for the 
4-DOF car motion simulators model. Specifically, the author will 
develop an SMC-type-PID and compared the results with the 
SMC-type-PID with GA Optimization with uncertain parameters. 

2. Kinematics and dynamics model 

In this section, the model of the 4-DOF car motion simulator 
shown in fig 1 would be constructed. The car motion simulators 
mechanism model with the global axis is chosen. The motion of 
the upper plate is due to the movement of three vertical linear 
actuator and the rotation of the revolute joint attached below the 
lower plate. The piston’s movement makes changes in vertical 
movement, rotate around the OX axis and OY axis of the mobile 
platform. The revolute joint rotates the moving parts around the 
OZ axis. Therefore, the car motion simulators has 4-DOF. The 
systems variables need to control to track the desired trajectory are 
the length of three robot’s legs and the rotation angle around the 
OZ axis of the revolute joint. Fig.1 illustrates the car motion 
simulator model with the movements that are translation along the 
OZ axis, rotation along the OZ, rotation along OX axis, and 
rotation along the OY axis and they are defined by zP , γ , α , and 
β . 
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Figure 1: 3D model of the 4DOF car motion simulator 

2.1. Inverse Kinematics of 4-DOF car motion simulators 

In this part author briefly present the kinematics of 4-DOF car 
motion simulator [12],  from the trajectory of the center point of 
upper plate we need to find the limb lengths il ( 1, 2,3)i =  and the 
angle of rotation about OZ axis γ . The kinematic parameters are 
demonstrated in the vector diagram in Fig. 2 with a  is the radius 
of an upper plate, b is the radius of a lower plate, in this research 
assumption as a b= . 

The vector loop equation for each limb of 4-DOF car motion 
simulator [12], [13] can be written as: 

 i i i A i AA B OP PB O A OO= + − −    ( )1,2,3i =  (1) 

P iB

bAO
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p
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Figure 2: Vector diagram of the 4DOF car motion simulator 

where positions of 1A , 2A , 3A , 1B , 2B , 3B  are given by: 

 1 sin( ) cos( ) 0
6 6

T

A a aπ π = × ×  
, [ ]2 0 0 TA a= − , 

 [ ]3 0 0 TA a= − ; 1 sin( ) cos( ) 0
6 6

T

B a aπ π = × ×  
, 

 [ ]2 0 0 TB a= − , 3 sin( ) cos( ) 0 .
6 6

T

B a aπ π = × − ×  
 

The positions of center of the lower plate and upper plate can 
be written as: 

 [ ]0 0 T
A zO a=  and  [ ]0 0 T

zP p=  

The coordinate of iA  and iB  are obtained as: 

 0 0
i A i AA R A O= × +  and 0 0

i P iB R B P= × +  

 with 0
AR  and 0

PR  are transfer matrices. 

Solving the vector equations the length of limbs of the 4DOF 
car motion simulators are computed as 

 T
i i i i il A B A B= ×    (2) 

 

where 0 0
i i i iA B B A= − and we obtain the vector q . 
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2.2. Dynamic Model of 4-DOF car motion simulators 

In the section, the author using Euler-Lagrange to establish the 
dynamic model of the car motion simulator, the equation is 
described by [13], 

 ( , ) ( )Mq C q q G q F+ + =   (3) 

where [ ], T
iq l γ= (for 1,2,3)i = ; 
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with ( )1m kg , ( )2m kg , ( )dcm kg and ( )pm kg are the mass of the 
cover of pistons, the mass of pistons, the mass of motors and the 
mass of the upper plate, respectively. 
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with 29.8( / )g m s=  is the gravity coefficient. 

 1 2 3

T
F F F F γτ =    (7) 

is defined as a control signal vector. 
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3. Design controller for 4dof car motion simulator 

3.1. Sliding mode controller with PID 

The sliding mode control (SMC) is strongly requested due to 
its robustness against the disturbances. To ensure the convergence 
of the system to the wished state, a high level switching control is 
requested which generates the chattering phenomenon. In this way, 
a PID sliding surface with a saturation function will be proposed 
in this paper to solve this problem. Slide control law are designed 
based on the sliding function. In this case, the author has chosen 
the sliding function of the following form to eliminate the 
oscillation around the sliding surface when the amplitude of the 
slider control law changes greatly. 

 
0

( ) ( )
t

P IS e K e K e t d t= + + ∫  (8) 

where ,P IK K are PID parameters 

The trajectory deviation is defined by de q q= − with dq is 
the desire trajectory of q . The goal of the controller design is to 

control q  following the desire trajectory dq  with the small e . 
Select the sliding surface of controller as: 

 1 2
0

( ) ( )
t

S e e e t d tλ λ= + + ∫  (9) 

Sliding derivative S can be obtained as: 

 
( )
1 2

1 ( , ) ( )
d P I

d P I

S e e e q q K e K e

M F C q q G q q K e K e

λ λ
−

= + + = − + +

= − − − + +

     

  
 (10) 

The control signal in SMC design consisting of equivalent 
control and switching control where the control action is 
corresponding with the sliding phase and reaching phase .The 
equivalent control is determined when s(t)=0, while the switch 
control is described when ( ) 0s t ≠ . With 0S = , equivalent 
control can be defined as: 

 ( )( )1 2 ( , ) ( )eq dF M q e e C q q G qλ λ= − − + + − −    (11) 

We use the condition of the slider controller, 0SS < , swF  is 
written in form: 

 ( )( )w 1 2sF M k S k sign S= − +  (12) 

From there we have the control signal of the system like this: 

 eq swF F F= +  (13) 

Select the Lyapunov function: 
1
2

TV S S= , and the derivative 

of the function V : 

 ( )( )1
1 2( , ) ( )T T

dV S S S M F C q q G q q e eλ λ−= = − − − + +    (14) 

 1 2 ( )T TV S k S S k sign S= − −  (15) 

with control signal F is calculated in eq.7 above, and 1k , 2k  is 
selected as positive definite diagonal matrices, so we have the 
system of stability and 0e → lead to dq q→ . 

3.2. Design of Sliding Mode Controller type PID with GA 
Optimization 

In this controller, 1 2, , ,P IK K k k are the constant parameters 
existing in sliding surfaces and control laws determine the overall 
performance. Hence, it is necessary to find the optimal values of 
them using optimization algorithm. Genetic algorithm (GA) is one 
of the fundamental evolutionary stochastic optimization 
algorithms. It mimics the process of natural selection and uses 
biological evolution to develop a series of search space points 
toward an optimal solution. 

The goal of SMC-type-PID is to achieve accuracy trajectory 
tracking for 4-DOF car motion simulators; that is, the smaller the 
trajectory errors are, the more effective the controller is. Those 
parameters to be optimized are relevant to trajectory error; hence 
the fitness function is defined as follows: 

 
2

1 2 1 2
0

( , , , ) ( )
i

f k k e iλ λ
∞

=

= ∑  (16) 

with the fitness function, those parameters can be found with the 
minimization of tracking errors by using the designed control law 
with the minimization of tracking errors. The flowchart of GA 
Optimization is shown in figure 3 and figure 4. 

After 15 generations, we have the following results: 1 25k = − ; 

1 36λ = ; and 2 64.1k = ; 2 751.9λ = ; 

3.3. Numerical simulate and compare the results of two designed 
control algorithm. 

The simulation parameters of 4-DOF car motion simulator are 
shown in Table 1. At the initial time, the position of the robot is 
denoted by =0.7(m), zp = 0( ),radα β γ= =  1 2 3 0.65( )l l l m= = = .  

The control results of the proposed controller are evaluated 
through numerical simulation using Matlab/Simulink tool. 
Reference trajectory equations are described by a ternary function 
[13]: 

 2 3
1 2 3( ) oq t a a t a t a t= + + +  (17) 
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Figure 3: Genetic algorithm flowchart 
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Figure 4: Flowchart of SMC-type-PD controller with a genetic algorithm 

optimisition  

Table 1: 4-DOF Car Motion Simulator Specifications 

Items Value 
Base radius 500 [mm] 

Moving radius 500[mm] 
Leg strust 300[mm] 

c 50[mm] 
mp 15(kg) 
m1 0.5(kg) 
m2 10(kg) 
mdc 3(kg) 

1k (SMC-PID) 14.79 

2k (SMC-PID) 14.79 

1λ (SMC-PID) 15.1 

2λ (SMC-PID) 14.79 
 

From the motion of the center point of upper plate we can 
calculate the length of legs ( 1,2,3)il i =  using inverse kinematic 
equation of 4-DOF car motion simulator, the length of each limb 
shown in figure 5. 

 

 
Figure 5: The trajectory responses of 3legs ( 1, 2,3)il i =  

 
Figure 6: The trajectory responses of trajectory angle gama 
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Figure 7: The trajectory error of the 3legs ( 1, 2,3)il i =  

 
Figure 8: The tracking error of the angle trajectory 

The simulation results show that the adaptive controller 
constructed by combining the SMC-type-PID with the GA 
optimization is able to ensure the stability for the car driving 
simulator system and the tracking error converge to zero rapidly. 
In general, the SMC-type-PID control with the GA Optimization 
is achieved accuracy trajectory tracking; that is, the smaller the 
trajectory errors are, the more effective the controller is. 

4. Conclusions 

This paper presented an adaptive control method for the 4DOF 
car motion simulator. The control method design is based on the 
sliding mode controller type PID structure combined with the 
sliding mode controller type PID with GA optimization for the 
system. In the simulation results we can see that the SMC-type-
PID with the saturation functions give us good results, stability and 
accuracy of the process output and control evolution. The 
parameters selected by the genetic algorithm give good results and 
smaller errors. The stability of the system is proven by using 
Lyapunov theory, the simulation results show the proposed 
controller can be ensure the stability and tracking performance for 
the system. Through the simulation results, the author found that 
the sliding mode controller type PID with GA optimization gives 
better results because the deviation of the set value with the actual 
value is very small, approximately 0. Therefore, the sliding mode 

controller type PID with GA optimization can find the optimal 
values using optimization algorithm and it be recommended for 
nonlinear systems request for high accuracy as 4-DOF car motion 
simulators. Further and conduct experiments on real models in the 
near future. 
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