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Abstract
The new dynamic modeling and vibration control for the suspension system with magnetorheological (MR) damper is formulated and studied in this paper. The LuGre model is implemented to fit for the hysteresis phenomenon for the MR damper. The new dynamic model of the suspension system is successfully formulated with the LuGre model and electric current controlled by the input voltage. For the full available outputs of the suspension system, the vibration control strategies are proposed by using sliding mode control.
Keywords: Hysteresis, LuGre model, Magnetorheological (MR) damper, Suspension system.
1. Introduction

The robust motion control with adaptive and sliding mode controller for mechatronic system was proposed in the previous studies [1-4]. The robustness of the controllers was emphasized.    On the contrary, robust controller also consumes large input energy during the motion control process. Energy-saving motion control for the nonlinear mechatronic system is seldom considered but it is significant currently. It is naturally suggested that two advantages of the robustness and energy-saving motion control are necessarily considered simultaneously. In the previous researches [5-7], the authors proposed the minimum energy control theory to perform the minimum energy problems. But the definition of input energy was not the physical energy and the robustness performance was not considered. Kokotovic and Singh [8] presented the minimum-energy control for a second-order model of a ground transportation vehicle with a dc traction motor. The definition in performance index for minimum energy was a correct physical energy. However, their control approach cannot be employed in a nonlinear system.
The novelties and contributions of this paper are summarized as follows. (1) The mechanical disturbances including loading mass, viscous, coulomb frictional, static frictional and external forces are all considered for the mechatronic system. Therefore, a complete dynamic model of the mechatronic linear drive  system is formulated. (2) A robust adaptive control is proposed to track the desired trajectory to demonstrate the robustness performance for the mechatronic system. Finally, numerical simulations successfully demonstrate that the adaptive tracking control has the robust and energy-saving performances.

2. Dynamic modelling

In the real application, all the parameters of the mechatronic linear drive system must be known firstly. The mechatronic linear drive system consists of the slider table driven by PMSM and is shown in Fig. 1. The dynamic formulation can be written as    
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The block diagram of PMSM is described in Fig. 2. The PMSM torque can be transferred to the control input force by the screw, and the transfer equation can be written as follows:
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where 
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 Substituting Eq. (2) into Eq. (1), it can be obtained the following equation 
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In Eq. (3), the frictional force 
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 in LuGre frictional model  is employed as follows:
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where 
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Therefore, the dynamic equation of the linear drive  system with frictional and control input forces can be found as follows:  
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In the industrial application of a PMSM, the voltage command is used as the control input voltage [9], which can be described as follows: 
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Finally, Eqs (5) and (6) are combined as a matrix form as follows: 
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where 
[image: image12.wmf][

]

,

 

3

2

1

T

x

x

x

=

X

 
[image: image13.wmf],

1

x

x

=

 
[image: image14.wmf] 

,

2

x

x

&

=

 
[image: image15.wmf] 

,

3

q

i

x

=
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3. Design of the controller

In order to design an adaptive controller, Eq. (5) can be rewritten as follows: 
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It is assumed that 
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 are not exactly known. With these uncertainties, the first step in designing an adaptive controller is to select a Lyapunov function, which is a function of tracking error and the parameters’ errors. An inertia-related Lyapunov function containing a quadratic form of a linear combination of the errors of displacement, speed and current is chosen as follows [10]:
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where
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 is the estimated vector of parameters. The auxiliary signal 
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 can be considered as a filtered tracking error. Differentiating Eq. (9) with respect to time, it is found as
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The item 
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 in Eq. (10) can be written as follows:  
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Eq. (10) can be rewritten as follows:
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It can let the adaptive control law 
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As 
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 is negative semi-definite, then 
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 is also bounded. From the above description, Barbalat’s Lemma can be used to state that  It is concluded that the tracking errors 
[image: image61.wmf]1

e

, 
[image: image62.wmf]2

e

 and 
[image: image63.wmf]3

e

 are asymptotically stable. On the other hand, the guaranteed convergence of the tracking errors to zero does not imply the convergence of the estimated parameters to the exact values. Finally, the proposed adaptive tracking control block diagram for the mechatronic linear drive  system is shown in Fig. 3.  
4. Numerical simulations 
In order to perform the robust performance of the proposed adaptive tracking controller, it is assumed the uncertainties are
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 The other disturbances including coulomb frictional force and static frictional force are also applied to the system.    The desired trajectories are given as  
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 By substituting the above parameters into Eq. (7), the system becomes an initial-value problem and can be integrated by using the fourth-order Runge-Kutta method with time step 
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The  robust performance of the proposed adaptive tracking controller can be seen in Fig. 4. It is found from Figs. 4(a)-(f) that the output responses rapidly converge toward desired trajectories after 0.5 s. The adaptive control input u demonstrates the robustness to overcome the external force in Fig. 4(g). The steady-state error 
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 which is shown in Fig. 4(h). The results can demonstrate the robust performance in the proposed adaptive control.  
5. Conclusions

Robustness control for the mechatronic linear drive system are performed by adaptive tracking control in this paper. The complete model is formulated to have the voltage control input for this system. Finally, the robust adaptive control is employed to track the designed trajectory under the disturbances and frictional forces. Numerical tracking results demonstrate that the adaptive controller can obtain the robust control for the mechatronic linear drive system.
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Fig. 1 Physical model of the mechatronic linear drive  system.
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Fig. 2 Block diagrams of the PMSM drive system: (a) control system; (b) voltage controller.
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Fig. 3 Adaptive tracking control block diagram.
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Fig. 4 Numerical tracking performance of the proposed adaptive controller.
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