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Abstract: This paper focuses on chaos control of the micro-electro-mechanical system with unknown system parameters and 
dead-zone input existing in the engineering application. The phase diagrams, corresponding time histories and bifurcation 
diagram are employed to reveal the chaotic dynamics performance of the micro-electro-mechanical system. For eliminating 
chaos and vibration, an adaptive neural-network-based dynamic surface control is proposed to convert the chaos motion into 
regular motion without imposing any condition on parameters of system model and the boundedness of control gain. 
Meanwhile, to achieve high accuracy and quick response, a neural network is employed to approximate unknown nonlinear 
item of model and an adaptive law is designed to estimate unknown control gain in the framework of dynamic surface control. 
Finally, some simulations are executed and corresponding results show effectiveness and robustness of the proposed scheme. 
 
Keywords: Micro-electro-mechanical system; Adaptive dynamic surface control; Chaos control; Neural network; Dead-zone 
input. 
 
Introduction 
The research aimed at micro-electro-mechanical system has garnered significant attention recently because of its advantages. 
A lot of researches have been carried out on the behaviors and modeling. Though some achievements about micro-electro- 
mechanical system have been made, there still exists some challenges associated with it 1-3. A key problem is how to 
effectively control chaotic behavior of micro-electro-mechanical system with unknown system parameters and dead-zone 
input. Chaos phenomenon with geometrical strangeness usually leads to deterioration of the system performance. 
To suppress chaos in the motion process of micro-electro- mechanical system, various methods and analysis results have 
been reported recently 4, 5. The OGY is a basic method for suppressing chaos behavior 6. But it is difficult to choose a 
reasonable parameter in real practice. Chaos control using the time-delay feedback control method is introduced to the 
engineering applications 7. But it is applied under strict restriction that the control objective must be the equilibrium. For 
suppressing the chaos motion, the robust fuzzy sliding mode controller is designed 8. This approach uses fuzzy logic 
linguistic rules to generate a suitable chatter-free control signal for driving the error dynamic system and ensures the track 
error to converge asymptotically to zero. The drawback of this approach needs to obtain precision model in the process of 
design. However, the parameters of system and actuator dead-zone input are hard to do a high-precious measurement because 
parameters are influenced by temperature and material wear. 
Sliding mode control (SMC) is recognized as a useful and effective approach, which deals with time varying properties, 
uncertainties and bounded external disturbances 9, 10. However, the chattering associated with SMC is a serious impediment 
for engineering application. In view of this, a novel second-order fast terminal sliding mode control is proposed to suppress 
the random motion of the micro-electro-mechanical system with system uncertainty and external disturbance11. The dynamic 
surface control (DSC) is proposed by introducing a first-order filtering of the synthetic input at each step of the backstepping, 
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so the differentiation items on the virtual function can be thoroughly eliminated 12. An adaptive dynamic surface control 
combined with SMC to compensate for friction and backlash nonlinearities in a motion system is designed, wherein the 
updated laws of the recurrent wavelet neural networks and friction estimation are derived to approximate and compensate for 
the backlash and friction nonlinearities 13. However, the explicit consideration of input constraint within the framework of 
DSC have not received attention. Furthermore, the control gain which is usually unknown in real environment is supposed to 
a bounded constant in previous works. To solve it, the Nussbaum gain is adopted to deal with unknown sign on the problem 
of input uncertainty 14, 15. Then, the unknown gain can be effectively estimated in finite time. But the drawback is the 
complicated calculation procedures and time consuming. 
Dead-zone input usually exists in the control input because of the actuator’s physical limitations 16, 17. This nonlinearity can 
cause oscillation and then deteriorate the micro-electro- mechanical system performance. An adaptive control method based 
on neural network is presented to control a direct current motor system with dead-zone characteristics, wherein neural 
networks are adopted to accomplish traditional identification 18. Unfortunately, this research result is only limited to 
symmetric dead-zone input. 
Many researchers have achieved considerable progress in chaos of the micro-electro-mechanical system, but chaos control 
remains to face new challenges. In this paper, an adaptive dynamic surface control combining with neural network is 
designed to apply on tracking control for the micro-electro-mechanical system with unknown system parameters and dead-
zone input. First, the scheme is designed by Lyapunov stability theory, which can guarantee stabilization of the closed-loop 
error system. Second, in the recursive process of DSC, a neural network is employed to approximate unknown nonlinear item 
of math model which reduces the requirement about precise parameters. It not only improves tracking accuracy but also 
obtains a smooth control input without high-frequent chattering phenomena. Moreover, stability analysis is carried out so that 
the error converges to a small neighborhood of the origin. Finally, numerical simulation results show a satisfactory 
performance. 
 
System description 
 
System model 
The schematic diagram of the micro-electro-mechanical system under the combined DC and AC actuation voltages is 
depicted in Fig.1. An external driving force on the resonator is implemented by using an electrical driving voltage that leads 
to electrostatic excitation between electrodes and resonator. 
 

 
 

Fig 1.Schematic diagram of the micro-electro-mechanical system 
 
For establishing dynamic model, it makes assumptions that the amplitude of the AC driving voltage is much lower than the 
bias voltage. Then, the math model of chaotic micro-electro- mechanical system can be defined as follow 5. 

     
     

              

 

3

2 2 2

1 1
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1 1 1

A
x x x x

x x x
  (1) 

where the non-dimensional variablesx and are defined as 

z
x

d
 ,

0





 , 2 AC

b

V
A

V
  

whered is the initial width of the gap, z is the vertical displacement of the beam midpoint,   is the frequency of AC voltage, 

0
 is the natural frequency, AC

V is the AC amplitude, b
V is the bias voltage. 

12
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For simplicity, the following notations are employed: 

1
x x , 2

x x  ,  
   2 2

1 1

1 1
G x

x x

           

 (2) 

Substituting the notations into (1) yields the following nominal form with non-symmetric dead-zone input. 

 
   

1 2

3
2 2 1 1 2

1

sin
1

x x

A
x x x x G u

x
   

          





 (3) 

The micro-electro-mechanical system has been studies for AC
V  in  0, 0.47  and constant values of 1  , 12  ,

0.338  , 0.01  , 3.8
b

V  and 0.5  . The phase diagrams and corresponding time histories are shown in Fig. 2 in 

given initial conditions like  1 2
,x x   0, 0 and the fixed bias voltage. Beginning at the neighboring value of zero, the 

transient chaos and regular motion around the center points are shown in Fig. 2(a). Obviously, the more increase in AC 
voltage gives rise to longer transient and random vibration. As can be seen from the Fig. 2(c), after the transient chaotic 
response, regular motion can come into being in homoclinic orbit and the amplitude of harmonic oscillation is much larger 
comparing to the case in Fig. 2(a)-(b). Fig. 3 shows the bifurcation diagram. In the case, the qualitative behavior of the micro-
electro-mechanical system is concluded against a varying voltage from 0 to 0.4. Along with increasement of AC voltage, 
regular motion appears around one of the center points. 
Actuator dead-zone input 
Actuator dead-zone input which is considered as a complex nonlinearity phenomenon occurs in the micro-electro-mechanical 
system. The phenomenon usually leads to oscillatory activity and deteriorates the system performance. Thus, it is necessary 
to eliminate it. 
The non-symmetric dead-zone of actuator can be written as a combination of a line and a disturbance-like term 19 

     1
u m t u d t    (4) 

where      
            

1

,
, 0

, ,  -
, 0

,  

r r r
l

l r
r

l l l

m b u b
m u

m t t md t u b u b
m u

mb u b

, r
m and l

m stand for the right and left slopes of the dead-zone 

characteristic, respectively, r
b and l

b  denote the breakpoint of the actuator dead-zone input, respectively. 

Chaos controller 
In this section, an adaptive neural-network-based dynamic surface control method is used to stabilize the micro-electro- 
mechanical system with non-symmetric dead-zone input in a high amplitude oscillation state. The proposed scheme can 
easily accommodate change and has strong robustness in the face of dynamic uncertainties. 
The boundary layer error is given in the first place as follow 

2 2 2f
y     (5) 

where
2 f

 is the output of the first-order filter, 2
 is the virtual control input. 

Then, for any given 1d
x , the dynamic surfaces are generally taken to be 

,
1 1 2 2 21 fd

S x Sx x      (6) 

RBF neural network 

The RBF neural network is universal approximator 20. It approximates any smooth function   : n
n
f X R  R . 

   'T
n

X Xf    (7) 

where nX D R  is the input vector, '   ' ' '
1 2
, , ,

T

l
      

 lR is the weight vector, 1l   is the node number of neuron, 

and  X       1 2
[ , , , ]T l

l
X X X R     is a basic function vector, with  i

X  being chosen as the commonly used 

Gaussian functions, which have the following form: 

2 3
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      2exp / 2
T

i i i i
X X X          

, 1,2, ,i l 

 (8) 

where
1 2
, , ,

T

i i i in
       

is the center of the receptive field and i
 is the width of the Gaussian function. 

 

 
(a) 

  
(b) 

 
Fig 2.Phase diagrams and corresponding time histories 

 
Due to the approximation capability, the nonlinear term can be approximated as 

   Tf X X     (9) 

where  is the approximation error, the optimal parameter vector   is bounded and defined as 

    'argmin sup T

X D
f X X


  

 
  (10) 

where is the compact region for ' .There exists known constants 0
 such that

0
0    . 

 
Controller design 
Step 1: Let the Lyapunov function of system be defined as 

2
1 1

1
=

2
 V S  (11) 

Then, taking the time derivative of 1
V along the trajectory (6), it follows that 

 2 21 1 2 1
 =

d
V S yS x  

  (12) 

Then, the virtual control input is defined by the following form: 

12 1 1d
S xk     (13) 

34
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where 1
k is the design constant. 

Substituting (13) into (12), 1
V is rewritten as 

  

2
1 1 2

2
1 1 2

1

4
 1 k S S yV S  (14) 

 

Fig 3.The bifurcation diagram 
 

 
 

Fig 4. Non-symmetric dead-zone characteristic 
 

Step 2: Filtering 2
 through the first-order filter yields 

2 2 2 2 2 2
,  (0) (0)

f f f
        (15) 

where 2
 is a time constant. 

From (5) and (15), the derivative of
2 f

 is given by 

2
2

2
f

y


    (16) 

Then, the derivative of 2
y can be obtained 

 2
2 2

2

y
y B


    (17) 

According to Young’s inequality, there exists 

45
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2
2 22

2 2 2 2
2

1

4

y
y y y B


    (18) 

where 2
B is a continuous function. 

Introduce the variables as 

,
2 2 2 2 2 2

g g g     






  (19) 

where 2



and 2
g mean the estimation of 2

 and 2
g . 

Choose the Lyapunov function candidate 

2 2
2 1 2 2

2 2
2 2

2 2

1 1 1 1

2 2 22
V V S y g


    




  (20) 

where 2
 and 2

 are the design constant of controller. 

Then, it is easy to obtain 

    
 

     


   








 

2
2 22

2 1 2 2 2 2 2 2 2 2 2
2

2
22

1 1 1

4f

y
V V S f g u ga B gy  (21) 

where    
 

 3
2 2 1 1 1 2

1

sin
1

A
f x x x G x

x
         


1

d , 2
g m . 

In the engineering application, precise measuring for the parameters , , , , , ,m      1
d of system and actuator dead-zone 

input becomes difficult because of effect of temperature and material wear, etc. To solve the problem, employ the neural 

network to approximate the nonlinear coupling function  2
f  . 

Therefore, for any given 2
0  , there exists a neural network 2 2

T  such that 

  22 2 2
Tf      (22) 

where 2 2
  . 

According to Young’s inequality, substituting (14) and (22) into (21) yields 

 

    
 



            
 



   









 

2
22

2 2 2 2 2 21 2
2

2 2 2 2 2 2 2 22
2 22

2
2

22
21 0

2
1

1 1 1 1

2 4

1 5

1
 

2
1

2

4

   

2
T

f
S

y
g g

a

a

V S S u Sa

k S

g y B
 (23) 

where 2
a is the design constant. 

The actual control law and adaptive laws are given by 

2
2

2 2 22
2

212
2

22

2

1

2

1

2 f
Tg

u S S
g a

k S    


    


             









 (24) 

2
2 2 2 2 2 2 22

2

1

2
T S m

a
     
 



 (25) 

 2 2 22 2
g S u gc   

  (26) 

where 2 2
,k m and 2

c are the design constant, 2
  is a small positive constant, and

2

2 2
 
 

. 

In addition, the inequalities 
2

2 2
2 22

2 2
2

m m
  

 
 



   
2

2
2

2
2

m



 and

2
2

2 2 2 22
ggc g

c
  



  
2

2
22

c
g are used here. 

Therefore, using (24)-(26), it has 
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 





     



  


       


  





         

 


    























2 22
2 2 2 2 2

2
2

2 2 2 2 2 2 2
2

2 2
2

2 1 2 2 22 2
2 2 2

2
2 2 2
2 2

2

20

2
2

2 2 2 1 1
2 2

1

2

1 1 1 1
    

4

1

24 2
1

1

2 2

5

T T
f

k
a a

a

y
V S S S S S gS uS

g

y B g g S

k

k

 

 

 
 

 



         

         

 





 



2 22 2 2
2

2 22 2 2 2 2
1 2 2 2 2

2 2
2

2

2 2
2

2
2

2

2
20

1

1 1 1
 

2 4

1
  

2

5

4 2 2 2 2

 

1

2

S y B
m c m c

g

a

gkSk
 (27) 

where 2
 is the continuous function and satisfies  12

2

2

2
g

S










 2 2 22
2

2 2 222 2

1 1 T
f

k
a

S S   
      


 

 




 1 2 2 2 2 1 12
, , , , , ,

d d
S S y g x x





 . 

In order to illustrate the proposed scheme clearly, the schematic block diagram of the micro-electro-mechanical system with 
unknown dead-zone input is shown in Fig.5. 
 

 
 

Fig 5. Schematic block diagram of the micro-electro-mechanical system 
 
Stability analysis 
 
Theorem 1: Suppose that chaos controller (24) with updated laws (25) and (26) is used to reduce the trajectory tracking error 
of the micro-electro-mechanical system with unknown dead-zone input described by (4), by selecting the reasonable 

parameters as 1
k , 2

k , 2
a , 2

 , 2
m , 2

 , 2
 , 2

 , 2
c , then the closed-loop control system is uniformly ultimately bounded, and 1

S

converges to a vicinity of zero when the initial condition satisfies 





 



2
2

1

2 2
2 2

1 2

1 1
i

i

S g   2
2

2y p for any given 0p  . 

Proof: The derivative of this system with respect to time can be written as 

  
 

        

         
  



  

2 2 2 2 22
2 1

2
2 2 2 2 0

0

2
1 2

2

0

5

4 2 2
1

1 1

2
 

m c
V V S S y g

a

k

V

k b

b

 (28) 

where  
2

22 22
2 2 20

2 22 2
0 2 2

2
2 2 2

1 1

4 2

m c
B

a
gb  


      , 0

0

b
a

p
 . 

Finally, (28) implies that 

 0 00 0 0
0 0

0 0 0

0 ( ) ( ) ( )
a t tb b b

t e tV
a

V t V
a a

 
        

   (29) 
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Numerical Simulation 
In this section, the numerical simulation demonstrates the effectiveness of the proposed scheme in suppressing the oscillatory 
and chaos motion of the micro-electro-mechanical system. 

The initial conditions are set as  1
0 0.3x  ,  2

0 0.1x  . The given reference signal is given as  1
0.07 sin 3 0.08

d
x t   

 cos 2t . The parameters of the controller are selected as  1
15k  ,  2

35k  ,  2
0.5  , 2

0.3m  ,  2
15c  ,  2

30a  ,

2
0.04   and 2

0.001  . The initial values of estimates are set to be  2
0 0.1g 

,  2
0 0.3 



, and the first-order filter 

constant is selected as 2
0.01  . In addition, the RBF neural network are chosen in this way. The center of neural network

i
 is uniformly distributed in the field of [-5,5], and its width i

 is equal to 2. 

The unknown dead-zone input-output characteristic which appears at the sixth second is defined as 

 
 

 

0.9 0.6  if 0.6

0               if 0.6 0.4

1.1 0.4  if 0.4

u u

u u

u u

        

. 

The simulation results of the state response are displayed in Fig.6. Four kinds of curves basically overlap with deadzone on 
the whole time. Fig.7 shows that the tracking errors between actual signal and desired signal are equal to ±10-3 for different 

value of AC voltage. Obviously, the system state x1 can track the given smooth reference signal 1d
x  precisely. 

 

 
 

Fig 6. Tracking performance with varying AC voltage 
 
Comparing with phase trajectory in Fig. 2(a-c), the effectiveness and feasibility of the proposed control scheme in suppress 
the chaos motion can be demonstrated in Fig. 8. 
The curves of the actual control are shown in Fig.9. It should be noticed that a key role of designing controller is to try to 
avoid vibration of control input effectively within the threshold of the non-symmetric dead-zone. This means that the micro-
electro- mechanical system possesses excellent tracking performance, and the chattering phenomenon of the controller is 
greatly weakened. 
To further illustrate the changes of the non-symmetric input model parameters which do not influence the performance of the 
micro-electro-mechanical system, another simulation by changing the model parameters is executed at the sixth second as 
 

 
 

 

1.1 0.7  if 0.7

0                  if 0.7 0.3

0.9 0.3   if 0.3

u u

u u

u u

        
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Fig 7. Tracking error with varying AC voltage 
 
The simulation results are shown in Fig.10. Obviously, the closed-loop system still has excellent robustness. It can be known 
that vibration phenomenon does not appear in the actual control within the threshold of the non-symmetric dead-zone. 
Additionally, the control input is chatter-free even if the overall system confronts with uncertainty and varying AC voltage. 
 

 
 

Fig 8.Phase trajectory with varying AC voltage 
 

 
 

Fig 9. The curve of the actual control with varying AC voltage 
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Fig 10. The curve of the actual control with varying AC voltage 
 

Conclusion 
This paper discusses adaptive dynamic surface control of chaotic micro-electro-mechanical system because of nonlinear 
coupling between the electrostatic force and resonator deflection. The transient chaos behavior accompanying with increase 
of AC voltage can destroy system stability disastrously. An adaptive dynamic surface approach via neural network for 
eliminating and stabilizing the chaotic motion is developed to oblige system state to approximate a reference signal with 
small error and compensate parameters variation in the presence of non-symmetric dead-zone input. The presented scheme 
can guarantee the closed-loop error system is stable in the sense of uniform ultimate boundedness. The more precise 
parameters of system model and the boundedness hypothesis of control gain which are available in advance in previous 
works can be cancelled automatically. Finally, numerical simulations for the micro-electro-mechanical system are given to 
demonstrate the effectiveness of the presented scheme. 
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