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Abstract: In this paper, a dynamic sliding mode controller with fractional order sliding surface based on backstepping algorithm is 

designed and presented for controlling performance of a micro-electro-mechanical triaxial gyroscope. To compensate uncertainties 

and incoming disturbances to the system, a sliding mode controller is used. In order to increase the degree of freedom and further 

robustness of the controller, the sliding surface is selected as fractional order form. Using dynamic sliding mode controller in 

addition to the increasing the performance of controller, cause to reduce the chattering phenomenon in the input control signal. Using 

the backstepping approach as a very powerful design tool for nonlinear systems, makes the designed controller more robust against 

incoming disturbances to the system. Asymptotic stability of the closed loop system will be proven by Lyapunov stability theorem. 

At the end of the design, in order to efficacious reduce the chattering phenomenon in the control signal, fuzzy control theory for 

control the boundary layer and also adaptive method for online estimating the upper bound of uncertainty are used. In order to 

evaluate performance of the designed controller, this controller is compared with two other sliding mode controllers. Simulation 

results show that the proposed controller have a much less chattering phenomenon in control signal, increasing system stability, 

reducing the rise time and better tracking. 

Keywords: Dynamic sliding mode, fractional order, backstepping, adaptive, triaxial gyroscope. 
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&&% C�� .<�K �� �0R�� !�� ���IS�� ����u  a5_

 O�	]� /���n-(� 9('���\0� !0��- )40( �� )44 (/��i��� �� �0�.  

)45(  2

3 0V ce ησ≤− − ≤&  

 �@��� ��)45( �
3V&  j��
 ;��(�� N�(8 �Q�� C�� .<��"�� D(�/  I� 5�
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t
ce s dτ η τ τ
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+∫  y	L 8������� �C�� �I�G�

 A91 �� !�0
 ��8 ��0D �. C,�D ��("� ( ) ( )( )2
lim 0
t

ce t s tη
→∞

+ = . ��

��� /�(	N
( ) ( )
2

ce t s tη+ �� O�0*  �	����C�� ��  ���6 �Q*

�� �0� ."���(��� <�"�. ����. AFODSMC �� ���0
 �	���� /�����' 

�(A"# �n
 ��(8 �@Z �0� YF�� I ��./ ������ �I�Z� C�� �� 

 �Q*��. )(�.  

X���"4 ����' �]^� T6�. /���� /5�� ��_ ;� !��5 �� �(="�  ��

 �3(����� >�=9 ?@� \��L��D �R� �� �",�� �0�  y@�� u�0
 I

 /5�, <�"�.�� �0�.  5�;(90���(6 C�����
 j��
  �@���)47( �� ��/ 

 �9��N� �� C�WF j��
)39 ( ���Q"���� �0�.  

)47(  
if | |<1 

tanh( )

sgn( ) if | | 1

σ σ

ϕ ϕσ

σ σϕ

ϕ ϕ





= 
 ≥


 

 �. �� !Sϕ C�� /5�� ��_ C��V+.  /�I�I<�"�. ����.  /5�,

�3(����� >�=9 ?@�σ !S ��I�Z Iϕ C�� . 8(��0- <�"�. /5�,

 <I�� ��1 ��� ���IS C��.  )�F O�0* 8�� �� /5�, 8(��0-�� ���. 

 T���,� �(� /5�� ��_ ����� T���,� >�=9 ?@� �D� �.�� ����  �


C9�K �6 �0"� /5�� ��_ 5� T6�. >�=9 ?@� �D� I ��0� ���Z ���

 T6�. �(� /5�� ��_ ��. ��('�� ���� .�� ��8 
�
(E  /5�� ��_ ;�

� ;(����� /����(=" !��5 �� � >�=9 ?@� O��((=
 �� E���"� �.

 �((=
�� ��. �� �K��LC�� �. � 5� �9�:� 8�� �� C�0nF j��
 �

/��� ����� C�0nF j��
 I� I /�I�I /��� �����  ��I�Z/5�, <�"�. 

 y��@�)3� �6/ 3  I4 C�� ��� ���Q"�� .C�0nF j��0
 /�I�I 

�� O�0* N  ��N�Q��� )Negative( �Z  �Q* ��N�)Zero ( IP  ��N�

 C	��)Positive( a�� ��iD/ ��� ���.  8(�`�6S <��N�  ;40.

)Small ( IB  z��� ��N�)Big( ��"#6 ��I�Z C�0nF j��0
.  
 <I�� <I�� <I�� <I��1111::::    , 8(��0-, 8(��0-, 8(��0-, 8(��0-/5�/5�/5�/5� 

P  Z  N  σ  
B  S  B  ϕ  
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 )3� )3� )3� )3�3333 : : : :/�I�I C�0nF j��0
/�I�I C�0nF j��0
/�I�I C�0nF j��0
/�I�I C�0nF j��0
        

  
 )3� )3� )3� )3�4444 : : : :��I�Z C�0nF j��0
��I�Z C�0nF j��0
��I�Z C�0nF j��0
��I�Z C�0nF j��0
     

 a��D��� �0��<�"�. ����.  /�#. �	
�� �3(����� ���=9 ��

 �:(	@
B��� ��  >I�C�D5�� �� E:F  /5�� ��_ ��5�,/ ���  /���

�I��J <�"�. H03MEMS � )3� �5 C�� ��� ���� !��� . <��(�

 /�@Z ������e  8(��(<�� �6/  A"#(� ��I�Z I j��� /�I�I

H03�I��J �0�� ���I <I� a�D �� FODSMC controller Step1 

�� �0� /5��� /�I�I I
2X  �(90
 �N� ��K�� �� ���Q"�� /��� ��

�� ��. .@� ��K�� �6 �� ���Q"�� �3(����� >�=9 ?@� )3� y��

�� �0�  �
<�"�. ����. C9�K �6  u���� �6 5� ��9I�(� �/ C�� ��  ?@�

 >�=9�N
�r ���  �6� �0� ?@� /I� ��� I���� ��  �� �


C9�K �6/  U0�@� �0Z����� . �0�� u�0
 >��"P� ��_�� !��.

Adaptive law �� O�0*  ��5 8(�V
 8�W�S�� �0� .�`�6 C��V+ 8(

/5�� ��_ ϕ �3(����� >�=9 ?@� O��((=
 �� E���"�σ  I �((=


 u�0
<�"�. ����.  /5�, ����06�� O�0* �RG9 �/  <�"�.�� �0� .

�� ��8 
�
(E  8(�n
 �"#� �:�K A"#(� /�����'�� ���D.  

  
 )3� )3� )3� )3�5555 : : : : a��D��� �0�� a��D��� �0�� a��D��� �0�� a��D��� �0��<�"�.<�"�.<�"�.<�"�.    ����.����.����.����.    Fuzzy AFODSMC     H03�I��J /��� H03�I��J /��� H03�I��J /��� H03�I��J /���

MEMS        
!��6 �0L  )3� a��D��� �0�� �� �.5  �@��� �� 8(�`�6 I)39 (

 ��6����� �0� � C��'(��� 5��/  <�"�. !0��- �	
�� O�:"�� ��

/_��  j��� /�I�I 5�(��� ���� �. �� "K��� C�� B�"�� �� .


�0*��� �.  u:, j��� /�I�I�� O�0* �RG9 �/  �� ���� B�"��

�� !�0
 _�� �	
�� �"�(, ;� 5� ���Q"�� ��  ;�. �� I<��"�� D(�  8��

��. ����� �� _�� �	
�� O�:"��.  

5- 	�	�	�	�((((����    5��5��5��5��////    c��"� Ic��"� Ic��"� Ic��"� I        

 5� )*�K c��"� ����� �� ��"�� TV� 8�� ��	�(� 5��/ <�"�. ����. 

 �"Z���' /�#. �	
�� �3(����� ���=9 ���� �0� . �#��:� �� ���

 8��"�.<� ����.  ��<�"�. ����. �6/  �� I /�#. �	
�� ���=9 ��

 �"Z���' �90�N� ���=9�� �0� . !���' �� �� 8��<�"�. ����.  ��

<�"�. ����. AFODSMC  /5�� ��_ ��5�,/ ���  �#��:��� ��0�. 

 �� H03�I��J /�6�"����'��0G� MEMS �� �",���.  �9�:� 8�� ��

 <I�� �� y��@�2 C�� ]27[. 

���� <I� <I� <I� <I�2222::::     H03�I��J /�6�"����' H03�I��J /�6�"����' H03�I��J /�6�"����' H03�I��J /�6�"����'���Q"�����Q"�����Q"�����Q"��    ������������    �9�:� 8�� ���9�:� 8�� ���9�:� 8�� ���9�:� 8�� �� 

H03�I��J /�6�"����'  ���:�  �K�I  

m  
7 -10×8/1  kg  

0q  1  µm  

0ω  1 kHz  

xyk  779/12  N/m  

xzk  731/12  N/m  

yzk  954/11  N/m  

xxk  98/80  N/m  

yyk  62/95  N/m  

zzk  43/97  N/m  

xΩ  100 rad/s  

yΩ  100 rad/s  

zΩ  100 rad/s  

xyd  6-10×364/0  N.s / m  

xzd  
6-10×37/0  N.s / m  

yzd  6-10×362/0  N.s / m  

xxd  6-10×85/1  N.s / m  

yyd  6-10×89/1  N.s / m  

zzd  6-10×82/1  N.s / m  

 y	L O��((=
a���� ���  5� �N� �@���)1 ( I;�. �� , <I�� �0

 H03�I��J �N� !I�� /�6�"����'�� O�0*  ��5C�� �� �� S���: 

0.0103 0.002 0.0021 0 0.1 0.1

0.002 0.0105 0.002 ,   0.1 0 0.1

0.0021 0.002 0.0101 0.1 0.1 0

449.88 70.99 70.72

70.99 531.22 66.41

70.72 66.41 541.27

b

D

k

−   
   = Ω = −   
   −   

 
 

=  
  

 

�6�"����'/  C��]�� �",���.  �K��L ��<�"�. ����. �� O�0* ��5 

C�� ��� U�V"��:  
c = 30, 

1
λ = 50, 

2
λ = 3, k = 5000, α = 05/0 , β = 9/0 , 

1r = 60 

 8�� ��	�(� 5��/ �6 <��(� �� j��� /�I�I /�6  �R� �� ��5 O�0*

C�� ��� �",�D:  
sindx = ( 71/6 t), 

dy = 2/1  sin( 11/5 t), 
dz = 5/1  sin( 17/4 t) 

 �� H03�I��J A"#(� �(9I� u���� 8(�`�6��0G� MEMS �� O�0* 

[ ]
Τ

0 1 1 1q = {�, �� �0�.  

�(	� 5� )*�K c��"� �� ����Z >��"P� 8",�D �R� �� �� /5�� O�0*   
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( ) ( ) ( )
T

50cos 6.71   50cos 5.11   50cos 4.17d t t t=     

 C�� �� ���, �, 	  ��)3� �6/ ��5 C�� ���S. _ �. C�� �.p �� a5

 /�6���0��A�� ���  �9�:� 8�� �� �� �#��:� �� j���]17 [ �N� !I��

�� ����� . 

3� )6 'C(N-0� ������ d��  �� ��5  �� �6 �� <I� �(��]C�� 

�, �, 	  !����� �6� .  

  
 )3� )3� )3� )3�6666 : : : : /�6�0G� C�� �� C(N-0� ������ d��' /�6�0G� C�� �� C(N-0� ������ d��' /�6�0G� C�� �� C(N-0� ������ d��' /�6�0G� C�� �� C(N-0� ������ d��'x � � � �y     I I I Iz  

 !��6 �0L  )3� 5� �.6  �C���('<�"�. ����. K��L� ���  )�F

 a���� ��0Z ��(#� C-� �� �� C(N-0� �������� �6�.  

)3� �6/ 7  I8 
�
 ��(E  �90�N� >�=9 ?@�s  ���=9 ?@� I

 ����)σ ( >�=9 ?@� b0��� 5� �	(.�
 �.s I  /�#. �	
�� y"��

 �� !S<�"�. ����. FODSMC  !��� �� C���� �6� . ?@� I� �6

 ���0� ��(� !��0� ��4 5� �N� >�=9C�� ��  ���6 �Q*�� ��0�. 

 
)3�)3�)3�)3� 7777::::  >�=9 ?@� �����6 >�=9 ?@� �����6 >�=9 ?@� �����6 >�=9 ?@� �����6S    C�� ��C�� ��C�� ��C�� ��     �� �Q* �� �Q* �� �Q* �� �Q*C��C��C��C��    x � � � �y     I I I Iz        

 
)3�)3�)3�)3� 8888::::  >�=9 ?@� �����6 >�=9 ?@� �����6 >�=9 ?@� �����6 >�=9 ?@� �����6
    C�� ��C�� ��C�� ��C�� ��    C�� �� �Q*C�� �� �Q*C�� �� �Q*C�� �� �Q*    x����y     I I I Iz        

 )3�9  �� /��� �� C(N-0� ������ )�F �#��:�<�"�. ����. 

FODSMC �FOSMC  ISMC  !����� �6� . �"�� /���!��� !��� 

 ����� I �Q* r9�V� A"#(� �(9I� u���� ������� )�F
0q  �R� ��

�",�D ��� C��.  
 )3� y	L9  �� �6<�"�. ����.  �� C(N-0� ������ )�F�� �0Z �

 5� �"�. �� I2/0  C�� �� �6 �� �(��]x �y  Iz �� �0Z�  a�������� ���. 

<�"�. ����. �6/ FODSMC  IFOSMC  �� C	#�<�"�. ����. SMC 

9� ��()  I �0N* !��5 /���� /�#. �	
�� >�=9 ?@� 5� ���Q"��

��"#6 /�"�. C#�� . ��� I� 8��<�"�. ����.  O����0� /����

�(���0���  A�� �. ��"#6 �(9I� O�RG9 ��<�"�. ����. FODSMC 

/�����(' 9� ��()  �6 �3��� C�� /�#. �	
�� !S >�=9 ?@� I�

 ��.z��� �
 C�� . U0�@� �(#� <0K ���� O����0� 8���� ����� 

 C�iD 5� �N� �.O�� ���5� �I�K �� 1/0 ��� ��(� �(��] �I�Z I �

C�� �",�D ���- U0�@� �(#� /I� �� �N-�I . )3� y	L 8(�`�69 

<�"�. ����. FODSMC  ��(Z �0N* !��5 /�����"�./  C	#� I� ��

<�"�. ����.  ����� ����.  
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 )3� )3� )3� )3�9999::::     C�� �� �� C(N-0� ������ )�F �#��:� C�� �� �� C(N-0� ������ )�F �#��:� C�� �� �� C(N-0� ������ )�F �#��:� C�� �� �� C(N-0� ������ )�F �#��:�x � � � �y     I I I Iz        

3� )10  ������ /�@Z �#��:� �� ~0���<�"�. ����.  /�����('

 ��I� <�"�. ����. C�� ���. !��6 �0L �6���0�� 5� �. )3� /10 

 ������ /�@Z C�� vV��<�"�. ����. �6/  /�#. �	
��9� ��() 

 >�=9 ?@� 5� ���Q"��/�#. �	
��  !��0� ��4 5� �N��(���0��� 

�;40. ���j �
  5�<�"�. ����.  ���C�� ��  I ���. )(� �Q*

 ��D���� C9�K /�@Z ��!S �6  �Q*�� �0�.  

  
)3�)3�)3�)3�    10101010::::     C(N-0� ������ /�@Z �#��:� C(N-0� ������ /�@Z �#��:� C(N-0� ������ /�@Z �#��:� C(N-0� ������ /�@Z �#��:���������    <�"�.<�"�.<�"�.<�"�.    ����.����.����.����.     C�� �� C�� �� C�� �� C�� ��

 /�6�0G� /�6�0G� /�6�0G� /�6�0G�x � � � �y     I I I Iz        

 8��������� !�0
  ��("� �	
�� >�=9 ?@� 5� ���Q"�� �. C,�D

 T6�. �� C#�� !��5 I �0N* !��5 /�#.�� �6�  C9�K /�@Z I

 �� ��D�������j �
  �Q*�� ��. . !��0� ��4 C�(- �� ��. 8�� �"	9�

�(���0���  a���� �(9I� O�RG9 ���� �0�.  

 �9�"�. /�I�I <��(� �#��:� �� ����� ��<�"�. ����. �6/  ��

� ����=9 /�#. �	
�� �3(����� ���=9 �� I /�#. �	
�� ���=9 �

 �"Z���'�� �0� . �� c��"� �!���' ��<�"�. ����.  �3(����� ���=9 ��

 /5�, /5�� ��_ �� �:(	@
 /�#. �	
��)Fuzzy AFODSMC (

 �#��:��� �0�.  

/�#. �	
�� �3(����� ���=9 �� �� (FODSMC) !0��- y"�� �

 /�I�I <�"�.)�� (�� 9�() !�0� ����  �"�0('�� TV� ;�) j��
sign (

 )3� y	L11 C�� /���5 �"��0Z�� O����0� �� X���"4 /���� . ��

 )�F a����<��"�� D(�/  �9�"�. !0��- y"�� 5�)��( 5� �"�0('�� TV� �

 8(��� �I� �9�"�. /�I�I I )u ( <��F� C�� X���"4 !I�� I E����

3� y��@� H03�I��J A"#(� �� )12 C�� �� �� S��.  

  ��<�"�. ����. �6/ FOSMC  ISMC 9� ��()  a�
 5� ���Q"��

 y��@� ��9�"�. !0��- �� �"##D)3� �6/ 13  I14  X���"4

)��- ��0
� �0�I �� C�� ���S.  

 )3�15�k̂  !��� �� �:(	@
�� �6�  �9��N� !0��- u�0
 �.

)40 ( ��C�� ���S C��.  

  

  
 )3� )3� )3� )3�11111111:    <�"�. !0��- y"��<�"�. !0��- y"��<�"�. !0��- y"��<�"�. !0��- y"�� )� ������ (C�� �� ��C�� �� ��C�� �� ��C�� �� �� x � � � � yIIII    z  

  
 )3� )3� )3� )3�12121212::::     <�"�. !0��- <�"�. !0��- <�"�. !0��- <�"�. !0��-))))������ ( ( ( ( H03�I��J �� �9��F� H03�I��J �� �9��F� H03�I��J �� �9��F� H03�I��J �� �9��F�        
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