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 


       
        
        
        
          
       
        


        
         
   
        
      
          






        
       




    R
3 × 1

     

G  I ( ) = −
×

+ T − 1 + T I / /22     R3 × 1

   I

            ( )
×

            ( )    





           




   J  R3 × 3
    

     u  R3 × 1
    

d  R3 × 1




       
        
          
          
       
          
        


i ii i i 

 vi i m= 1, 2,…,        

v̄i 

 eii  0, 1      

         eii = 1, v̄i = 0
          
 0 < eii< 1, v̄ i = 0       

eii = 0, v̄i  0        eii = 1, v̄i  0
      eii = 0, v̄i = 0  


      





 d̄ = − +D E I v v̄ + d     

       
        
   
         
      

     D  R
3 ×m

  
        
          
      

E = diag e 11, e22,…, emm  R
m m×

   

         
eii  0         

         

 v = [v1, v2,…, vm]
T  v̄ = [v1, v2,…, vm]

T  

     



        

    
max 



     d̄   

        
         
       v̄i   

          

d1
¯  d̄   d̄1





       


sig ( ) = sign( )x x x

x1 x1


x2 x2


xn xn
 T

x  x 1
 x2

 xn


 x = x1, x2,…, xn
T

     0 < < 1 sign(x)
 

sign( ) =x x

x



˙ t f t f 







Printed by [A
l-Farabi K

azakh N
ational U

niversity - 212.154.154.216 - /doi/epdf/10.1049/iet-cta.2018.5477] at [26/05/2021].



 f : U R
n

     U
          



       

         x = 0
           
 U0  U     

    T :U0 0  0,   

x0  U0  0        sf t, x0  U0 0
t T [0, (x0)] lim  t T (x0) sf t, x0 = 0     

      x0   s f t, x 0  0 

        U = R
n

 



      

  x0      > 0 T ( , x0) <    

    < x  t     t0 + T  

        



      

         

     V ( )x U  R
n

   

V̇ x + 1V x
1 < 0  0 < x U{0} 1 < 11 > 0

          

  V( ) = 0x T  (1/(1(1 − 1)) V x0
1 − 1 

V(x0) ( )V x 


      

 
         

V( )x   V̇ x  − 1V x
1 + 0 <  1 < 1 1 > 0 

0 < <          

        
            x

           

T  (1/((1− )) 1 −  1 V x0
1 − 1    0, 1   

           

limt T x x V
1  /  


      


          V( )x

        

      Q = {x xV
1 − 2 < ( 2/1)} 

V̇ x  − 1V x
1 + 2V x

2   1 > 2 1 > 0 2 > 0

1  0, 1          

T  [(V x0
1 − 1)/( 1 − 1 1 − 1 )]


  



˙ 

         f x

k < 0      
r  


r
x = 

r1x1 , 
r2x2,…, rn xn  r = r1, r2,…, rn    

  f
^

x   f
^
0 = 0      

         




       


× 

         

  
^

        

  
~ = − 

^






 = 1J sig
1 ~ + 2J sig2 ~  d 

1  1/2, 1 2 = 21 − 1 1 > 02 > 0





 = − 2 sig
2 ~  d + J−1d̄

˙ 1 

˙ 2 t 

             g t

         g t g1   g1 

          



        

         
      z1  z2   

        
 ż 1           

 

d̄ 


       





     P



 = sig1 z1 , z 2

T
, =P

1
21

2 1 1 1 .

         
      
1 = z1, z2 z1 = 0 

1 

  max    min      


      V1



 


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V1
˙ = 1

1
s g 1

1
1 1

21


1 z1

1 − 1 − g 1 z 1 z2

− 2sig z 1 + g

 −  z1 
1 − 1

2 + 11
2
1sig

21 z1

+ 12z2

2 − 21
21sig

1 z1 z2

+ T
−1

2
g

1 − 1 T T





Q = 1
2 1 1 1 , =r

1 .

 

1− 1 ( 1 − 1)/ 1) 

V1

1  −  z1
− 1
min Q  2+ g1   r

 − min Q  ((1 + 2)/1)+ g1  r 

 − min Q max P
−((1+ 2)/21)V1

((1+ 2)/(2 1)

+ g1 r min P
−(1/2)

V1
1/2

M V
((1 + 2)/2 1) M V

1/2



 ̄= 1+ 2 /21 M1 = min Q max P
−((1 + 2)/21 ) 

M2= g1  r min P
−(1/2)

    1 1/2, 1  

2 = 21 − 1     ̄  1/2, 1     

         
 ̄ > 1/2      

        
         z1  z2 



D0 = < V
M2

1

2 1/ 2



1  0,M1          
     

T0  [(V 0
1 − ̄)/( M1− 1 1 − ̄ )]     

          

 d̄  

        

         
 = 1, 2, 3 



          
      
          



        
         




          


vnm = D† −k1G ( ) sig 1  − k2 sat  , 

     k1 > 0k2 > 0

0 < 1 < 1 2 = 21/ 1 + 1  D
† = DT (DDT)−1   

    D sat 2
    



sat2 x =
2 x
x




          

           
         
        


        


V2 =
1
2 TJ +

k1

1 + 1 i

3

i

1 + 1

. 

V2

2 =  −
×

J Dv+ + + k1 ̇ sig 1 

= − Tk2 sat   0 .


       V2   

  V̇ 2      

V̇2  0           0   0

        
         


      
        
         
          





        
       
        
        
         


         


s = ( ) − ( t  t0 )

−
t

J
−1 − ()

×
J Dv() + nm( , ) d , 



 P  R
3 × 3

       

     PJ
−1

      

s ( (t0), t 0) = 0 =      t t0    

          




nm 

          
ṡ = 0

eq nm 






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        


eq eq nm 

    

         


        
       


nm ns 

 vnm        

        
        

vns         

        
          
        



        

        
       
v v= nm + vns

vns D †  ^ s K 3s K 4 s 



^̇i = i si
 i sgn si − i ,

^

i si


          
 si < i         

      
    
 si = 0.5 + 0.5 sat 4 si − 3i /i   sat     



sat =x − 1;
x

  ^ = diag ^i       

          
       

K3 = diag k3i   K4= diag k4i    

    1i > 0  2i > 0 = 1, 2, 3 i  

       
 ^i    > 0 i > 0   

          
          


         



       

         
        
s i  0    ^ i     

    i


   ^i  i


   i  i


 





V3 =
1
2 sTJP

−1
s +

i

1
i
~
2
i 


~
i = i− ^ i     i   

         
 V3      


 ^i >  si  i

 ^i >  si < i

 ^i  

 ^i >       ^i     

   ^ i     ^ i  

    V̇3  0    

   2i = i     V̇3   

      
       
   si  ^i        

        ^i >  

si  i          


^
i


       



V4 =
1
2 sTJP−1s +

i

1
i

̄2
3i 

 ̄i = ^i − i


 V 4     



4 3 4

+
i

3

i si − ^i s i +
1
i

^i − i

^̇i .



         
^
i

          


      si  i     si = 1

         


4 4

+ 
i = 1

3

i si − ^i si + i

si − i


si

+ 
i = 1

3
1i
i

^ i − i

si

+
3

li 
^
i− i

 − li 
^
i− i

 ,



 


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V̇4  −
i

k3i k4i si −
i 1

i
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3

i−

− 
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3

si −
1i

i
si + li ^i − i



 − 
i = 1

3

k3isi + k4i si
 + i

 − i si

− 
i = 1

3

li 
^
i− i

 − 
i = 1

3
1i

i
si − si − l i

^ i i


 li > 0          

         

         i


 

^i  i


i i




3i i 4i i i

 1=
i

3
 1i

i
si − si − li 

^
i− i

 ,

V̇4



      li   

i  (1i si / si + li)  (1i i/(i + li))    1 > 0  

  li       

         
li         

          
        
  D1 = si si  i     

T1  2V4
1/2 0 / .M

      D1    s i  i  


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1i

i
si
 si

+ si + l i 
^
i− i


,



2 
i

1i
i
i+ i+ li  i

 =


2
 .

          
      
       

T2  2V4
1/2 0 /M0 , 0 < 0 < 1.       V̇4

          2


  

          
       si  i    

   V̇4      si  

   i    s i 

          

V̇4  − MV4
1/2

  V4    
si             

 
   D 3= si si  i     

         


D2 = si si 

1i

i
i+ i+ li i



min k3ii + k4ii
 + i

−  i

.

        si     

  D1          

  D1 D2      

        
            




         
        
        
          
        max = 0.25  

           
       


           

    J = 20, 0, 0.9; 0, 17, 0; 0.9, 0,15 kg  m2

           

  0 = −0.1579, 0.1368, 0.0947 T   

  0 = 0, 0, 0 T(rad/s)  



d = 0.25 × 10−3 − 2t t

t t

(Nm)

             10 
 1 = 0.6 1 = 12= 0.6k 1= 4.9

k2 = 3 1 = 0.9 = 0.88   1i = 2i = 0.2 = 0.1  

K3 = diag 6.5, 6.7, 7.2 K4 = diag 4.0, 4.22, 4.0 



         
           

              
      

        z1i  2 × 10−5

         i = 1, 2, 3



 ii i

0.5,  10t



i t= 2 0.85, 100 k < < 50 + 100t tk

0.6, 50 + 100tk   100(t t k+ 1)



i t t= 3 0 + 0.0 in 0.05 sin( )
i t= 4 0 0

t

0.005








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            

       z2i 2 × 10−5

           i = 1, 2, 3 

         

 d̄

       


        
      
        
         
         
             
     
            

  10−4
        

        
      
      
  
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      
    
           




          
       
      




   
         


          

 

          

         
 

           
      
 

            
 

            
        


            H 

         










v





 ii i

0.5,  10t



i t= 2 0.85, 100 k < < 50 + 100t tk

0.6, 50 + 100tk   100(t t k+ 1)



i t t= 3 0. 0. si 0.05 sin( )
i t= 4 0 0

t

0.005









Printed by [A
l-Farabi K

azakh N
ational U

niversity - 212.154.154.216 - /doi/epdf/10.1049/iet-cta.2018.5477] at [26/05/2021].



            
       


          

 


           

 
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            

        
 

          
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      

 
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 

      
 

           


            

        
 

             
      


           

         
 

         

          


          
     

 

           


             
       

 

             
        



           
          
 

          
       


          

        
 

            
     


            
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