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Design for Fuzzy Variable Structure Controller

of Hybrid Position and Force Control for Dual-arm

Coordinated Space Robot Systems

CHEN Zhihuang CHEN Li

(College of Mechanical Engineering, Fuzhou University, Fuzhou 350108)

Abstract A kind of nonlinear dynamics model of free-floating dual-arm space robot system is based

on Lagrange method, and the dynamics model of object is presented based on Newton-Euler method.

Based on the results and closed kinematic chain constraints, the dynamics model of synthetical sys-

tem is obtained, and the control problems for object to track the desired trajectory in workspace

and adjustment of interactive forces due to the interaction between the object and the end-effectors

are discussed. Because of the high complexity of structure and the uncertainty of parameter of such

systems, the scheme of variable structure global sliding-mode control with better robustness to un-

certainty and disturbance is proposed to track the desired trajectory of object, and the corresponded

scheme of internal forces control is proposed synchronously. Therefore, the object position and inter-

nal forces can be regulated simultaneously. A fuzzy controller is designed to reduce shiver due to the
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inherent defect of sliding-mode control and ensure rapid response. The fuzzy controller can tune the

sliding-mode control law parameters automatically according to the relationship between the system

state and switch surface. The effect of the controllers is testified by computer simulation.

Key words Free-floating, Dual-arm space robot with closed chain, Fuzzy variable structure control,

Hybrid force and position control
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Æ47);,44'*,6N 4)'1%&)��
"*+(D1) Jacobi :N, 3( MNNCÆ?
ÆDO–EM?, AAIJ '1%&)��Æ?5
*,"9?G),&;K, D71) Jacobi '*I
J ?5*+7'),&Æ6. 0+ 8O, OFG
%&)��*+PP"QOGÆG>?8"P)G,

ML@21B9BG"PPP-(A3> Lyapunov

H/A3,70R?5*+DG%&SQTE-7 
HRG;-(ÆDÆ">" PI *,-(ÆD, Q:
FG&=.,"67-(.  SUG;-(�KJ"
>=, V/-7 ;I-(�, ML*+"I,)A
RTG;-(�"?8, Q:3G6S*+"UJK
>, <GV(M2"KJ. *+84WPQI =/
-(ÆD"2LG'Æ6G.

2!MNRT Jacobi XM

#5@UG, OFFJ,1)"4)'1%&
)��?5*+, *+PP1O 1 0P. -*+9
B9/;",Q B0 ')R1 B1, B2, B3, B4, B5, B6

0Æ*, Bp G'. IJJ)"DGHE* (Oxy),

0Æ&)R1 Bi (i = 0, 1, · · · , 6) ">IKQH
E* (Oixiyi); �6 O0 ' B0 "ST c0 C7, Oi

(i = 0, 1, · · · , 6) )R1 Bi "'TW=. )R1 Bi

(i = 0, 1, · · · , 6) U xi I"V0 li, �ST ci : xi
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S 1 �������*��	
Fig. 1 Dual-arm space robot grasping system

with closed-chain

I=' Oi "XY di, "0+DGHE*M= O

"TZ ri. -,QST Oc0 ' O1, O4 "XY
"5, 5 d0, "0+DGHE*M= O "TZ
 r0. *,>I'LJÆK? EL > ER C7, S
T cp ' EL, ER "XYAA dL, dR,S0>6TK
)D0 mp, Jp, "0+DGHE*M= O "TZ
 rp. &AQ"S0>6TK)D0AA mi, Ji

(i = 0, 1, · · · , 6).

YMUN"C,V0,/;841'1%&)�
�?5*+ D3,< "B9;)DM$Q*+,

L.0 (Oxy) "?)0.=Æ0 O ="[)0.=
'*. #5@UG, -*+"WW?)0Æ[)05
 O, V2
( 6∑

i=0

miṙi

)
+ mpṙp = 0,

6∑
i=0

(Jiωi + ri × miṙi) + (Jpωp + rp × mpṙp) = 0.

(1)

�6, ωi (i = 0, 1, · · · , 6, p)  X i BAQ"\0[
J0. X (1) LXGP7Y 

q̇b = J s(q)q̇r. (2)

�6,

qb = (x0 y0 θ0 )T ,

qr = ( θ1 θ2 θ3 θ4 θ5 θ6 )T ,

AA '1%&)��,Q"(D&=P0>)R
1&'TWP0; q = ( qT

b qT
r )T  9 ]"*+(

DHEQN, J s(q)  3 × 6 ]:N.

ML*+&=44'*, G%'1%&)��L
RYWX� EL, ER :DGHE* (Oxy) 6"&=
HE, 08&"N, 3P7X (2) YAF8P :N
ZX, %G

ve = Jeq̇r. (3)

X (3) 6,

ve = (vT
eL vT

eR )T ;

veL = ( ẋL ẏL θ̇L )T ,

veR = ( ẋR ẏR θ̇R )T

AA M.[1RYWX�"(DJ0; Je ∈ R6×6

 '1%&)��"*+(D1) Jacobi :N, �
\Z Jeij (i, j = 1, · · · , 6)  9*+(DHE θ0,

θ1, · · · , θ6 "A[.][G'"E8.

3!TS^ZZ

  F,-(*+-7"-/, ;4)'1%&
)��?5*+_T[A L@A:'1%&)��
@A>\?5",,@A.L`L&\3"L&"<
 ,.< ,:Æ[< ,.[< ,:IJP*,

3AAIJ[AF'1%&)��@A>\?5,
,@A"*+),&Æ6.

3.1 N3OPQRSTUVWXYZ[\
[AF'1%&)��*+PPÆ],U^1

O 2 0P. MLMNNCÆ6, [AF'1%&)�
�*+),&Æ6G0Y 1CVW)ZX:

D(q)q̈ + C(q, q̇) = (0T τT )T + JTF . (4)

�6, D(q) ∈ R9×9  0].A/"*+S0:N;

C(q, q̇) ∈ R9×1  Æ\]^,.YT,"(D,T
0; τ = ( τ1 τ2 · · · τ6 )T  )R1 6 B'TW-
(,:G'" 6 ]QN;

JT = (JT
L JT

R ) ∈ R9×6

 , Jacobi :N, JL > JR VAA 3 × 9 ]",
QSTGLRYJÆ"1) Jacobi :N;

F = (F T
L F T

R )T ,
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F L = (FLx FLy ML )T ,

F R = (FRx FRy MR )T

 9*,AA< :LRYJÆ=",',:P'
",:N.

X (4) GA=Y 

(D33 D36)q̈ + (E3 0)C(q, q̇) = (E3 0)JTF ,

(5)

(D63 D66 ) q̈ + (0 E6 )C(q, q̇) =

τ + (0 E6 )JTF . (6)

�6, D33 > D66 AA 3× 3 > 6× 6 ]"0]]
:N, D36 > D63 AA 3 × 6 > 6 × 3 ]]:N,

'2 D36 = DT
63; E3 > E6 AA 3× 3 > 6× 6 ]

"^&N, 0^\_ ">"O:N.

9X (5), G0%G

q̈b = D−1
33 [−D36q̈r − ( E3 0 )C(q, q̇)+

( E3 0 )JTF ]. (7)

;X (7) &XX (6), %G[AF�HW)ZX"1
C'1%&)��*+),&Æ6:

M(q)q̈r + N (q, q̇) = τ + JT
h F . (8)

�6,

M(q) = −D63D
−1
33 D36 + D66,

N(q, q̇) = [( 0 E6 ) − D63D
−1
33 (E3 0 )]C(q, q̇),

JT
h = [(0 E6 ) − D63D

−1
33 (E3 0 )]JT.

S 2 _
^������������Y_
Fig. 2 Structure and force sketch of space manipulators

3.2 N3O^_`abPXYZ[\
[AF\?5*,"PP'],U^1O 3 0

P, �6 E′
L, E′

R AA *,=''1%&)��L
RYWX� EL, ER C7"=. MLDO–EM?Æ
*,&=44'*, GIJ[AF\?5*,1CZ
X"*+),&Æ6:

HpẌp = JT
peF

′. (9)

�6, Hp = diag (mp mp Jp )  *,0].A/
S0:N, Xp = (xp yp θp )T  *,"0+DG
HE*"&=>cAT0;

JT
pe = (JT

peL JT
peR ) ∈ R3×6

 ?5:N,6LJÆZ/:*,="(D,CLG
*,ST"K_:N, X6 JpeL > JpeR AA *
,STG E′

L, E′
R " 3 × 3 ] Jacobi :N;

F ′ = (F ′T
L F ′T

R )T ,

X6

F ′
L = (F ′

Lx F ′
Ly M ′

L )T ,

F ′
R = (F ′

Rx F ′
Ry M ′

R )T

AA LRYJÆ< :*,=",',:P'"
,:N. 4� F ' F ′ )@0< ,'[< ,,

6 F = −F ′.

9X (9) G0%G

F ′ = (JT
pe)

+HpẌp + F I. (10)

�6, (JT
pe)

+ = Jpe(JT
peJpe)−1  JT

pe "`[,

: (JT
pe)

+HpẌp 6 (<,_, F I V *,_ [13],

/D: JT
pe "O%&*, 7:'* JT

peF I = 0.

`/RYJÆ'*,`GD`'D"01),V

Jeq̇r = JpeẊp. (11)

S 3 �������Y_
Fig. 3 Structure and force sketch of grasped object
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;X (11) La08&"N3YAF, %G

q̈r = J−1
e (JpeẌp + J̇peẊp − J̇eq̇r). (12)

3.3 deQRSTUVW_`fghiXYZ[\
;X (10) >X (12) &XX (8) 3( < ,'

[< ,'*, aaF%G4)'1%&)��?5
*+7'),&Æ6:

ApẌp + Bp = τ − JT
h F I. (13)

�6,

Ap = M(q)J−1
e Jpe + JT

h (JT
pe)

+Hp,

Bp = M (q)J−1
e (J̇peẊp − J̇eq̇r) + N (q, q̇).

4!MNS/aabbcbZb\d

OFG%&)��*+PP"QOGÆ3!%
"eYcÆd<1C,*+7:),&?8"P)G
Æ3@@7C#6/%Z)#Gc]". j1cQ-
(^_"e).S0Pa, !df.f]`?a.)
R1'T&"bd,:ÆecCHG!f'=/#
6/%Z"7:.>?d7F%E,,8?8P)Æ
3@@7C#6/%Z8-%2 9,. %+, !g
0=/#6/%ZS59BG"4)%&)��-
(*+-74%3 C/.  +, 704)'1%&
)��?5*+),&;K7:#6/G"U^, M
L@21B9BG"G;PPP-(A3, -7 '
1%&)��cA.'TbR1)"G;PPP-
(ÆD.  SUG;PPP-(�KJ">=, V/
-7 @B;I-(�,0ML*+"I,E)AR
TG;PPP-(�"�g*8, Q:3G6S*+
"UJK><GV(M2"KJ. OFG;>;I
-(&B"1=ÆLLG,C,<3?5*+8+;
IG;"&=.,67-(ÆD"-7.

- Xd
p = (xd

p yd
p θd

p )T  ?5*,:DG%
&"ec1), 3/D

ep = ( exp eyp eθp )T = (Xp − Xd
p)

 �:DG%&"&=>cATEde,

ėp = (Ẋp − Ẋ
d

p)

 ">"J0TEde.

/DHRG;E8 

s = sr − δ(t). (14)

�6,

sr = ėp + cep,

c = diag ( c1 c2 c3 ) , ci > 0 (i = 1, 2, 3).

  HRG;*+"ghH/, :E8 δ(t) "
#d6/"�*B:C1CfBei.

kl 1 δ(0) = sr(0), sr(0)  sr WW8j4.

kl 2 δ(t) → 0, > t → ∞.

kl 3 δ(t) @]GN.

f4=,ei 1"7::+�*+WWmA&+
G;, (s = 0)=,ei 2:+SQ41*+"H/,

ei 3 )G;E808&@]N ṡ 7:"&%. M
L=/Ag, G;E8 δ(t) /D 

δ(t) = sr(0) exp(−λt), λ > 0, (15)

9PPP-(MA,-71C0*+;K#6/G@
29BG".4)'1%&)��?5*+8+H
RG;",/&=67-(g:

τ = Âp[Ẍ
d

p−cėp−ε sgn s+δ̇(t)]+B̂p+JT
h F d

I . (16)

�6, Âp > B̂p AA Ap > Bp "#06h7,

ε = diag ( ε1 ε2 ε3 ) , εi > 0 (i = 1, 2, 3);

F d
I  *,"ec4, /D: JT

pe "O%&*, 6
2 JT

peF
d
I = 0.

;X (16) &XX (13), YAG%

Âp[ëp + cėp + ε sgns − δ̇(t)] =

(Âp − Ap)Ẍp + (B̂p − Bp)+

JT
h (F d

I − F I). (17)

h JT
h 9ih,3=5*, F I > F d

I 5/D: JT
pe "

O%&*, ;X (17) CiLa58Mf JT
pe(J

T
h )−1,

YAFG%

JT
pe(J

T
h )−1Âp[ëp + cėp + ε sgns − δ̇(t)] =

JT
pe(J

T
h )−1[(Âp − Ap)Ẍp + (B̂p − Bp)].

(18)

kÆYAX (18), %G

ëp + cėp + ε sgns − δ̇(t) =
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[JT
pe(J

T
h )−1Âp]−1JT

pe(J
T
h )−1·

[(Âp − Ap)Ẍp + (B̂p − Bp)]. (19)

j

w(Xp,Ẋp, Ẍp) =

[JT
pe(J

T
h )−1Âp]−1JT

pe(J
T
h )−1

[(Âp − Ap)Ẍp + (B̂p − Bp)],

3`-w"j8hk+iFAE8 ρw(Xp, Ẋp, Ẍp),

62
||w|| � ρw(Xp, Ẋp, Ẍp), (20)

+), X (19) GY 

ëp + cėp + ε sgns − δ̇(t) = w. (21)

C,AgX (21) "H/G. #d1C LyapunovE8

V =
1
2
sTs. (22)

4�, > s �= 0, V > 0.

0X (22) "8& t "HN8, 3( X (14),

(20) Æ (21), %G

V̇ =sTṡ =

sT[ëp + cėp − δ̇(t)] =

sT[w − cėp − ε sgns + δ̇(t) + cėp − δ̇(t)] �

sTw − εi‖s‖ �

‖w‖ · ‖s‖ − εi‖s‖ �

(ρw − εi)‖s‖. (23)

4�, > εi � ρw + η (η > 0) 8, V̇ � −η‖s‖, 6
X (21) 08P"*+ghH/.

9+?5*+/"I,"),'&="67-
(,%+:-(*+-76g/SQ=/*+ghH
/3, <*B58OF*,de"hkG#$.  +,

/D ef = F I − F d
I  *,TEde, V9X (17) G

0%G

ef =(JT
h )−1Âp[(E6 − Â

+

p Ap)Ẍp + Â
+

p (B̂p − Bp)]−

(JT
h )−1Âp[ëp + cėp + ε sgn s − δ̇(t)]. (24)

�6, Â
+

p = Â
T

p (ÂpÂ
T

p )−1  Âp "`[N.

OF*,iQ@U)klJH1)"U^, 6
2 Ẍp = 0, %+ ëp 2H. X (24) Gaa 

ef =(JT
h )−1Âp[Â

+

p (B̂p − Bp)]−
(JT

h )−1Âp[ëp + cėp + ε sgns − δ̇(t)].

(25)

j w̄ = Â
+

p (B̂p − Bp), 3`/ w̄ 2H, 67:

||w̄|| � ρw̄. (26)

0X (26) Ladj8, G0%G

‖ef‖ =‖(JT
h )−1Âp{[Â+

p (B̂p − Bp)]−
[ëp + cėp + ε sgns + λsr(0) exp(−λt)]}‖ �

‖(JT
h )−1Âp‖ · ‖{[Â+

p (B̂p − Bp)]−

[ëp + cėp + ε sgns + λsr(0) exp(−λt)]}‖ �

‖(JT
h )−1Âp‖ · (‖w̄‖ + ‖ëp‖ + ‖cėp‖+

‖ε‖ + λ exp(−λt)‖sr(0)‖) �

‖(JT
h )−1Âp‖ · (ρw̄ + ‖ëp‖ + ‖cėp‖+

‖ε‖ + λ‖sr(0)‖). (27)

% ëp, ėp 52H, 00*,de ef 2H.

:X (21) 6, m_�g ε )f'KJ"M%. ε

 +Lh#6/_ w, 0SQG;7:ei%G:
C, \: w )8P",   liKJ, ε ?>R8P.

 +, -7 @B9fB^IX.̂ I,"];I�
*+P'";I-(�, ML*+"I,)ART ε

"4, 06S*+"UJK>3liKJ. R;I-
(�"X i B]*+0�"< ), > siṡi > 0 8,

εi *B�-, ��4C0jg#6/_"jK, 0S
QG;7:ei%G:C; > siṡi < 0 8, εi *BV
k, 0li*+"KJ. �6, nB];IG;-(
�50 siṡi  IX, Δεi  I,. �PP1O 4 0
P. # O 5 >O 6 0P"ml0E8AA0IX
P0 siṡi >I,P0 Δεi 9X;Ia<A,O 46k
lP0"8M4AA : A- (PB), A6 (PM), A
k (PS), O (ZO), *k (NS), *6 (NM), *- (NB).

I 8 1 0P" IF-THEN ;I.V9X;I6A,

3# ,nCT?0I,P0Δεi 9X=;I1m.
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S 4 n�������
Fig. 4 Sub fuzzy controller structure

S 5 �o�p siṡi �onjl�
Fig. 5 Degree of membership of input siṡi

S 6 ���p Δεi �onjl�
Fig. 6 Degree of membership of input Δεi

o 1 pqrstu
Table 1 Fuzzy rules

siṡi NB NM NS ZO PS PM PB

Δεi NB NM NS ZO PS PM PB

I nA"Æ?0m_�g ε 9X7m, %G

ε̂ = ε0 +
∫ t

0
diag (Δε1 Δε2 Δε3 ) dt. (28)

X6, ε̂ 8P ε "8P4, ε0 8P ε m/"WW4.

  li*,de ef "k), :=/-(ÆD
6*X@BnA_, +), G;bR-(.gX (16),

Gn 8F8+;IG;"bR-(.g, 2

τ = Âp[Ẍ
d

p − cėp − ε̂ sgns + δ̇(t)]+

B̂p + JT
h

(
F d

I − KI

∫
efdt

)
. (29)

�6, KI  0].A/"*,de[p�g:N. %
 *, F I > F d

I /D: JT
pe "O%&*, =/*,

nA-(_"*X, #o0*,"&=TEG!f'
jK. ;I-(�4B=)ML&=TEde ep >
J0TEde ėp ")AERTm_�g ε, %+G
0%Gl1p"-(�qS. :4B> 6, =/3
6?G0I oY?7m,�Fm:?mn"ÆXE
9X.

5!MNpoqp

0<J,1)"B9/;'1%&)��?5
*+ q (*+PPrO 1), -,Q"S0 m0 =

200kg, D0: J0 = 40kg·m2, d0 = 1.5m; )R1&
r"rV

l1 = l2 = l3 = l4 = l5 = l6 = 1 m,

d1 = d2 = d3 = d4 = l5 = d6 = 0.5 m,

&r"S0

m1 = m4 = 15 kg,

m2 = m5 = 10 kg,

m3 = m6 = 5 kg,

&r"D0:

J1 = J4 = 3 kg · m2,

J2 = J5 = 2 kg · m2,

J3 = J6 = 1 kg · m2;

*,"S0 mp = 10kg, D0: Jp = 2kg·m2,

dL = dR = 0.5m. `/ Âp = 0.8Ap, B̂p = 0.8Bp,

I X (29) 8+;IG;"9BbR-(.g9X
WP.

WP8, *,cA"ec1).g 
θd
p = 0 (^& rad),

6*,cAS5 0 #P; 58*,&=:DG%
&"ecSQ 

xd
p = 1.5 + 0.2 cos(t) (^& m),

yd
p = 1.0 + 0.2 cos(t) (^& m).
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�6, t = 10 s  YBvE360 8&. 58-*
,Æ*,:"ec4 

F d
I = ( 10 N 0 N 0 N · m −10 N 0 N 0 N · m )T

WP366, *,cA["WW4 0.05 rad, *,
:DG%&"WW&= (1.5500m, 0.9988m), c =

3E3, ε0 = 3.5E3, λ = 2, KI = 1.1E3. O 7 >O 8

 n-(.gX (29) %G", *,&=:DG%&
"4BSQ (4?) 'ecSQ (_?) "0lU^;

O 9  n-(.gX (29) %G"*,cA4B1
) (4?) 'ec1) (_?) "0lU^; O 10 >
O 11  n-(.gX (29) %G"7'*+*,4
B4 (4?) 'ec4 (_?) "0lU^; O 12  
2.';I-(�*,&c"del1, �64?

S 7 �� x �qrs�rsq	����o
Fig. 7 Actual and desired trajectory of grasped

object in x direction

S 8 �� y �qrs�rsq	����o
Fig. 8 Actual and desired trajectory of grasped

object in y direction

8Pn-(.gX (29) %G"*,&cdeU^,

_?8P'4;I-(�, t HRG;-(�%G
"*,&cdeU^, WPPs8I 0%,"-(
ÆD"2LGÆÆ6G.

S 9 ��rs�rs)�q	��o
Fig. 9 Actual and desired orientation of grasped object

S 10 wpxt��rs�rs���o
Fig. 10 Actual and desired internal force value of

left side of grasped object

S 11 rpxt��rs�rs���o
Fig. 11 Actual and desired internal force value of

right side of grasped object
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S 12 u����������)uq��o
Fig. 12 Position and orientation tracing error curve

on/off fuzzy controller

6!vs

P7HRG;>;I-(,0/;84)'1%
&)��?5*+,,&='*,bR-(#$, 9
X 8+;IRT"G;-(m?-7. R-(m?
#t#/"*+),&Æ6@2'+DG?8"?
GaGS, 'D-sF*+#6/@A"=H, Q:
�%%G"-(ÆD2m7+:%&)��*+"
4B> . *+84WP, Q4 R-(m?"2L
G.

yz{|
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