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Abstract 

This paper investigates task-space tracking control for dual-arm free-floating space manipulators (DFFSM) subject to 

unknown disturbances, kinematic and dynamic uncertainties. First, we design a sliding mode disturbance observer to 

compensate for the lumped disturbances, including unknown disturbances and dynamic uncertainties. Then, an adap-

tive dynamic surface controller (ADSC) is proposed for DFFSM system, where the uncertain kinematics is estimated 

by an adaptive algorithm. It is validated through Lyapunov analysis that the tracking errors of the end-effectors are 

uniformly ultimately bounded under the proposed control scheme. Numerical simulations validate the effectiveness 

of the proposed control scheme. 
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1. Introduction 

In recent years, space manipulators have increasingly 

replaced or assisted astronauts in performing various on-

orbit servicing. Compared to single-arm space manipula-

tors, DFFSM hold enhanced flexibility and operational 

capability, making them widely utilized in complex space 

missions. Therefore, they have attracted significant atten-

tion in the field of aerospace technology [1]. 

The task-space tracking control for DFFSM aims to 

drive the end-effector of each arm to track a desired tra-

jectory. However, DFFSM are subject to disturbances 

and uncertainties in space environment, requiring the de-

signed controller with strong robustness. Some research-

ers have focused on robust tracking control for dual-arm 

space manipulators [2], [3], [4], [5], [6]. Shi et al. [2], [3] 

investigated the coordinated control of the base attitude 

and the manipulator motion in task space, and proposed a 

sliding mode controller subject to system uncertainties. 

In [4], an adaptive fuzzy control scheme was developed 

for grasped dual-arm robots. An approximate Jacobian 

matrix and a decentralized fuzzy logic system were em-

ployed to handle uncertain kinematics and dynamics, and 

a novel parameter adaptation technique was applied to 

achieve practical finite-time convergence in the estima-

tion of kinematic parameters and fuzzy logic weights. 

Aiming to capture a spinning spacecraft with a dual-arm 
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space robot, Cheng et al. [5] constructed a recurrent fuzzy 

neural network to approximate the uncertain inertial pa-

rameters. Then, a coordinated stabilization control strat-

egy with H  tracking characteristics was then proposed 

for the post-capture phase. Based on predefined-time sta-

bility theory, Liu et al. [6] designed a general nonsingular 

terminal sliding mode control law for DFFSM subject to 

persistent disturbances. Despite these achievements, ro-

bust tracking control for DFFSM in task space remains 

limited, which requires further investigation. 

Motivated by the discussions above, this paper inves-

tigates a disturbance observer-based ADSC for DFFSM. 

A sliding mode disturbance observer is designed to com-

pensate for unknown disturbances and dynamic uncer-

tainties, while an adaptive law is established to estimate 

the kinematic uncertainties. The proposed control scheme 

ensures the uniformly ultimate boundedness of the track-

ing errors in task space.  

2. Main Results 

2.1. Kinematics and Dynamics for DFFSM 

The DFFSM system includes a base spacecraft and two 

n-degrees-of-freedom (n-DOF) manipulators, as shown 

in Fig.1. The kinematic model of the DFFSM is given by 

 ( )= , , ,
a a

ie

b

e

g b b
m

   
   

  
J x

x q
q I

x q
， (1) 
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Fig.1 General Structure of DFFSM 

where im

e

i x R ( ,i a b= ) denotes the velocity and angu-

lar velocity of the end-effector of Arm-i, ini q R  is the 

generalized coordinate vector of Arm-i with 
in -DOF, 

)()( a b a bm m n n

g

+ +J R  is the generalized Jacobian matrix of 

the DFFSM. Using Lagrange method, a reduce-order 

form dynamic model of DFFSM is derived as 

 ( ) ( ),+ = +M q q C q q q τ d， (2) 

where T T T[( ,) )( ]a b=q q q , 
T T T[( ,) ])( a bn na b += τ τ τ R ,

ini τ R  is the control input torque, a bn n+d R  is the un-

known disturbances, and ( )M q , ( , )C q q  are the inertia 

matrix and the centrifugal and Coriolis matrix, where 

( ) ( ) ( )T1
, .

2

  
= −  

  
C q q M q q q M q q

q
 

In general, the kinematics and dynamics of DFFSM are 

uncertain due to the complicated structures. The dynamic 

uncertainties can be described as 

 
( ) ( ) ( )
( ) ( ) ( )

0

0, , ,

= +

= +





M q M q M q

C q q C q q C q q

，
，

 (3) 

where 
0 ( )M q  and 

0( , )C q q  represent the nominal parts, 

( )M q  and ( , )C q q  are the unknown perturbed parts. 

Substituting (3) into (2), one has 

 ( ) ( )0 0 ,+ = +M q q C q q q τ δ， (4) 

where ( ) ( , )= − −δ d M q q C q q q  denotes the lumped 

disturbances, which satisfies || || ・δ  and || || d・δ  

with  and 
d  being known positive constants. 

Property 1. 
gJ q  can be linearly parameterized to 

kθ : 

 ( ),ke g k= =q q qx J Y θ， (5) 

where T T T[( , ])()a

e e e

b=x x x , 
T

1 2[ , ,..., ] q

k k kqk   = θ R  

is a constant parameter, 
( )

( ) a bm qm

k

+
Y R  denotes the 

kinematic regressor matrix.  

Property 2. The matrix 
0 0( ) 2 ( , )−M q C q q  is skew-sym-

metric, i.e., T

0 0( ) 2 ( , )( ) 0− =v M q C q q v  for all q , q  

and a bn n+v R . 

Property 3. For a given known positive constant 
0c , the 

matrix 
0( , )C q q  satisfies 

0 0 ||, |( ) |cC q q q・ . 

This paper aims at designing a control algorithm τ  for 

DFFSM system (1) and (2) to track the desired trajectory 

of the end-effectors a bm m

ed

+x R  in task space subject to 

unknown disturbances, kinematic and dynamic uncer-

tainties.  

2.2. Sliding Mode Disturbance Observer Design 

Define a sliding mode surface = −s q ξ  with an aux-

iliary variable a bn n+ξ R , where ξ  is obtained by  

 ( ) ( )0 0 0, + = +M q ξ C q q q τ s， (6) 

where 
0 0   is a gain of system (6). The sliding mode 

disturbance observer is proposed as  

 
( ) ( )

( ) ( )2

0

4

0

3

1 s

ˆ

gn

sgn

ˆˆ ˆ

d

 

   

= − + +

= + +




+

M s s s δ

δ s σ

q

σ

，

，
 (7) 

where ŝ  and δ̂  denote the estimation of s  and δ , re-

spectively, ˆ= −s s s  is the estimation error of s , the no-

tation σ  is defined as 
1 sgn( )=σ s , 

j ( 2,3,4j = ) is a 

positive constant to be determined. Combining (2), (6) 

and (7), the dynamics of the estimation error s  and δ  

can be derived into  

 
( ) ( )

( ) ( )
0 1

2 3 4

0 sg ,n

sgn ,d

 

   

= − − +

= − − −




+ +

M q s s s δ

δ s σ σ δ
 (8) 

where ˆ= −δ δ δ  is the estimation error of δ . 

Theorem 1. Considering the dynamic model (2) and the 

designed sliding mode disturbance observer (7), if the ob-

server gains are set as 
0 0 || ||c = q , 1 1

ˆ|| ||  = − +δ , 

1 0  , and 
32 2  , the estimation error δ  could con-

verge to zero in finite time. 

Proof. The proof is divided into the following two steps: 

Step 1: We will prove the finite-time convergence of s . 

Choosing 
1V  as a Lyapunov function candidate 

 ( )T

1 0

1
.

2
V = Ms q s  (9) 

The time derivative of 
1V  is given as  

 

( ) ( )

( ) ( )

( ) ( )

T T

1 0 0

T T

0 1 0

T

0 0 1

1
1 1

max 0

1

2

sgn ,
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( ( ))

2

V

c

V

 

 






+

= − − +

−

−

=

  + 
− − −

−

M q M q

C q q

s

q

s s s s

s s s δ s

δ

M

s

s

q

s s・

   ・ ・

 (10) 

From (10), it can be derived that = =s s 0  within a finite 

time 
1 2

1 max 0 1 1( ( )2 0)) ( /d Vt  M qЫ ,where 
1 )(0V  is the 

initial value of 
1V . Based on the equivalent output injec-

tion theory, δ  is equivalent to the term ( )1 sgn s , i.e., 

( )eq 1( ) sgn==δ σ s . 

Step 2: We will prove the convergence of δ  when =s 0 . 

Considering the following Lyapunov function candidate 

 
T

2

1
.

2
V = δ δ  (11) 

Differentiating 
2V  and using (8) yield 

 
( ) ( )
( )

2

2 3 4

2 3 4

T

4 4

T

T T

T2

sgn

   

   .

   

2

d

d

V

   

   


 

= − + +

− − −

+

=

 + − 
+ +

− −

δ δ

δ s σ σ δ

δ s δ δ δ δ δ

δ s s δ

・

・ ・ =

 (12) 

Eq.(12) indicates 
1/2

2 242V V= − . Therefore, the estima-

tion error δ  finally converges to the origin in finite time 
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1 2

1 2 (2 0) /d dT t V +・ , where 
2 )(0V  is the initial value 

of 
2V . The proof is completed. 

2.3. ADSC Design  

In this section, an ADSC is designed for DFFSM sys-

tem (1) and (2). The control design procedure can be di-

vided into the following two steps:  

Step 1: Define the tracking error variable as 

 
1 .e ed= −z x x  (13) 

Differentiating 
1z  and using Property 1 yield 

 ( )1 , .g k ke ed ed ed= − = − = −z x x J x Y θ xq q q  (14) 

The parameter 
kθ  is unknown owing to kinematic uncer-

tainties. We employ its estimation ˆ
kθ  to replace 

kθ , that 

is, ( )ˆ ˆˆ ,k ke g= =q Y θqx J q . Rewrite (14) as  

 ( )1

1ˆ ,k k edg

−= + −z J q Y q q θ x  (15) 

where ˆ
k k k= −θ θ θ  represents the estimation error of 

kθ . 

The virtual control α  and the adaptive law of ˆ
kθ  are pro-

posed as  

( )1

1 1 ,ˆ
g edc−= − +α J z x  (16) 

 ( )T

1 ,ˆ ˆ,k k k k k  = −
 

q qθ Y z θ  (17) 

where 
1c , 

k , 
k  are positive control gains. Substituting 

(16) into (15) yields  

 
( ) ( )

( ) ( )

1

1 1

,

  , .

ˆ ˆ

ˆ

gk k d

k k

g e

gc

= + − + −

= − + + −

z J Y θ x J

q

α q q q

qY θ

α

z q αJ
 (18) 

Selecting a Lyapunov function candidate as  

 
13

T T

1 ,
1 1

2 2
k

k

kV


= +z z θ θ  (19) 

The time derivative of 
3V  is derived as  

 ( ) ( )

( )

( )

T T

1 1

T

1 1 1

T T

1

T T

3

T

1 1 1 1

   ,

      ,

   .

1

ˆ

ˆ

ˆˆ

k

k

g

k k

k

k k

k k

g k k k

V

c

c







= +

 = − + + −
 
 − −
 

= − + − +

z q q q α

q q

q α

z z θ θ

z Y θ J

θ Y z θ

z z z J θ θ

 (20) 

To avoid using the time derivative of α  in the following 

step, a first-order low-pass filter is given by 

 ( ) ( ),   0 0 + = =α α α α α  (21) 

where   is the time constant. 

Step 2: Introduce another error variable  

 
2 .= −z q α  (22) 

Define the filtering error as  −=ε α α，the time deriv-

ative of ε  can be expressed as  

 
1

( ), 


= − = − +ε εα α   (23) 

where ( )  is a continuous function consisting α , 

which is bounded by a positive constant, i.e., 

|| ( ) || M・ . Using (4), the dynamics of 
2z  is obtained 

as  

 
( ) ( )

( ) ( )
0 2 0 2

0 0

,

, .−

+

+= − +

M q z C q q z

M qα αq C q τ δ
 (24) 

Design the control torque τ  as 

 ( ) ( ) 1 2 20 0
ˆ, ˆ ,g c= + − − −τ M q α C q q α z zJ δ  (25) 

Selecting another positive definite function  

 ( )0

T

4 3 2 2

T ,
1 1

2 2
V V  = ++ z εq εz M  (26) 

The time derivative of 
4V  is calculated as   

( ) ( )

( ) ( )

( )

T

4 3 2 2 2

T T

0 0

T T T

T

2

T

2 2

T

2 2

1 1 1 1 2 0

0 .

1

2
ˆˆ

2

+

      

  

 

  
1

kg k k

V V

c













= + +

+ + += −

+ +

+ z M q z z M q z

z z z J θ θ z M q z

z z

ε

z ε

ε εM

ε

q

=  (27) 

Substituting (24) and (25) into (27) yields  

 
2

T T T

1 1 1 1

T

4

T T

2 2

T

2 .

ˆ1

     ˆ ( )

g

kk k

V c c   









=−

+

− +

+ +

−z z z z z J

z δ

ε

θ θ

ε ε

ε

=-



 (28) 

According to Young’s inequality, one has  

 
( )2 T T

1 max 1 24 2

T

1 2

T T1
       1 .

1 1ˆ
2 2

1

2 2

g

k
k k

V c c



 








   
− − − −  
   
 

− − +  −
 

+

J z z

ε θ θ δε

z z

δ

・
 (29) 

where T 20.5 0.5k k k M  = +θ θ . 

Theorem 2. For the DFFSM system (1) and (2), the 

tracking error 
1z  in task space is uniformly ultimately 

bounded with the sliding mode disturbance observer (7), 

the virtual control (16), the adaptive law (17), and the 

control law (25). 

Proof. According to Theorem 1, the estimation error δ  
will converge to zero after 

dT , it is obtained that  

 
( )2 T T

1 max 1 2

T

1 2 2

T

4

1
       1 .

1 1ˆ
2 2

2

g

k k
k

V c c

 










   
− − − −  
   

 
− − + 


−


J z z z z

θ εθ ε

・
 (30) 

By appropriate choosing gains such that 
2

max1 0.5 ( )ˆ
gc  J・ , 

2 0.5c   and 1  , Eq.(30) can be derived as 

 
4 4V V − +・  (31) 

with 
0 1

1min{ , , ,2 2}k k       −= − , m0

2

1 ax ( )ˆ2 gc = − J , 
1

max 0 21 ( ( ))(2 1)c −= −M q . From (31), the uniformly ulti-

mate boundedness of 
1z , 

2z , kθ  and ε  is verified. This 

completes the proof.  

3. Numerical Simulations 

In this section, numerical simulations with a planar 3-

DOF DFFSM are constructed to verify the effectiveness 

of the proposed control scheme. The system parameters 

of the DFFSM are set as: 
0 100kgm = , 

2 3 12i i im m m= =

10kg= , 2

0 10kg m=I , 2

2 3 12 0.1kg mi i i == =I I I , 
1

il =
0.2m , 

2 3 0.75mi il l= = . The perturbed parts of inertial 

parameters are chosen as: 
0 00.1m m = , 0.1i i

j jm m = , 

00 0.1 =I I , 0.1i i

j j =I I ( ,i a b= , 1,2,3j = ). The ex-

ternal disturbances exerted on the DFFSM system are: 

[0.05sin(0.05t);0.06cos(0.05t);0.04sin(0.05t)]=d  

The desired trajectories of each arm are (m): 
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0.1sin(0.1 t) 0.1,  0.1cos(0.1 t) 2.2,
0.1sin(0.1 t) 0.1,  0.1cos(0.1 t) 2.1.

a a

ed ed
b b

ed ed

x y
x y

 
 

= + = +
= − = +

 

The control parameters of the disturbance observer (7), 

the virtual control (16), the adaptive law (17) and the con-

trol law (25) are chosen as:
1 0.01 = , 

2 =
31.5 10− , 

4 32 =
302 1 −=  , 0.01k k = = , 0.1 = , 

1 5c = , 

2 1c = . Damped least square method is utilized in (16) to 

avoid the possible dynamic singularity, that is, 
1ˆ

g

−J  is re-

placed by 
T 1 T#ˆ ( ˆ)ˆ ˆ
g gg g −= +EJ J J J , where 3101 −=  , 

E  is the identity matrix.  

 
Fig.2 Time Response of 

i
ex  and 

i
edx  

 
Fig.3 Time Response of iτ  

The simulation results are presented in Fig.2 and Fig.3. 

Fig.2 depicts the comparisons between the actual and de-

sired trajectories of each arm. It is indicated that the ac-

tual trajectories could finally track the desired ones. The 

time vibrations of control input torque of each arm are 

shown in Fig.3. Thus, the robustness of the proposed 

ADSC with the sliding mode disturbance observer under 

disturbances and uncertainties is demonstrated. 

4. Conclusions 

This paper proposes a disturbance observer-based 

ADSC for DFFSM in task space subject to unknown dis-

turbances, kinematic and dynamic uncertainties. It is 

proven that the uniformly ultimate boundedness of track-

ing errors is achieved with the proposed control scheme. 

In the future, the authors will study the coordinated con-

trol for DFFSM in on-orbit servicing.  
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