
 
Abstract— This paper presents a methodology for trajectory 

tracking control of a wheeled dual-arm mobile manipulator 
with parameter uncertainties and external load variations. 
Based on backstepping technique, the proposed control laws 
comprise two levels: kinematic and dynamic. First, the auxiliary 
kinematic velocity control laws for the mobile robot and the two 
onboard arms are separately established. Second, a robust 
backstepping tracking control based on hybrid sliding-mode 
neural networks (HSMNN) is presented to ensure the velocity 
tracking ability in spite of the uncertainties. The proposed 
robust backstepping tracking controller is actually composed of 
a neural network controller, a robust controller, and a 
proportional controller.  To achieve the overall trajectory 
tracking goal, a neural network controller is developed to 
imitate an equivalent control law in the sliding-mode control, a 
robust controller is designed to incorporate the system dynamics 
into the sliding surface for guaranteeing the asymptotical 
stability, and the proportional controller is designed to improve 
the transient performance for randomly initializing neural 
network. All the adaptive learning algorithms for the proposed 
controller are derived from the Lyapunov stability theory so 
that the close-loop asymptotical tracking ability can be 
guaranteed no matter the uncertainties taken place or not.  
Simulation results demonstrate the feasibility as well as 
usefulness of the proposed control strategy in comparison with 
other conventional control methods. 

I. INTRODUCTION 
ecently, tracking control of nonholonomic mobile 

manipulators has been investigated by several 
researchers [1]-[10]. Being composed of a mobile robot and 
the onboard manipulator(s), mobile manipulators extend the 
manipulator workspace and its ability to work efficiently. 
Due to the mobile base, such a manipulator is capable of 
configuring itself to perform missions at any operational 
points. Hence, mobile manipulator(s) have been effectively 
implemented in a variety of tasks (such as opening door, 
handing object, nursing care, etc. [1]).  In general, the mobile 
manipulators can be categorized into three classes: a) mobile 
manipulator with one arm, b) multiple mobile manipulators, 
and c) mobile manipulator with dual arms.  Much work has 
been reported on the first kind in dealing with the problems of 
system modeling [2]-[3], trajectory planning, motion control  
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[4]-[6], etc. In addition, few studies have paid attention to the 
second class to cope with the key issues including 
cooperation [7] and coordination. In the other hand, the 
studies of the third one have become important in designing 
service robots and humanoid robots for their dual–arm 
configurations [8]-[10]. However, as is always the case, 
there is a cost to pay for advantages: more difficulties 
in system modeling, control and synthesis.
    Dynamic modeling and control of mobile manipulators 
with dual arms have been addressed by few researchers. For 
example, Yamamoto and Yun [8] first presented the general 
form of the motion equation, and then analyzed its system 
mobility and manipulability. Cheng and Tsai [9] utilized 
Mathematica package to derived the system dynamics motion 
via Lagrange multipliers methodology, and proposed a 
nonlinear backstepping tracking controller to deal with the 
trajectory tracking problem under the assumption of given 
system’s parameters.

In contrary to the previous robot systems, the control 
problems for mobile manipulator with one arm have been 
investigated using many alternatives such as feedback 
linearization [3], computed torque method, robust adaptive 
control [4], neural network [5]-[6], and etc. The conventional 
methods as the feedback linearization and computed-torque 
method require the precise system modeling in the torque 
controller to cancel out the nonlinear dynamic effects; such 
methods are impractical in reality for the reason that the 
system’s parameters are not accurately acquired in advance 
and some external disturbances would be exerted on the 
robots. However, it is well-known that entire uncertainties 
have been proven to degrade the control performance 
dramatically; therefore, a novel robust tracking controller is 
required to count for the dynamic uncertainties and to release 
the linearly in parameters (LIP) condition in adaptive robust 
control [4].  

In the past decades, there have been a variety of successful 
applications of neural networks (NNs) in the field of robots 
for their on-line learning and function approximations [11]. 
For instance, Lin and Goldenberg [5] performed real 
experiment of the radial basis function (BRF) NN tracking 
controllers for the mobile platform and one arm on the IRIS 
facility, called RoboTwin. Lee et al. [6] presented a 
neuron-adaptive tracking control for a mobile manipulator, 
employing the RBF learning and adaptive compensation of 
approximation error based on a priori knowledge on the 
system dynamics. 

In this paper, a HSMNN tracking controller, consisting of 
sliding-mode control, neural control, and proportional 
control, will be proposed to achieve the tracking control of the 
nonholonomic mobile manipulator with dual arms under 
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some uncertainties including sudden mass variations, friction 
effects, and external disturbances. The proposed method is 
novel in releasing the limitations of the LIP, reducing the 
heavy computation of the regression matrix, and requiring no 
system dynamics. 

The rest of this paper is organized as follows. Section 2 
presents the dynamic model of the nonholonomic mobile 
manipulator with dual arms. In Section 3, a robust tracking 
controller is synthesized to eliminate the detrimental effects 
of the uncertainties. In Section 4, numerical results are given 
to illustrate the usefulness of the proposed tracking controller. 
Section 5 concludes this paper.  

II. DYNAMIC MODELS 

As shown in Fig.1, consider a typical wheeled mobile 
manipulator with dual arms subject to m  nonholonomic 
constraints ( ) 0v vA q q =  whose dynamics behavior can be 
modeled via Lagrange’s equation [5, 9] in the following form 

( ) ( ) ( ) ( ) ( ) ( ), T
d tq q q q q q q q qτ τ λ+ + + + = −mM C F G B A  (1) 

where 1
1( , , )T n

nq q q ×= ∈ denotes n  generalized 
coordinates; ( ) n nq ×∈M a symmetric, positive definite 

inertia matrix; ( ), n n
m q q ×∈C  the centripetal and Coriolis

matrix; ( ) 1nq ×∈F  the friction force vector; ( ) 1nq ×∈G   the 
gravitational vector; dτ  bounded unknown disturbances 
including unmodeled dynamics; ( ) ( )n n mq × −∈B the input 
transformation matrix; ( ) 1( ) n mtτ − ×∈  the input torque vector; 

( ) m nq ×∈A  the matrix associated with the constraints; and 
1m

tλ ×∈   the vector of constraint force.  
In order to eliminate the constraint force tλ , let ( )t qS  be a 

full rank matrix ( )n m− formed by a set of smooth and 
linearly independent vector fields spanning the null space of 

( )qA , i.e.,  ( ) ( ) 0T T
t q q =S A  ; hence, the original dynamic 

model (1) can be represented as two levels: kinematic part and 
dynamic part for the purpose of controller design. 

( )( )tq q tη= S  (2) 

where ( )tη ( ) 1n m− ×∈ is an auxiliary velocity vector.  The 
dynamic model (1) can be reduced as follows; 

( )m v dqη η τ τ+ + + + =M C F G B  (3) 

where T
t t=M S MS , T

m t t m t
⎡ ⎤= +⎣ ⎦C S MS C S , T

t=G S G ,

 ,T
t=F S F ,T

d t dτ τ= S  and T
tS=B B .

  Hence, the overall dynamics of this system can also be 
separated into three subsystems: one mobile platform and two 
onboard manipulators. Let the n generalized coordinates be 
divided into three sets ( , , )T T T T

v r lq q q q= , where 1vn
vq ×∈

describes the generalized coordinates of the mobile platform, 
and 1rn

rq ×∈ as well as 1ln
lq ×∈ denote the joint angle 

vectors of the each link in the clamped right and left 
manipulators, respectively; v r ln n n n= + + . In the following, 
the subscript ‘r’ denotes the right arm, and ‘l’ represents the 

left arm. Then, the mobile manipulator’s dynamics (1) can be 
rewritten as the following three subsystems’ dynamics 
[5],[9]: 

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

,

     
v v v v v v v v v dv

T
v v v v v v vr vl

q q q q q q q

q q f f

τ

τ λ

+ + + +

= − − −
mM C F G

B A
 (4) 

( ) ( ) ( ) ( ),r r r r r r r r r dr r rvq q q q q q q fτ τ+ + + + = −mM C F G  (5) 

( ) ( ) ( ) ( ),l l l l l l l l l dl l lvq q q q q q q fτ τ+ + + + = −mM C F G  (6) 
where ,vj vj j vj jf q q+ mM C  and , , ,jv jv v jv vf q q j r l+ =mM C

represent the dynamic interaction caused by the two onboard 
manipulators and mobile platform, respectively. Moreover, 
the dynamics of the mobile platform (4) can be represented 
in a more compact form as 

v v m v v v d v vr vlf fη η τ τ+ + + + = − −M C F G B  (7) 

where ( , )T
v v wη = , T

v v v=G S G , T
v v v v=M S M S ,

T
mv v v v mv v

⎡ ⎤= +⎣ ⎦C S M S C S ,  ,T
v v v=F S F ,T

dv v dvτ τ= S
T

v v vS=B B , T
vr v vrf S f= ⋅ , and T

vl v vlf S f= ⋅ .

III. ROBUST BACKSTEPPING TRACKING CONTROL 
DESIGN 

The trajectory tracking problem of a wheeled mobile 
manipulator with dual arms is formulated as follows. Let the 
mobile platform track a prescribed model cart with the 
reference trajectory , , T

vr r r rq x y θ= ⎡ ⎤⎣ ⎦ along with the velocities 

, , 0,T

r r r rV v w v= >⎡ ⎤⎣ ⎦ for all 0t ≥ , i.e., cosr r rx v θ= ,

sinr r ry v θ= , r rθ ω= . The pair ( ,r rx y ) represents the 
Cartesian coordinates of the cart, rθ  is the orientation, rv and 

rw are the linear and angular velocities. Moreover, the two 
onboard arms aim to independently track along with desired 
position ( )jdq t and velocity trajectories ( )jdq t

simultaneously, where ,j r l= . The goal of tracking 
controller design is to find a smooth torque control τ  such 
that the position and velocity tracking errors of the system 
under parameter variations and disturbances can also 
converge to zeros, i.e., ( ) ( )lim lim 0vr v vr vt t

q q q q
→∞ →∞

− = − = ,   and 

( ) ( )lim lim 0j jd j jdt t
q q q q

→∞ →∞
− = − = , where ,j r l= .

Based on backstepping technique, the design procedure for 
the proposed controller is divided into subsequent three steps. 
The first step is to employ the two auxiliary velocity 
controllers to steer the mobile vehicle and the onboard arms, 
and the second step is to propose the sliding-mode equivalent 
torque controller in dynamic level. Finally, the NN controller 
is designed to compensate for the dynamic uncertainties in the 
proposed equivalent control law. 
Step 1: kinematic level control laws design [9]. 

The tracking error vector is expressed in the basis of a 
frame attached to the mobile base as 

1 2 3[ , , ] ( )T
p e vr ve e e e T q q= ≡ ⋅ −  (8) 

where 1e , 2e , and 3e denote the tangential, normal and 
orientation tracking errors, respectively. eT  represents the 
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coordinate transformation matrix. Among many existing 
ways in the literature [9, 14] to select the auxiliary velocity 
control input,  ( )c tα  , to realize the velocity tracking goal, we 
adopt our previous result in [9].  

3 1 1

1
3 3 2

1 3

cos
1 ( )( ( ) )

1

r
c

c r
r rc

v e k e
v

v sin e
w v sin e k e ew

e eδ
α α δ δ

α

+⎡ ⎤
⎡ ⎤ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥+ + ⋅ +⎣ ⎦ ⎢ ⎥+⎣ ⎦

 (9) 

where 3 3 2e e eα= + , 01 >k , 02 >k  , 0>δk , 0>δ and 

1
1

max
0 eα≤ ≤ . Moreover, the auxiliary velocity command 
for the onboard arms is employed to ensure the position 
tracking ability in [12]. 

1( ) ( ) ( ); ,i i i idt z t q t i r lα = − ⋅ + =K  (10) 

where 1 ( ) ( ) ( ) , ,in
i i id iz q t q t e t i r j= − = ∈ =  are the two 

tracking error vectors. Then, if the system parameters are 
known in advance, the dynamic interactions between the 
three subsystems can be directly measured, and without any 
uncertainties including unmodeled dyanmics and 
disturbances, then the following three tracking control laws 
can be designed for the mobile platform and the onboard dual 
arms to drive to the desired trajectories. 

1
4( )v v s v cd mv cd v dvB e M V C V Fτ τ−= ⋅ + + + +K  (11) 

( ) ( ) ( )
1 1 2

,
  [ ] , ,

i iv di i i i i i i

i id i i bi i

f q q q q
q z z z i r j

τ τ α= + + + +
+ − − − =

mC F G
M K  (12) 

where v c ve α η= −  and 2 ( ) ( ), ,i i iz q t t i r lα= − = are the 
velocity tracking errors  for the mobile vehicle and the two 
arms, respectively; 4K  and biK  are positive-definite diagonal 
matrices. 
Step 2: Torque controller design via sliding surface

However, if the parameters of this system are perturbed or 
unknown, then the ideal tracking backstepping control laws 
for the mobile robot (11) and the onboard arms (12) cannot 
guarantee the tracking performance and the closed-loop 
stability. Thus, the goal of this step is to find a torque 
controller ( ) 1 1vn m nτ − × ×∈ = for the overall system to deal 
with the problems of parameters uncertainties and external 
bounded disturbances such that lim ( ) 0st

e t
→∞

= , where se =

cdV η−  be an auxiliary velocity tracking error and cdV  is 
composed of the two stabilization functions (9) and (10), i.e., 

( ) 1, ,
TT T T n m

cd c r lV α α α − ×⎡ ⎤= ∈⎣ ⎦  (13) 
Let a proportional-integration (PI) type sliding surface be 

defined as   

( ) ( )0 0
( ) ( )

tt
s s s

d
S t e dz e t e z dz

dt
λ τ λ⎛ ⎞= + ∫ = +⎜ ⎟⎝ ⎠ ∫  (14) 

where λ  is a positive constant. Note that, since the function 
( ) 0S t =  when 0t = , there is no reaching phase as in the 

traditional sliding- mode control. Differentiating ( )S t  and 
using (3), one obtains  

( ) ( )
( ) ( ) ( )1

( )

( )

s s

cd m d s

S t e t e t

V t U t e t

λ

η τ λ−

= +

= − + + + + +M C F G
 (15) 

where ( ) 1U t τ−= M B  can be regarded as a new control vector. 
The aforementioned tracking problem is thought of as finding 

a control law ( )U t  to make the state remain in the sliding 
surface ( ) 0S t = for all 0t > . To design this sliding-mode 
controller, we derive first the equivalent control law  ( )eqU t ,
which will decide the system behavior on the sliding surface, 
by setting 

( ) 0
eqU U

S t
=

=  (16) 

which leads to  
( )1

eq cd m d sU V eη τ λ−= + + + + +M C F G . (17) 
Therefore, the error dynamics of the system in the sliding 
surface for 0t ≥  becomes 

0s se eλ+ =  (18) 
Clearly, the system performance can be easily assured by a 
suitable λ .
Step 3: Robust tracking control (RTC) using HSMNN

As mentioned before, if the system parameters are unknown 
or perturbed, neither the performance specified by (18) nor 
the system stability can be guaranteed by the equivalent 
control design. To ensure the system performance (18) in 
despite of existence of the uncertain system dynamics, a 
sliding-mode neural network (SMNN) is proposed which 
consists of a radial basis function (RBF) controller and a 
robust controller.  The general function of the used three-layer 
neural network (NN) with in  input neurons, k  hidden 
neurons and on  output neurons can be represented in 
following form [11] 

( ) ( ), , , ,NN s sy U e m c eσ= =V W W V  (19) 
where the velocity tracking error  se  is the input vector of the 
NN; ik n×∈V is the input–to-hidden layer weighting matrix; 

on k×∈W is the hidden-to output layer weighting matrix; the 
activation function used in the hidden layer is chosen as RBF, 

i.e., ( ) ( )2
1

2exp s k
s

e m
e

c
σ ×

⎡ ⎤⋅ −
⎢ ⎥⋅ = − ∈
⎢ ⎥⎣ ⎦

V
V , in which there are two 

adjustable vector variables: the centroid vector 1km ×∈  and 
the covariance vector 1kc ×∈ .Thus, an ideal NN controller 

NNU ∗  will be designated to achieve the equivalent control law 
shown in (17) such that 

( ) ( ) ( ), , , ,eq NN s sU t U e m c eε σ ε∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗= + =≡ +V W W V  (20) 

where ε   is a minimum approximation error; ∗W , ∗V , m∗ ,
and c∗ are the optimal parameter vectors of W , V , m  and c
in the NN, respectively. The SMNN control law is assumed to 
take the following form: 

( ) ( ) ( )ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ, , , ,NN s s s sU t U e m c U e Uσ= + ≡ +V W W V  (21) 

where ˆ
NNU  is the NN controller; sU  is the  robust controller; 

V̂ , Ŵ , m̂  and ĉ are the estimates of the ideal parameter 
vectors.  In order to cancel out the initial learning errors from 
the neural networks and to well improve the transient 
response, one can add a proportional controller to the SMNN 
control law (21) such that  

( ) ( )ˆ ˆˆhc v s s sU t k e e Uσ= + +W V  (22) 

1966



This form of controller (22) is called hybrid sliding-mode 
neural network controller (HSMNN) whose block diagram is 
illustrated in Fig.2. With (22), the error dynamics of the 
closed-loop system in the sliding surface becomes   
      ( ) 0s v se k eλ+ + = , 0t ≥ . (23) 
Obviously, (23) has a faster transient response than (18). 
Substituting (22) into (15), the error equation governing the 
closed-loop system can be obtained from 

( )s v s eq hce k e U U Sλ+ + = − =  (24) 

Moreover, hcU  is defined as 
* *

*

ˆ ˆ
ˆ

hc eq hc s

s

U U U U
U

σ ε σ
σ σ ε

= − = + − −
= + + −

W W
W W

 (25) 

where ˆ∗= −W W W and * ˆσ σ σ= − . In this study, the 
hidden-layer output error σ can be linearized in terms of 
Taylor series [13], 

1 2  .... T

k v v m c ne m c Oσ σ σ σ σ σ σ= = + + +⎡ ⎤⎣ ⎦ V  (26) 
where 

( ) ( )
1 1

ˆˆ

 ,   ,

v v

k k k kk k
v m

v v m mVe Ve
e e m m

σ σσ σσ σ× ×

==

⎡ ⎤∂ ∂∂ ∂⎡ ⎤= ∈ = ∈⎢ ⎥ ⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦⎢ ⎥⎣ ⎦V V

* ˆ= −V V V , * ˆm m m= − , 1 2

ˆ

   k kk
c

c c
c c c

σ σ σσ ×

=

∂ ∂ ∂⎡ ⎤= ∈⎢ ⎥∂ ∂ ∂⎣ ⎦
,

* ˆc c c= − . 1k
nO ×∈  denotes the  vector of containing  

higher-order terms. Then, equation (26) gives 
* ˆ v s m c ne m c Oσ σ σ σ σ= + + + +V  (27) 

( )* ˆˆ ˆ ˆ ˆ ˆhc v s m c n sU e m c O Uσ σ σ σ ε σ= + + + + + − −W V W  (28) 

ˆ ˆ ˆˆ v s m c se m c U Eσ σ σ σ= + + + − +W W V W W

where the uncertain term ˆ ˆ ˆ
v v m cE e m cσ σ σ= + +W V W W

*
nW O ε+ +  is assumed bounded by ( )E tψ< .

Theorem 3.1 
Consider the dynamic model (1) and the kinematic model 

(2) of the dual-arm wheeled mobile manipulator. Given the 
auxiliary velocity command ( )cdV t governed by (13), the 
hybrid sliding-mode neural network tracking control law is 
designed as (22), in which the adaptation laws of the NN 
controllers are updated along with (29-30) and the robust 
controller (31) is proposed as follows: 

( )1
ˆ ˆ

TTSη σ=W ; ( )2
ˆ ˆ T

T
v ve Sη σ=V W  (29) 

( )3
ˆˆ

T
T

mm Sη σ= W ; ( )4
ˆˆ

T
T

cc Sη σ= W  (30) 

( ) ( )sgnsU t Sψ= ; ( ) ( )5ˆ sgnTt S Sψ η=  (31) 
where 1η , 2η , 3η  , 4η  , and 5η  are positive constants; sgn(.) 
is the  signum function; ( )ˆ tψ  is the estimated value of the 

uncertain term bound ( )tψ . Then the closed-loop system 
dynamics can be always stayed within the sliding surface 
such that asymptotically stability can be guaranteed if the 
uncertainty satisfies ( )E tψ< .
Proof:
Choose the following Lyapunov function candidate: 

( ) ( )
( )

1 2 3

2

4 5

1 1 1 1
2 2 2 2

1 1   
2 2

T T T T
a b

T

V V S S Tr Tr m m

c c t

η η η

ψ
η η

= + + + +

+ +

WW V V
(32)

where 2 2
1 2 3 1 1 2 2

,

1 1 1 1( ) ( )
2 2 2 2

T T
b j j j j j

j r l

V e e e z z z z
δ =

= + + + +∑ M

1
2

T
v v ve M e+ , 2 ( ) ( ), ,j j jz q t t j r lα= − = , ( )Tr ⋅  is the trace 

operator, and ( )ˆ tψ ψ ψ= −  is defined as the estimation error.  
Differentiating (32), one obtains 

( ) ( )
1 2 3

4 5

1 1 1

1 1   

T T T
a b

T

V V S S Tr Tr m m

c c

η η η

ψψ
η η

= + + + +

+ +

TWW V V
  (33) 

Substituting (15) and (28) into (33) yields 

   
2 2

1 1ˆ ˆ ˆˆ T T T T
a b v vV V Tr S Tr e Sσ σ

η η
⎧ ⎫ ⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪ ⎪ ⎪= + − + −⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎢ ⎥
⎪ ⎪ ⎪ ⎪⎣ ⎦ ⎣ ⎦⎩ ⎭ ⎩ ⎭
W W W V V

( )
3 4

1 1ˆ ˆˆ ˆT T T T T
m c s bS m m S c c S E U Vσ σ

η η
⎡ ⎤ ⎡ ⎤

+ − + − + − +⎢ ⎥ ⎢ ⎥
⎣ ⎦⎣ ⎦

W W       

If the adaptation laws for the neural network controller are 
chosen as (29)-(30), the robust controller is designated as 
(31), and the result in [12] is employed, then aV  becomes  

( )

( )
5

5

2 2
1 1 3 4 1 1 2 2

1 1 2 2

1ˆ ˆsgn sgn

    

    

       0

T T T
a b

T
b

T T T
v v r r r r cr r

T T T
l l l l lr l

V V S E S S S S

V S E

k e k e e e z z z z

z z z z S

δ

ψ ψ η
η

ψ

β

= + − − ⋅

≤ + −

≤ − − − − −

− − − ≤

K K K

K K

 (34) 

where , , ,j cj j r l=K K  are positive-definite diagonal matrices, 
and the constant 0Eβ ψ= − > is positive. Since 

( ) ( )( ), , , , ,aV S t t m cψ W V 0≤ , aV is negative semidefinite, that 

is, ( ) ( )( ) ( ) ( ), , , , , ( 0 , 0 , , , , )a aV S t t m c V S m cψ ψ≤W V V W   implies 

that ( )S t , W , V , m , σ  are uniformly bounded. Let 
( ) T

at S VβΘ = ≤ − and integrate function ( )tΘ over the time 
interval [0, t] to have 

( ) ( ) ( )( ) ( ) ( )( )0 0 , 0 , , , , , , , , ,t
a az dz V S m c V S t t m cψ ψΘ ≤ −∫ V W V W  (35) 

Since the fact that ( ) ( )( )0 , 0 , , , ,aV S m cϕ V W is bounded and aV

is non-increasing and bounded, the following result is 
obtained as  

( )0lim t

t
z dz

→∞
Θ < ∞∫  (36)

Moreover, ( )tΘ  is also bounded. With Barbalat’s lemma, it 

can be shown that ( )lim 0
t

t
→∞

Θ = , i.e., ( ) 0S t →  as t → ∞ . As a 

result, the error dynamics is maintained in the sliding surface 
so that the robust tracking control system is asymptotically 
stable. Furthermore, the velocity tracking error, ( )se t , will 
converge to the zero due to ( ) 0s t → . Accordingly, both the 
position and velocity tracking performance are guaranteed by 
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the auxiliary velocity control input ( )cdV t  in (13). 

IV. SIMULATION RESULTS AND DISCUSSION
For simplicity, a mobile manipulator composed of the two 

driving wheels mobile platform and two-link onboard 
dual-arm with parameters in [3] is adopted in this study to 
verify the efficacy of the proposed robust backstepping 
tracking controller (RBST) and the backstepping controller 
(BSC) [5, 9,14].  

A. Uncertain Case in Tracking a Circular Path with Larger 
Initial Errors 

The reference trajectory for the mobile robot is designed as a 
circular trajectory with a radius of 2 m at the center of (2 m, 2 
m) along with the reference velocity[ , ] [2 ,1.0 ]m rad

s sr rv ω = .
Meanwhile, the reference position trajectories for the onboard 
dual manipulators are assigned as ( ) ( ) (sin( ),rd ldq t q t t= =

cos( ))Tt . The mobile manipulator was driven form the initial 

values 1 2 1 2 1 2 1 2[ , , , , , , , , , , , , ]r r l l r r l lx y v wφ θ θ θ θ θ θ θ θ = [ 5.5 ,m−

4.5 , 20 ,m− 1 ,rad− 1 ,rad− 1 ,rad− 1 ,0,rad− 0,0,0,0,0] .
The system parameters suffered from sudden changes of the 
mass and inertia, and the friction and bounded external 
disturbances added after 0.5 seconds as follows; 

2
2 250.0 , 15.0 , 20 ,c c bm kg I kg m m m kg∆ = ∆ = − ∆ = ∆ = ,

2
2 2 10m mbI I kg m∆ = ∆ = − , [ 5,10,10,10,10,10]T

dτ = − ,

1 r2 1 2=[4 ,4 , 4 ,4 ,4 ,4 ]r l lF v w θ θ θ θ .
The simulation results, shown in Fig.6, indicate that the 

both sum of square errors (SSEs) in the position and velocity 
of the proposed hybrid controller are much smaller than those 
of the backstepping approach, and also the proposed 
controller has less control efforts. It is worthy to mention that 
there is no prior knowledge of the mobile manipulator 
dynamics, and the controller indeed compensates for the 
system uncertainties through the on-line adaptation algorithm.  
Despite of the sudden uncertainties occurred after 0.5 seconds, 
the system trajectories quickly converge to the steady values 
due to the effect of the sliding-mode control.  

B. Uncertain Case for the Mobile Base in Tracking a 
Straight Line with Small Initial Errors 

Moreover, in order to verify the efficacy of proposed method 
by comparing with other conventional methods like NN 
controllers, the system models can be simplified as a mobile 
robot by neglecting the effects of the two onboard 
manipulators. There are four controllers considered in the 
subsequent simulations: (a) computed torque method (CTC), 
(b) NN controller [14], (c) SMNN (21), and (d) proposed 
hybrid tracking controller (22).  The parameters of the mobile 
base are given as 210 , 5.0m kg I kg m= = − , 0.5R m= and 

0.05r m=  [14], but the system parameters suffer from 
sudden change and some uncertainties caused by the friction 
and the bounded external disturbance added after 1 second as 

230.0 , 30.0 ,m kg I kg m∆ = ∆ = − [ 25,50]T
dτ = − , =[10* ,20* ]F v w .

The reference trajectory is designed as a straight line with 
the initial position (1m, 2m) and the slope of 450 , and the 
reference velocity is assigned as [ , ] [0.5 ,0.0 ]m rad

s sr rv ω = .
The initial position of the mobile robot is 

0
0 0 0[ , , ] [2 ,1 ,26.56 ]x y m mθ = . The design parameters of the 

controller are selected as: 1 210, 16k k= = , 3 8k =  and the 
parameters of the adaptive learning algorithm are selected as 

1 50,η = 2 50,η = 3 10,η = 4 10η = , 5 40η = . Meanwhile, 
the sliding-model neural network controller is constructed by 
means of two input neurons, six hidden neurons, and two 
output neurons. The simulation results are presented in Fig.4. 
The performance comparisons of the four controllers show 
that the proposed controller is glossier than others, and its 
SSE is the best. As can be seen in Fig.4 (b), the tracking 
position and velocity errors sharply drop to zero and the 
control torque quickly converges to its steady state. From the 
previous two cases, the simulation results have well 
illustrated the effectiveness of the proposed robust 
backstepping tracking controller. 

V. CONCLUSIONS 

This paper has developed a robust backstepping tracking 
controller using hybrid sliding-mode neural network for a 
nonholonomic mobile manipulator with dual arms to achieve 
precise velocity and position tracking under uncertainties 
including parameter variations, frictions and disturbances. 
The robust backstepping tracking controller comprises the 
sliding mode neural network controller, the robust controller, 
and the proportional controller; it has been shown to 
guarantee closed-loop asymptotically stability and also to 
restrain the system behavior in the sliding surface under 
system uncertainties. All parameter adaptation laws in the 
HSMNN control are derived via the Lyapunov stability 
theory. The simulation results have shown the feasibility and 
effectiveness of the proposed control methods by comparing 
with the well-known backstepping methods and neural 
network controllers. An interesting topic for future research 
might be to extend the proposed method to the force and 
position tracking problem. 
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Fig. 1.  The typical model of a dual-arm nonholonomic mobile manipulator 
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Fig. 2.  Structure of the proposed robust backstepping tracking controller. 

Fig. 3. Simulation results of Case A under two controllers: the proposed 
robust backstepping tracking controller and backstepping controller. (a) The 
comparison of x-y trajectories of the mobile platform. (b) SSEs in overall 
position vector. (c) SSEs in overall velocity vector. (d) The absolute 
magnitude sum of applied torques of the overall system. 

Fig.4. Simulation results of the four controller in Case B. (a) The x-y 
trajectories of the mobile robot. (b) The performance comparisons. (c) 
Tracking position error trajectories. (d) The velocities of the mobile robot. (e) 
The applied torques. (f) The sliding surface trajectories. 
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