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Abstract—This paper proposes a radial basis function neural 
network adaptive backstepping controller (RBFNN_ABC) for 
multiple-input multiple-output (MIMO) nonlinear systems in 
block-triangular form. The control scheme incorporates the 
adaptive neural backstepping design technique with a first-
order filter at each step of the backstepping design to avoid the 
higher-order derivative problem, which is generated by the 
backstepping design. This problem may create an 
unpredictable and unfavorable influence on control 
performance because higher-order derivative term errors are 
introduced into the neural approximation model. Finally, 
simulation results demonstrate that the output tracking error 
between the plant output and the desired reference can be 
made arbitrarily small. 

Keywords—Radial basis function (RBF) neural networks 
(NNs), adaptive, backstepping, MIMO nonlinear systems.  

I. INTRODUCTION

Adaptive control is a useful method for designing 
controllers for uncertain dynamic systems. The main idea in 
adaptive control is using output feedback to model-free the 
unknown system [1]-[2]. Adaptive controllers are classified 
into two types: direct and indirect. Direct adaptive control 
means that the parameters of the controller are directly 
adjusted to reduce the norm of the output error between the 
plant and the reference model. Indirect adaptive control means 
that the parameters of the plant are estimated and the 
controller is chosen assuming that the estimated parameters 
represent the true values of the plant parameters [3]. 

 Compared to feedback linearization methods [4], the 
backstepping technique [5], [6] has the advantage of avoiding 
the cancellation of useful nonlinearities in the design process. 
Thus, in the past decade, the backstepping technique has been 
widely used for nonlinear control systems. In brief, to design a 
backstepping system and an appropriate state and virtual 

control are selected for each smaller subsystem. Then the state 
equation is rewritten in terms of them. Finally, Lyapunov 
functions are chosen for these subsystems so that the true 
controller integrating the individual controls of these 
subsystems guarantees the stability of the overall system. 
Recently, owing to the development of intelligent control 
methods such as fuzzy logic control, neural network control, 
etc., many intelligent backstepping methods [7-12] have been 
proposed  
to control nonlinear systems with unknown system dynamics, 
combining intelligent control methods with an adaptive 
backstepping design. 

A backstepping-based neural network controller for 
unknown nonlinear systems first came out in [13]. In [14], a 
robust and adaptive backstepping controller using a radial 
basis function neural network (RBFNN) was proposed. 
Adaptive neural control of uncertain MIMO nonlinear systems 
was proposed in [15]. In [16], an RBF neural network 
adaptive backstepping control system (RBFNN_ABC) was 
proposed to control a nonlinear system. However, the RBF 
adaptive backstepping control method results in the controller 
containing higher-order derivative terms as the order (n) of the 
system increases. The higher-order derivative terms introduced 
into the approximation model may produce an unpredictable 
and unfavorable influence on control performance. To solve 
the problems mentioned above, this paper proposes a filtered 
RBFNN adaptive backstepping control scheme. It consists of 
the backstepping design which achieves the desired control 
behavior, the RBF neural network which is utilized to estimate 
the unknown system dynamics, the adaptive control scheme 
which is utilized to adjust the controller parameters, and a 
first-order filter at each step of the backstepping design which 
is chosen to avoid  producing higher-order derivative terms.  

This paper is organized as follows. The system problem is 
formulated in section II. Design of the adaptive neural 
backstepping controller is described in section III. In section 
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IV, simulation results are given. Finally, we draw some 
conclusions in section V. 

II. PROBLEM FORMULATION

The model of an uncertain MIMO block-triangular system can 
be described as shown in (1)  

1,1 1,1 1,1 2,1 2,2 1,2

1,2 1,2 1,1 1,2 2,1 2,2 2,3 1

2,1 2,1 2,1 2,2

2,2 2,2 1,1 2,1 2,2 2,3

2,3 2,3 1,1 1,2 2,1 2,2 2,3 1 2

k k,1

( , , , )
( , , , , , )
( , )
( , , , )
( , , , , , , )

        1,2

x f x x x x
x f x x x x x u
x f x x
x f x x x x
x f x x x x x u u
y x k

=
=
=
=
=

= =

                                       (1)                                                                                                                            

where 
1,1 1,2 2,1 2,2 2,3{ , , , , }x x x x x  are the states, 

ku R∈ is the input, 

ky R∈  is the output. Functions
,k if ,( 1, 2 , 1, 2,3k i= = ), are 

unknown smooth continuous functions.  
The control objective is to design an adaptive neural 

backstepping controller for system (1) such that all the signals 
in the closed-loop system are uniformly ultimately bounded 
and the state 

,1kx  can track a bounded reference signal 
dkx  as 

close as possible. 

III. DESIGN OF ADAPTIVE NEURAL BACKSTEPPING 
CONTROLLER

A. The  first subsystem 
Step 1: Define the tracking error 

1,1 1,1 d1z = x x− , where 
d1x  is 

the reference signal of the first subsystem. The derivative 
of

1,1z is defined as 

1,1 1,1 1 1,1 1 1,1 1,1 2,1 1,2 2,2 1  ( , , , , )d d dz x x f x F x x x x x= − = − =                 (2) 
Let a new function

1,1 1,1 1,2 2,1 2,2 1 1 1,1 1,1 1,1( , , , , , )d dx x x x x x F c zψ = + ,

where 
1,1c is a positive design constant, then 

1,1 1,1 1,1 1,1z c zψ= − .
There exists an ideal virtual controller *

1,1 1,1 2,1 2,2 1 1( , , , , )d dx x x x xα ,
such that   *

1,1 1,1 1,1 2,1 2,2 1 1( , , , , , ) 0d dx x x x xψ α =
By using the mean value theorem, equation (2) can rewritten 

as 

1,2 1,2

1,2 1,2

1,2 1,2

1,1 1,1 1,1 1,1

1,1* *
1,1 1,1 1,1 2,1 2,2 1 1 1,2 1,1 1,1 1,1

1,2

1,1 *
1,2 1,1 1,1 1,1

1,2

1,1 1,1 1,1 *
1,2 1,1

1,2

     ( , , , , , ) ( )

    0 ( )

( )
    ( )

d d x x

x x

x x

z c z

x x x x x x c z
x

x c z
x

F c z
x

x

λ

λ

λ

ψ
ψ

ψ α α

ψ
α

α

=

=

=

= −
∂

= + − −
∂

∂
= + − −

∂
∂ +

= − −
∂

1,2 1,2

1,1 1,1

1,1 *
1,2 1,1 1,1 1,1

1,2

    ( )
x x

c z

f
x c z

x λ α
=

∂
= − −

∂
*

1,1 1,2 1,1 1,1 1,1( )g x c zλ α= − −                                                         (3) 

where 
1,2xλ  is the point between *

1,1α  and 
1,2x , such 

that
1,2 1,2

* *
1,1 1,2 1,1 1,1 1,2 1,1 1,1 1,2( ) ( ) / /

x x
x x x λψ ψ α α ψ

=
− − = ∂ ∂ , and 

1,2 1,2
1,1 1,1 1,2/

x x
g f x λ

λ
=

= ∂ ∂ .

By employing an RBF neural network *
1,1 1,1 1,1( )TW b  to 

approximate *
1,1α , *

1,1α  can be expressed as 
* *
1,1 1,1 1,1 1,1 1,1

*
1,1 1,1 1,1 1,1 1,1 1,1 1,1 1,1

( )

     ( )

T

T c z c z

α δ

δ

= −

= − + −

W b

W b
*

1,1 1,1 1,1 1,1 1,1 1,1( )T c z τ= − +W b                                                 (4) 
where 

1,1 1,1 1,1 1,1c zτ δ= − ,is the signal error and *
1,1

TW denotes 
ideal constant weights,  

1,1
is the basis 

function,
1,1 1,1 2,1 2,2 1 1=[     ]d dx x x x xb  denotes the RBF input, and 

1,1δ  is the approximation error.  
The virtual controller,  

1,1α , is defined as 

1,1 1,1 1,1 1,1 1,1 1,1
ˆ ( )T c zα = −W b (5) 

where 
1,1

ˆ TW is the estimation of *
1,1

TW .

 The adaptation law for 
1,1

ˆ TW  is 

1,1 1,1 1,1 1,1 1,1 1,1 1,1
ˆ ˆ[ ( ) ]z σ= − −W b W                                         (6) 

where 
1,1σ >0 and 

1,1Γ >0 are design constants. Let 
1,1 1,1 1,1

ˆ ( )TW b
pass through a first-order filter to obtain

1,1γ . Thus, we have 

1,1 1,1 1,1 1,1 1,1 1,1
ˆ ( )Tξ γ γ+ = W b                                                      (7) 

where 1,1ξ  is the time constant. Then the virtual controller,
1,1α ,

is redefined as 
1,1 1,1 1,1 1,1zcα γ= − +                                                                 (8) 

Step 2: Define the tracking error
1,2 1,2 1,1z x α= − . The 

derivative of 
1,2z  is defined as  

1,2 1,2 1,1 1,2 1,1z x fα α= − = −

1,2 1,1 1,2 2,1 2,2 2,3 1 1,1( , , , , , , )F x x x x x u α=                                       (9) 
Let a new function   

1,2 1,1 1,2 2,1 2,2 2,3 1 1,1 1,1 1 1,2 1,2 1,2 1,2 1,1( , , , , , , , , )dx x x x x u x F c z g zλψ α α = + +
where 

1,2c is a design positive constant, and  

1 1
1,2 1,2 1/

u u
g f u λ

λ
=

= ∂ ∂ ,  then  
1,2 1,2 1,2 1,2 1,2 1,1z c z g zλψ= − − . There 

exists an ideal controller *
1 1,1 1,2 2,1 2,2 2,3 1,1 1,1 1( , , , , , , , )du x x x x x xα α ,

such that *
1,2 1,1 1,2 2,1 2,2 2,3 1 1,1 1,1 1( , , , , , , , , ) 0dx x x x x u xψ α α =

  By using the mean value theorem, equation (9) can rewritten 
as 
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1 1

1 1

1,2 1,2 1,2 1,2 1,2 1,1

*
1,2 1,1 1,2 2,1 2,2 2,3 1 1,1 1,1 1

1,2 *
1 1 1,2 1,2 1,2 1,1

1

1,2 *
1 1 1,2 1,2 1,2 1,1

1

1,2 1,2

     ( , , , , , , , , )

        ( )

    0 ( )

(
    

d

u u

u u

z c z g z

x x x x x u x

u u c z g z
u

u u c z g z
u

F c

λ

λ

λ

λ

λ

ψ

ψ α α
ψ

ψ

=

=

= − −

=
∂

+ − − −
∂
∂

= + − − −
∂

∂ +
=

1 1

1 1

1,2 *
1 1 1,2 1,2 1,2 1,1

1

1,2 *
1 1 1,2 1,2 1,2 1,1

1

)
( )

    ( )

u u

u u

z
u u c z g z

u
f

u u c z g z
u

λ

λ

λ

λ

=

=

− − −
∂

∂
= − − −

∂
*

1,2 1 1 1,2 1,2 1,2 1,1( )g u u c z g zλ λ= − − −                                            (10) 

where 1uλ  is the point between *
1u  and 1u , such that 

1 1

* *
1,2 1 1,2 1 1 1 1,2 1( ) ( ) / /

u u
u u u u u λψ ψ ψ

=
− − = ∂ ∂ .

 By employing an RBF neural network, *
1,2 1,2 1,2( )TW b  to 

approximate *
1u , *

1u  can be expressed as 
* *
1 1,2 1,2 1,2 1,2

*
1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2

( )

   ( )

T

T

u

c z c z

δ

δ

= −

= − + −

W b

W b
*

1,2 1,2 1,2 1,2 1,2 1,2( )T c z τ= − +W b                                              (11) 
where 

1,2 1,2 1,2 1,2c zτ δ= − , is the signal error and 
2

*T
1,W  denotes 

ideal constant weights,  
1,2

is the basis function, 

1,2 1,1 1,2 2,1 2,2 2,3 1,1 1,1 1=[ , , , , , , , ]dx x x x x xα αb  denotes the RBF input,  

and
21,δ  is the approximation error. The controller,  1u , is 

defined as 
               *

1 1,2 1,2 1,2 1,2 1,2( )Tu c z= −W b                                       (12) 

where 
1,2

ˆ TW  is the estimation of *
1,2

TW .

The adaptation law for 
1,2

ˆ TW  is 

1,2 1,2 1,2 1,2 1,2 1,2 1,2
ˆ ˆ[ ( ) ]z σ= Γ − −W b W                                     (13) 

where 
1,2σ >0 and 

1,2Γ >0 are design constants. 

B. The second subsystem 
Step 1: Define the tracking error

2 2,1 1,1 dz = x x− , where 
2dx  is 

the reference signal of the second subsystem. The derivative of 
2,1z  is defined as 

2,1 2,1 2 2,1 2 2,1 2,1 2,2 2  ( , , )d d dz x x f x F x x x= − = − =                        (14) 
Let a new function 

2,1 2,1 2,2 2 2 2,1 2,1 2,1( , , , )d dx x x x F c zψ = + , where 

2,1c is a design positive constant, then
2,1 2,1 2,1 2,1z c zψ= − .There 

exists an ideal virtual controller *
2,1 2,1 2 2( , , )d dx x xα , such that  

*
2,1 2,1 2,1 2 2( , , , ) 0d dx x xψ α =

By using the mean value theorem, equation (14) can rewritten 
as 

2,2 2,2

2,2 2,2

2,2 2,2

2,1 2,1 2,1 2,1

2,1* *
2,1 2,1 2,1 2 2 2,2 2,1 2,1 2,1

2,2

2,1 *
2,2 2,1 2,1 2,1

2,2

2,1 2,1 2,1 *
2,2 2,1 2,1

2,2

      ( , , , ) ( )

      0 ( )

( )
      ( )

d d x x

x x

x x

z c z

x x x x c z
x

x c z
x

F c z
x c

x

λ

λ

λ

ψ
ψ

ψ α α

ψ
α

α

=

=

=

= −
∂

= + − −
∂

∂
= + − −

∂
∂ +

= − −
∂

2,2 2,2

2,1

2,1 *
2,2 2,1 2,1 2,1

2,2

      ( )
x x

z

f
x c z

x λ α
=

∂
= − −

∂
*

2,1 2,2 2,1 2,1 2,1( )g x c zλ α= − −                                                   (15) 

where 2,2x
λ  is the point between *

2,1α  and 
2,2x , such 

that
2,2 2,2

* *
2,1 2,2 2,1 2,1 2,2 2,1 2,1 2,2( ) ( ) / /

x x
x x x λψ ψ α α ψ

=
− − = ∂ ∂ , and 

2,2 2,2
2,1 2,1 2,2/

x x
g f x λ

λ
=

= ∂ ∂ .

By employing an RBF neural network *
2,1 2,1 2,1( )TW b  to 

approximate *
2,1α , *

2,1α  can be expressed as 
* *
2,1 2,1 2,1 2,1 2,1

*
2,1 2,1 2,1 2,1 2,1 2,1 2,1 2,1

( )

     ( )

T

T c z c z

α δ

δ

= −

= − + −

W b

W b
                    

*
2,1 2,1 2,1 2,1 2,1 2,1( )T c z τ= − +W b                                              (16) 

where 
2,1 2,1 2,1 2,1c zτ δ= − , is the signal error and *

2,1
TW denotes 

ideal constant weights,  
2,1

is the basis function, 

2,1 2,1 2 2=[ , , ]d dx x xb  denotes the RBF input, and
2 1,δ  is the 

approximation error. 
 The virtual controller,  

2,1α , is defined as 

2,1 2,1 2,1 2,1 2,1 2,1
ˆ ( )T c zα = −W b                                              (17) 

where 
2,1

ˆ TW is the estimation of *
2,1

TW .

The adaptation law for 
2,1

ˆ TW  is   

2,1 2,1 2,1 2,1 2,1 2,1 2,1
ˆ ˆ[ ( ) ]z σ= Γ − −W b W                                   (18) 

where 
2,1σ >0 and 

2,1Γ >0 are design constants.  

Let 
2,1 2,1 2,1

ˆ ( )TW b  pass through a first-order filter to obtain
2,1γ .

Thus, we have 
2,1 2,1 2,1 2,1 2,1 2,1

ˆ ( )Tξ γ γ+ = W b                                              (18) 

where 2,1ξ  is the time constant. Then the virtual controller, 

2,1α , is redefined as 

2,1 2,1 2,1 2,1zcα γ= − +

Step 2: Define the tracking error
2,2 2,2 2,1z x α= − . The derivative 

of 
2,2z  is defined as 

2,2 2,2 2,1 2,2 2,1 2,2 1,1 2,1 2,2 2,3 2,1 ( , , , , )z x f F x x x xα α α= − = − =      (19) 
Let a new function 

2,2 1,1 2,1 2,2 2,3 2,1 2,1 2 2,2 2,2 2,2( , , , , , , )dx x x x x F c zψ α α = + , where 
2,2c is a 

design positive constant, then
2,2 2,2 2,2 2,2 2,2 2,1F c z g zλψ = + + .There 
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exists an ideal virtual controller 
*
2,2 1,1 1,2 2,1 2,2 2,1 2,1 2( , , , , , , )dx x x x xα α α , such that  

*
2,2 1,1 2,1 2,2 2,2 2,1 2,1 2( , , , , , , ) 0dx x x xψ α α α =

By using the mean value theorem, equation (19) can rewritten 
as

2,3 2,3

2,3 2,3

2,2 2,2 2,2 2,2 2,1

2,2* *
2,2 1,1 2,1 2,2 2,2 2,1 2,1 2 2,3 2,2

2,3

2,2 2,2 2,2 2,1

2,2 *
2,3 2,2 2,2 2,2 2,2 2,1

2,3

     ( , , , , , , ) ( )

    0 ( )

d x x

x x

z c z z

x x x x x
x

c z g z

x c z g z
x

λ

λ

λ

λ

ψ
ψ

ψ α α α α

ψ
α

=

=

= − −
∂

= + −
∂

− −
∂

= + − − −
∂

2,3 2,3

2,3 2,3

2,2 2,2 2,2 *
2,3 2,2 2,2 2,2 2,2 2,1

2,3

2,2 *
2,3 2,2 2,2 2,2 2,2 2,1

2,3

( )
    ( )

    ( )

x x

x x

F c z
x c z g z

x
f

x c z g z
x

λ

λ

λ

λ

α

α

=

=

∂ +
= − − −

∂
∂

= − − −
∂

*
2,2 2,3 2,2 2,2 2,2 2,2 2,1( )g x c z g zλ λα= − − −                                     (20) 

where 2,3x
λ  is the point between *

2,2α  and 
2,3x , such 

that
2,3 2,3

* *
2,2 2,3 2,2 2,2 2,3 2,2 2,2 2,3( ) ( ) / /

x x
x x x λψ ψ α α ψ

=
− − = ∂ ∂ , and 

2,3 2,3
2,2 2,2 2,3/

x x
g f x λ

λ
=

= ∂ ∂ .

By employing an RBF neural network *
2,2 2,2 2,2( )TW b  to 

approximate *
2,2α , *

2,2α  can be expressed as 
* *
2,2 2,2 2,2 2,2 2,2

*
2,2 2,2 2,2 2,2 2,2 2,2 2,2 2,2

( )

     ( )

T

T c z c z

α δ

δ

= −

= − + −

W b

W b
                          

*
2,2 2,2 2,2 2,2 2,2 2,2( )T c z τ= − +W b                                          (21) 

where 
2,2 2,2 2,2 2,2c zτ δ= − ,  is the signal error and *

2,2
TW denotes 

ideal constant weights,  
2,2

is the basis function, 

2,2 1,1 1,2 2,1 2,2 2,1 2,1 2=[ , , , , , , ]dx x x x xα αb  denotes the RBF input, 
and

2 2,δ  is the approximation error. 
The virtual controller, 

2,2α , is defined as 

2,2 2,2 2,2 2,2 2,2 2,2
ˆ ( )T c zα = −W b                                            (22) 

where 
2,2

ˆ TW is the estimation of *
2,2

TW .

The adaptation law for 
2,2

ˆ TW  is

2,2 2,2 2,2 2,2 2,2 2,2 2,2
ˆ ˆ[ ( ) ]z σ= Γ − −W b W                               (23) 

where 
2,2 >0σ  and 

2,2 >0Γ  are design constants. 

Let 
2,2 2,2 2,2

ˆ ( )TW b  pass through a first-order filter to obtain 
2,2γ .

Thus, we have 
2,2 2,2 2,2 2,2 2,2 2,2

ˆ ( )Tξ γ γ+ = W b                                         (24) 
where 

2,2ξ  is the time constant. Then the virtual controller, 

2,2α , is redefined as 

2,2 2,2 2,2 2,2c zα γ= − +                                                   (25) 

Step 3: Define the tracking error
2,3 2,3 2,2z x α= − . The derivative 

of  
2,3z  is defined as 

2,3 2,3 2,2 2,3 2,2 2,3 1,1 1,2 2,1 2,2 2,3 1 2 2,2 ( , , , , , , , )z x f F x x x x x u uα α α= − = − =  (26) 
Let a new function 

2,3 1,1 1,2 2,1 2,2 2,3 1 2 2,2 2,2 2,1 2,3 2,3 2,3 2,3 2,2( , , , , , , , , , )x x x x x u u F c z g zλψ α α α = + +
, where 

2,3c is a design positive constant, then 

2,3 2,3 2,3 2,3 2,3 2,2z c z g zλψ= − − . There exists an ideal controller 
*
2 1,1 1,2 2,1 2,2 2,3 1 2,2 2,2 2,1{ , , , , , , , , }u x x x x x u α α α ,  such that  

*
2,3 1,1 1,2 2,1 2,2 2,3 1 2 2,2 2,2 2,1( , , , , , , , , , )=0x x x x x u uψ α α α

By using the mean value theorem, equation (26) can rewritten 
as 

2 2

2 2

2,3 2,3 2,3 2,3 2,3 2,3

*
2,3 1,1 1,2 2,1 2,2 2,3 1 2 2,2 2,2 2,1

2,3 *
2 2 2,3 2,3 2,3 2,2

2

2,3 *
2 2 2,3 2,3 2,3 2,2

2

2,3

    ( , , , , , , , , , )

        ( )

    0 ( )

(
    

u u

u u

z c z g z

x x x x x u u

u u c z g z
u

u u c z g z
u

F

λ

λ

λ

λ

λ

ψ

ψ α α α
ψ

ψ

=

=

= − −

=
∂

+ − − −
∂
∂

= + − − −
∂

∂
=

2 2

2 2

2,3 2,3 *
2 2 2,3 2,3 2,3 2,2

2

2,3 *
2 2 2,3 2,3 2,3 2,2

2

)
( )

    ( )

u u

u u

c z
u u c z g z

u
f

u u c z g z
u

λ

λ

λ

λ

=

=

+
− − −

∂
∂

= − − −
∂

*
2,3 2 2 2,3 2,3 2,3 2,2( )g u u c z g zλ λ= − − −                                           (27) 

where 2uλ  is the point between *
2u  and 2u , such that 

2 2

* *
2,3 2 2,3 2 2 2 2,3 2( ) ( ) / /

u u
u u u u u λψ ψ ψ

=
− − = ∂ ∂ .

By employing an RBF neural network, *
2,3 2,3 2,3( )TW b  to 

approximate *
2u , *

2u  can be expressed as 
* *
2 2,3 2,3 2,3 2,3

*
2,3 2,3 2,3 2,3 2,3 2,3 2,3 2,3

( )

   ( )

T

T

u

c z c z

δ

δ

= −

= − + −

W b

W b
*
2,3 2,3 2,3 2,3 2,3 2,3( )T c z τ= − +W b                                             (28) 

where 
2,3 2,3 2,3 2,3c zτ δ= − , is the signal error and *

2,3
TW denotes 

ideal constant weights, 
2,3

is the basis function, 

2,3 1,1 1,2 2,1 2,2 2,3 1 2,2 2,2 2,1=[ , , , , , , , , ]x x x x x u α α αb  denotes the RBF 
input, and 

2 3,δ  is the approximation error. 

The controller, 2u , is defined as 
T

2 2,3 2,3 2,3 2,3 2,3
ˆ ( )u c z= −W b                                                 (29) 

where T
2,3Ŵ  is the estimation of *

2,3
TW .

The adaptation law for T
2,3Ŵ  is                                                    

2,3 2,3 2,3 2,3 2,3 2,3 2,3
ˆ ˆ[ ( ) ]z σ= Γ − −W b W                                  (30) 

where 
2,3σ >0 and 

2,3Γ >0 are design constants. 

Theorem 1:  Consider the closed-loop system (1), The control 
input is defined as (12) and (29), and the adaptation law is 
given as (13) and (30). Then all the signals in the closed-loop 
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system remain bound and the state 
k,1x  can track a bound 

reference signal 
d,kx  arbitrarily closely. 

Proof: To be omitted for matching the requirement of  the 
length. 

IV. SIMULATION RESULTS

This section presents the simulation results of the proposed 
controller, showing that the tracking error of the closed-loop 
system can be made arbitrarily small. 

Example1 : Consider an MIMO nonlinear system  
1,1 1,2 1,1 1,2 2,1 2,2

1,2 1 1,1 1,2 2,1 2,2 2,3 1

2,1 2,2 2,1 2,2

2,2 2,3 1,1 2,1 2,2 2,3

2,3 1 1,1 1,2 2,1 2,2 2,3 1 2

,1

2 sin( )
2 cos( )
2 sin( )
2 cos( )
2 cos( )

                          i i

x x x x x x
x u x x x x x u
x x x x
x x x x x x
x u x x x x x u u
y x

= +
= +
= +
= +
= +

=                      1, 2i =

                   (31) 

The reference model is a van der Pol oscillator 
1 2

2
2 1 1 2(1 )

                 1, 2

d d

d d d d

di di

x x

x x x x
y x i

β
=

= − + −
= =

                                               (32) 

The reference model is taken from [15], where 
1u  and 

2u
are the control inputs. The initial state is 

T
1,1 1,2 2,1 2,2 2,3[ (0), (0), (0), (0), (0)]x x x x x [0.1,0.2,0.7,0.1,0.2]T= ,

and 
1 2[ (0),  (0)] [1.5,0.8]T T

d dx x = . The initial weights are 

1,1 1,2 2,1 2,2 2,3
ˆ ˆ ˆ ˆ ˆ(0) (0) (0) (0) (0) 0= = = = =W W W W W . The design 

parameters are selected as 
1,1 8c = ,

1,2 12c = ,
2,1 12c = ,

2,2 22c = ,

2,3 22c = ,
1,1 1,2 2,1 2,2 2,3 {2}diagΓ = Γ = Γ = Γ = Γ = , and 

1,1 1,2 2,1 2,2 2,3 0.1σ σ σ σ σ= = = = = . The first neural network 

1,1 1,1 1,1
ˆ ( )TW bφ  has 32 centers which range over the interval [-

2.5,2.5 [-2.5,2.5] [-2.5,2.5] [-2.5,2.5] [-2.5,2.5]. The 
second neural network 

1,2 1,2 1,2
ˆ ( )TW bφ  has 256 centers which 

range over the interval  [-2.5,2.5 [-2.5,2.5] [-2.5,2.5] [-
2.5,2.5] [-2.5,2.5] [-2.5,2.5] [-2.5,2.5] [-2.5,2.5]. The 
third neural network 

2,1 2,1 2,1
ˆ ( )TW bφ  has 8 centers which range 

over the interval [-2.5,2.5] [-2.5,2.5] [-2.5,2.5]. The fourth 
neural network 

2,2 2,2 2,2
ˆ ( )TW bφ  has 64 centers which range over 

the interval  [-2.5,2.5] [-2.5,2.5] [-2.5,2.5] [-5,5] [-
2.5,2.5] [-2.5,2.5]. The fifth neural network 

2,3 2,3 2,3
ˆ ( )TW bφ  has 

512 centers which range over the interval [-2.5,2.5 [-2.5,2.5]
[-2.5,2.5] [-2.5,2.5] [-2.5,2.5] [-2.5,2.5] [-5,5] [-

2.5,2.5] [-2.5,2.5]. The  state 
1,1x  of  this system  and the 

model reference signal 
1dx are shown in Fig.1. The  state 

2,1x
of  this system  and the model reference signal 

2dx  are shown 
in Fig. 2. The responses of control inputs 

1u  and 
2u  are shown 

in Fig. 3. The simulation results show that the states  
1,1x  and 

2,1x  can track the model reference signals 
1dx  and 

2dx
arbitrarily closely. 

V. CONCLUSION

In this paper, a radial basis function neural network 
adaptive  backstepping control scheme has been proposed to 
control MIMO nonlinear systems in block-triangular form.
We added a first-order filter at each step of the backstepping 
design to avoid the  higher-order derivative problem generated 
by the backstepping design. The proposed controller possesses 
the advantages of avoiding the higher-order derivative effect 
on the approximation model and eliminating the need to 
compute complicated derivatives. Simulation results have 
shown that the proposed RBF adaptive backstepping control
scheme can rapidly learn unknown system dynamics, and 
achieve favorable tracking performance. 

Fig. 1 the state of system 
1,1x  and model reference signal 

1dx

Fig. 2 the state of system
2,1x and model reference signal

2dx
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Fig. 3 control inputs 
1u  and 

2u
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