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Abstract: The new AUV driven by multi-vectored thrusters not only has unique kinematic characteristics during the actual cruise but 
also exists uncertain factors such as hydrodynamic coefficients perturbation and unknown interference of tail fluid, which bring difficult 
to the stability of the AUV’s control system. In order to solve the nonlinear term and unmodeled dynamics existing in the new AUV’s 
attitude control and the disturbances caused by the external marine environment, a second-order sliding mode controller with 
double-loop structure that considering the dynamic characteristics of the rudder actuators is designed, which improves the robustness of 
the system and avoids the control failure caused by the problem that the design theory of the sliding mode controller does not match 
with the actual application conditions. In order to avoid the loss of the sliding mode caused by the amplitude and rate constraints of the 
rudder actuator in the new AUV’s attitude control, the dynamic boundary layer method is used to adjust the sliding boundary layer 
thickness so as to obtain the best anti-chattering effects. Then the impacts of system parameters, rudder actuator’s constraints and 
boundary layer on the sliding mode controller are computed and analyzed to verify the effectiveness and robustness of the sliding mode 
controller based on dynamic boundary layer. The computational results show that the original divergent second-order sliding mode 
controller can still effectively implement the AUV’s attitude control through dynamically adjusting the sliding boundary layer thickness. 
The dynamic boundary layer method ensures the stability of the system and does not exceed the amplitude constraint of the rudder 
actuator, which provides a theoretical guidance and technical support for the control system design of the new AUV in real complex sea 
conditions. 
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1  Introduction∗

 
 

AUVs are promising vehicles for navy use because they 
can fulfill many missions such as assaults, communications 
and obviating torpedoes. In order to meet the needs of 
future high-tech naval warfare, fastness and seakeeping of 
the AUVs become the basic premise of safe navigation and 
effective use of weapons. The multi-moving state AUV in 
this paper makes use of the flexible transmission shaft 
based on spherical gear as the kinetic source equipment[1], 
on the end of that a new wheel propeller is installed. The 
whole equipment can achieve four functions such as wheels, 
legs, thrusters and course control based on the 
characteristics of spatial deflexion and continual 
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circumgyratetion of the flexible transmission shaft. The 
rudders and vectored thrusters are used to control the 
course at high speed and low speed respectively. The 
typical motions of the AUV are shown in Fig. 1[2].  

 

 
Fig. 1.  Typical motions of the vectored thruster AUV 

 
As AUVs are subject to the larger interference effect 

from underwater environment, in order to ensure the 
stability of the new AUV, it needs a good control system 
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with strong robustness and anti-jamming capability. 
However, the new AUV is a highly non-linear, 
time-varying and strong coupling system. It is difficult to 
establish an accurate motion model considering the 
uncertainty of environmental interference. Therefore, the 
control method used in the new AUV should get rid of the 
dependence on the precise mathematical model. Among 
many control methods, sliding mode control has strong 
robustness about parameters change, uncertainties and 
external disturbances, so sliding mode control is very 
effective to solve the control problem of the AUVs in 
complex sea conditions[3]. 

In real systems, the high frequency chattering will occur 
along with the sliding mode in sliding mode control system 
due to time lag switch, spatial lag switch, system inertia, 
system delay, measurement error and other factors. The 
chattering not only affects the control accuracy and 
increases energy consumption but also can arouse the 
high-frequency unmodeled dynamics of the system easily, 
which undermines the system’s performance, causes the 
system’s oscillation and instability and damages the 
controller unit[4]. In the specific applications of the AUV, 
infinite frequency switching control can not be carried out 
to maintain the ideal sliding mode of the system due to the 
physical constraints of the rudder actuator, which leads to 
the loss of the sliding mode[5]. In many references[6–9], the 
dynamic characteristics of the rudder actuator are usually 
not considered in the sliding mode controller design of the 
AUV’s attitude, which may cause the failure of practical 
application due to that the rudder actuator can not achieve 
the theory requirements of the sliding mode controller. At 
present, domestic and foreign scholars introduce concepts 
including “quasi-sliding mode” and “boundary layer” in the 
sliding mode controller design to achieve a quasi-sliding 
mode control, which uses saturation function instead of the 
switching function to prevent and reduce the chattering of 
the system effectively through using normal sliding mode 
control beyond the boundary layer and using continuous 
state feedback control in the boundary layer. CHEN, et al[10], 
proposed an on-line adjustment algorithm of the boundary 
layer thickness based on the system state norm with 
considering reducing control signal’s chattering and 
ensuring tracking accuracy aim at uncertain linear systems. 
VICENTE, et al[11], proposed a new dynamic sliding mode 
control through designing a new non-linear switching 
function s with saturation function so as to eliminate the 
chattering of sliding mode in reaching stage, which realizes 
global robust sliding mode control and solves a class of 
chattering control problem of nonlinear mechanical systems 
effectively. SESHAGIRI, et al[12], used integral control in 
the boundary layer to reduce the boundary layer thickness, 
which obtains the steady-state error and avoids the 
chattering. In this paper, a second order sliding mode 
controller with double-loop structure based on dynamic 
boundary layer is proposed to control the AUV’s attitude 
with considering the dynamic characteristics and the 

magnitude and rate limits of the rudder actuator, which 
synthesizes the advantages of reducing system’s chattering 
of the above method. The effectiveness and robustness of 
the sliding mode controller are verified through analyzing 
the impacts of system parameters, rudder actuator 
constraints and boundary layer on the sliding mode 
controller.  

 
2  Sliding Mode Control Algorithm  

for the Nonlinear System 
 
The motion process of the new AUV in the complex sea 

conditions is a complicated nonlinear dynamic system. In 
order to describe the movement of the new AUV, the 
inertial coordinate system E-ξηζ and body-fixed coordinate 
system B-xyz are used, as shown in Fig. 2[13]. Considering 
the dynamic characteristics of the rudder actuator, the 
dynamic equations with unmodeled uncertainties of the 
new AUV are established, which can be expressed as 
 

2 1 2 1 2 1 2 1 2 2( , ) ( , ) ( ( ) ( )) ,    f f b b vη η δ η δ η η  (1) 
 

2 2 2 2 2 2 2 2 2 2 2( , ) ( , ) ( ( ) ( )) ,    v f v f v b bη η η η δ (2) 
 

( ),δ
  K uδ δ               (3) 

 
where η2(φ θ ψ)T is the attitude vector in the inertial 
coordinate system, v2(p q r)T is the angular velocity 
vector in the body-fixed coordinate system, δ(δp δr)T 
describes the horizontal rudder angle and vertical rudder 
angle, u∈R2 is the control input of the rudder actuator, 
f1(η2, δ)∈R3, f2(η2, v2)∈R3 are differentiable functions, 
b1(η2)∈R3×3, b2(η2)∈R3×2 and Kδ are known matrixes, 
∆f1(η2, δ)∈R3, ∆f2(η2, v2)∈R3, ∆b1(η2)∈R3×3, ∆b2(η2)∈R3×2 
are bounded smooth perturbation term caused by model 
uncertainties. The amplitude and rate constraints of rudder 
actuator can be expressed as 

 

miδ δ≤ , miδ δ ≤ .           (4) 

 

 
Fig. 2.  Inertial and body-fixed coordinate systems 

 
Given a real-time attitude angle reference trajectory, a 

second-order sliding mode controller with double-loop 
structure based on attitude angle and angular velocity is 
designed. Firstly, the angular velocity reference command 
is computed out through the attitude angular deviation 
based on the outer-loop sliding mode controller. Then the 
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input command of rudder angle uc is computed out through 
the angular velocity reference command based on the 
inner-loop sliding mode controller. In order to ensure the 
system state expressed by motion equations tracking the 
attitude angle reference command progressively, According 
to the principle of trajectory tracking control, we define 
 

2r 2lim ( ) ( ) 0, 1, 2, 3.i i
t

t t iη η


          (5) 

 
2.1  Outer-loop sliding mode control algorithm design  

for attitude angle 
According to the attitude dynamic Eq. (1), the outer-loop 

sliding mode controller is designed with attitude angular 
deviation to compute the angular velocity control command 
v2c. The tracking error of attitude angle is defined as  
 

2r 2( ) ( ).i i ie t tη η              (6) 
 

The sliding surface is designed as 
 

0 dtc t  s e e ,               (7) 
 
where s∈R3, e(e1 e2 e3)T. So we can get 
 

2 r 1 2 1 2( ) ( , ) ( , )t    s f fη η δ η δ  

1 2 1 2 2( ( ) ( )) .c b b v eη η            (8) 
 
Defining 0s and assuming the uncertain terms are zero, 
the equivalent control law can be expressed as 
 

 1
2eq 1 2 2 r 1 2( ) ( ) ( , ) .t c  v b f eη η η δ      (9) 

 
The switching control law is designed as 

 
1

2n 1 2( ) sgn( ), 0,µ µ v b sη         (10) 
 
where sgn(s)(sgn(s1)  sgn(s2)  sgn(s3))T. 
Hence, the total control law can be written as 
 

1
2c 2eq 2n 1 2 2r 1 2( ) [ ( ) ( , ) ]t cv v v b f e     η η η δ  

1
1 2( ) sgn( ).µ −b sη              (11) 

 
In order to analyze the system’s stability, the Lyapunov 

function is defined as[14] 
 

T1
2

V  s s .                (12) 

 
From Eq. (11) and Eq. (8), the derivative of Lyapunov 

function can be written as 
 

  T T
2 2( , ) ( ) ( ) ,V µ sgn    s s s A I B sη δ η   (13) 

 
where  2 1 2 2( , ) ( , ) ( ) A f Bη δ η δ η  

   2r 1 2[ ( , )],c  e fη η δ  

1
2 1 2 1 2( ) ( ) ( ) .B b bη η η  

Defining the boundary conditions of A(η2, δ) and B(η2) are 

i iA a≤ , ij ijB b≤ , 
3

1
1ij

j
b


 , respectively, we can get 

 
3 3

1 1
1 .i i ij

i j
V s a bµ

 

           
≤         (14) 

 
Hence, the existence condition of the sliding mode holds 
because the Lyapunov function derivative is negative 
when µ meets the following condition: 
 

3

1,2,3 1
max 1i ij
i j

a bµ
 

          
.        (15) 

 
With the condition of sufficient control, Eq. (11) and Eq. 

(15) can ensure the asymptotic stability of the sliding 
surface s in dynamic Eq. (7) and make the moving point out 
the sliding surface reach the sliding surface in limited time. 
As the angular velocity control command given by the 
sliding mode controller for attitude angle in Eq. (11) is not 
continuous, so the sliding mode controller for angular 
velocity can not complete the tracking control. In order to 
solve this problem, a saturation function sat(sγ) is used to 
linearize the noncontinuous switch item sgn(s) in the 
sliding mode controller for attitude angle[15], which can be 
expressed as 
 

T
1 2 3

1 2 3
sat sat sat sats s s

γ γ γ

                                       

s
γ

,   (16) 

 
>1

sat ,

<1

,,

,

.,

i i

i i
i i

i i

i i

s
s s s

s

γ

γ
γ γ

γ

           

         (17) 

 
where γi is the boundary layer thickness of the sliding 
surface. It can be seen from the saturation function, linear 
feedback control is used in the boundary layer of the 
system and switching control is used out the boundary layer, 
which reduces or avoids the chattering of the sliding mode. 
 
2.2  Inner-loop sliding mode control algorithm design  

for angular velocity 
From Eq. (2) and Eq. (3), the control input u is adjusted 

to track the angular velocity control command v2c generated 
by outer-loop sliding mode controller for attitude angular, 
which can be expressed as  
 

2c 2lim 0, 1, 2, 3.i i
t

v v i


           (18) 

 
The tracking error of angular velocity command is 

defined as 
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2c 2i i ie v v   .                (19) 
 

Then the PID-structure sliding surface of the system is 
designed as 
 

1 2 0 dtc c t     e e eσ ,          (20) 

 
where σR3, T

1 2 3( ) .e e e   e So the kinematic 
equation of the system in σ subspace can be written as 
 

2 2 2 2( , , ) ( )σ    v b bΓ η δ δ ,       (21) 
 
where 
 

2 2 2c 1 2c 2 2 2
d( , , ) ( )
d

c c
t

       v v v e f fΓ η δ  

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

c c
t

 
     

  
f f b b b b δ . 

 
Defining 0σ  and assuming the uncertain items are all 
zero, the equivalent control law can be written as 
Defining 0σ  and assuming the uncertain items are all 
zero, the equivalent control law can be written as 
 

1 2
eq 2 2c 1 2c 2 1 2

d
d

c c c
t
fb v v e f   

     


δ  

12
1 2 2 2 2

d ˆ ( , , )
d

c
t

b b b v
       

δ Γ η δ .     (22) 

 
In order to ensure the existence condition of the sliding 

mode holding, the sliding mode control law for angular 
velocity with additional switching function can be designed 
as 
 

eq sgn( ),    kδ δ σ            (23) 

 

where 1

2

0 0
0 0
k

k
    

k , 0,ik  1, 2,i    

sgn(σ)(sgn(σ1)  sgn(σ2)  sgn(σ3))T. 
In order to verify the system’s asymptotic stability, the 

Lyapunov function is designed as 
 

T1
2

V  σ σ .                (24) 

 
So the derivative of the Lyapunov function can be 
expressed as 
 

T T
2 2 2 2( , , ) ( ) .V         v b bσ σ σ Γ η δ δ    (25) 

 
Defining 1

2 2 2
ˆ( ) , G b bη τ Γ 2 2 2( ) , H b bη  

ˆ τ Γ Γ , substituting Eq. (23) into Eq. (25), we can get 

 T ( )V σ   sgn G H kσ .        (26) 

 
Assuming the maximum of the functions G(η2) and  

H(η2) including unmodeled uncertain items are i iG g≤  
and ij ijH h , respectively, the inequality can be obtained: 
 

2

1
( ).i i i ij

i
V g k h


  σ            (27) 

 
Therefore, the gain condition insuring the derivative of the 
Lyapunov function negative can be expressed as 
 

i
i

ij

gk
h

 .                 (28) 

 
Eq. (23) and Eq. (28) can ensure the existence of the 

sliding mode on the sliding surface σ. Furthermore, the 
state beyond the sliding surface will reach the sliding 
surface in limited time. From Eq. (3) and Eq. (23), the input 
control law of the rudder angle can be expressed as 
 

eq
1 sgn( ) , 1, 2.i i ii iu k i
kδ

δ δ σ            (29) 

 
The same as the outer-loop sliding mode controller, the 

saturation function is used to substitute the discontinuous 
switching function sgn(σi) in Eq. (29) so as to avoid the 
phenomenon of control chattering. If the boundary layer 
thickness of the sliding surface is defined as iπ , we can get 
 

> ,1,

sat , ,

< .1,

i i

i i
i i

i i

i i

σ π
σ σ σ π
π π

σ π

           

  1, 2.i      (30) 

 
Finally, the continuous sliding mode control law of the 
rudder angle input can be expressed as 
 

eq
1 sat ,i

i i i i
i

u k
kδ

σδ δ
π


           

  1, 2.i    (31) 

 
When eq 0 δ , we can get 

 
1 sat ,i

i i i
i

u k
kδ

σδ
π
      

  1, 2.i        (32) 

 
The continuous sliding mode control law of the rudder 

angle can not ensure that the states converge to the sliding 
surface. However, the attracting domain of the sliding 
surface can be determined through analyzing the derivative 
of Lyapunov function[16–17]. The derivative of Lyapunov 
function can be written as 
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T satV
         

  G H σσ ρ
π

,        (33) 

 
where ρdiag{ρi}, ρi0. In order to ensure 0,V   the 
range of the gain ρi is selected as 
 

, ,

, > ,

i i i

i ii
i i

i

k
k

σ π
σρ

σ ππ

 

  1, 2.i        (34) 

 
It can be seen from Eq. (34) that the moving points 

beyond the sliding surface can reach sliding surface |σi|πi 
in a limited time and arrive the smaller area |σi| ρiπi /ki. 
The solution of Eq. (21) is uniformly bounded. Therefore, 
the continuous sliding mode control law of rudder angle 
ensures the robustness of the sliding surface σ because the 
motion form of the states in attracting area |σi|  πi 
conforms to the following inequality, which is written as 
 

1 2 0 d ,t
i i i ie c e c e t π      1, 2, 3.i       (35) 

 
If Eq. (4) is considered, the continuous sliding mode 

control law of the rudder angle in Eq. (31) can be expressed 
as  
 

m 1 m

m
1 m 2 m

eq 1 m 2 m

m
1 m 2 m

m 1 m

, ,

, , ,

1 [ sgn( )], , ,

, , ,

, .

i

i i i

i i i i i ii

i i i

i

k

ku
k

k

δ

δ

δ

δ λ δ
δδ λ δ λ δ

δ δ σ λ δ λ δ

δδ λ δ λ δ

−δ λ δ

            

  

(36) 
 

where  eq
1

sgn( )
,i i i

i i
k
kδ

δ σ
λ δ

 
  1, 2,i   

       2 eq sgn( ),i i i ikλ δ σ  1, 2.i           

 
3  Adjustment Algorithm of Dynamic  

Boundary Layer 
 

The continuous sliding mode control law of the rudder 
angle can avoid the chattering of sliding mode, but can not 
solve the problem caused by the amplitude and rate 
constraints of rudder actuator. Once the control input 
exceeds the amplitude and rate constraints of the rudder 
actuator, the sliding mode will fail and cause the system’s 
tracking performance deterioration. The problem that the 
constraints of the rudder actuator are easily exceeded can 
be avoided effectively and the chattering phenomenon can 
also be eliminated through increasing the boundary layer 
thickness[18–19]. However, this method will reduce the 

system’s tracking performance. Therefore, the dynamic 
adjustment method of the boundary layer thickness is used 
to solve the amplitude and rate constraints of the rudder 
actuator. Through a comprehensive analysis, the sliding 
boundary layer thickness εi requires to meet the following 
three conditions:  

(1) In order to make the saturation function work in 
linear region so as to avoid the sliding mode controller 
saturated, the required condition can be expressed as 
 

,i iσ ε 1, 2.i               (37) 

 
Hence, i i ilε σ   , 0,il  1,2,3i  . 

(2) In order to meet the amplitude constraint of the 
rudder actuator, the required condition can be expressed as 
 

eq m
1 sat ,i

i i i
i

k
kδ

σδ δ δ
ε

          
 1, 2.i     (38) 

 

Hence
m eq

,
( )sgn( )

i i
i i

i i i

k l
k kδ δ

σε
δ δ δ σ

  
 

0,il  i1, 2. 

(3) In order to meet the rate constraint of the rudder 
actuator, the required condition can be expressed as 
 

eq msat ,i
i i

i
k σδ δ

ε
     

 1, 2.i        (39) 

 

Hence 
m eq

,
sgn( )

i i
i i

i i

k lσε
δ δ σ

  


0,il  1, 2.i   

The choice of dynamic boundary layer will be a trade-off 
between that avoiding the saturation of the sliding mode 
controller and reducing the domain of attraction, which can 
be expressed as 
 

 max , , ,i i i iε ε ε ε   1, 2.i        (40) 

 
It can be seen from Eq. (40), the on-line dynamic 

adjustment strategy of the boundary layer thickness can not 
only ensure the system’s robustness about the parameters 
variation and disturbance, but also can avoid the system’s 
performance degradation caused by the amplitude and rate 
constraints of the rudder actuator. Furthermore, this method 
does not require the work such as on-line parameters 
identification. 
 
4  Verification and Analysis of Sliding Mode 
   Controller Design Method 
 

The sliding mode controller design method based on the 
dynamic boundary layer can be verified through 
comparison and analysis of the performance of the sliding 
mode controller at various situations. The state equation of 
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the new AUV’s yaw angle can be expressed as 
 

rr r
ψ ψ δ




             
A B ,            (41) 

 
where ψ is the yaw angle of the new AUV, r is the yaw 
angular velocity of the new AUV, δr is the deflection angle 
of the vertical rudder actuator, A and B are known 
coefficient matrixes according to the design aim of the new 
AUV at the speed 10 ms, ˆ A A A , ˆ B B B , 
Â and B̂ are the coefficient matrixes of the initial state, 

which can be written as 
 

1.07 0.04ˆ
1.82 0.07

    
A , 0.78ˆ

0.90
     

B .       (42) 

 
∆A and ∆B describe the coefficient matrixes changes of the 
system at t35 s, which can be written as 

 
0.35 0.01 ( 35),
0.31 0.02

t
     

A  

0.39 ( 35).
0.45

t
      

B           (43) 

 
The efficiency of the rudder actuator is reduced by half to 
verify the robustness of the sliding mode controller about 
the unmodeled features and the external disturbance. 

The maximum deflection angle and angular velocity of 
the vertical rudder actuator are designed as r max 0.4δ   
and r max 0.9δ  , respectively. The kinematic equation of 
the vertical rudder can be expressed as 

 

r r c8 8 .uδ δ                (44) 
 
According to the sliding mode controller design method 

based on dynamic boundary layer, the angular velocity 
control command is computed with the yaw angle deviation 
firstly, and then the control input command of the vertical 
rudder actuator is computed with inner-loop sliding mode 
controller for angular velocity. In order to study the 
restraint effects of the controller on the amplitude and rate 
constraints of the rudder actuator and the impacts from the 
dynamic characteristics of the rudder actuator on the 
controller, assuming that the inner-ring angular velocity 
control command has been got by the outer-loop sliding 
mode controller, as shown in Fig. 3. Since the 
discontinuous angular velocity control command can not be 
used as the reference trajectory directly, a continuous 
command rr filtered by the reference model is used as the 
reference trajectory[20]. The coefficient matrixes of the 
reference model are written as 

 

r
0.53 0.24
0.97 0.69

      
A , r

0
1.05
    

B .       (45) 

 
Fig. 3.  Angular velocity reference control command 

 
According to the design method of the inner-ring sliding 

mode controller, the sliding surface and sliding mode 
control law are designed respectively as 
 

r r r8( ) 2( ) 1.8 ( )d ,r r r r r r tσ           (46) 
 

c r 0.8 1.5 sat
0.1

u σδ
         
 .        (47) 

 
In order to demonstrate the effectiveness of the sliding 

mode controller based on dynamic boundary layer and 
analyze the impacts of system parameters, rudder actuator 
constraints and boundary layer on sliding mode controller, 
five instances are computed and analyzed respectively. 
 
4.1  Considering dynamic characteristics  

of the vertical rudder 
The state parameters of the system keep unchanged and 

the dynamic characteristics of the vertical rudder are 
considered, but not the vertical rudder’s constraints. Static 
boundary layer is used. 

The state parameters of the system are assumed to be 
unchanged. The dynamic characteristics of the vertical 
rudder are considered, but not the size of the amplitude and 
rate. Then the performance of the sliding mode controller is 
computed with static boundary layer. The computational 
results are shown in Fig. 4. It can be seen that the 
performance of the sliding mode controller is stable, which 
ensures the angular velocity output tracking the angular 
velocity reference command with high accuracy. 
 
4.2  Changing parameters of the system 

The state parameters of the system begin to change at 
t35 s. The dynamic characteristics of the vertical rudder 
are considered, but not the vertical rudder’s constraints. 
Static boundary layer is used. 

The state parameters of the system begin to change at the 
t35 s, namely reducing the efficiency of the vertical 
rudder by half. The robustness of the sliding mode 
controller about the fluctuations of the system state 
parameters is verified through considering the dynamic 
characteristics of the vertical rudder, while the size of the 
amplitude and rate is not considered. The static boundary 
layer is used in the computation. The computational results 
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are shown in Fig. 5. It can be seen that the performance 
parameters of sliding mode controller have been changed 
after the system state parameters changing at t35 s. The 
efficiency of the vertical rudder reduces significantly, as 
shown in Fig. 5(c) and Fig. 5(e), but the tracking error of 
the angular velocity reference command is only a small 
increase in magnitude of 10–4, which shows that the 
robustness of the sliding mode controller about the 
perturbation of the system state parameters is good. 

 

 
Fig. 4.  Performance of the sliding mode controller considering 

the vertical rudder’s dynamic characteristics 

 

 
Fig. 5.  Performance of the sliding mode controller   

considering the state parameters change 
 
 

4.3  Considering constraints of the vertical rudder 
The state parameters of the system begin to change at 

t35 s. The dynamic characteristics and constraints of the 
vertical rudder are considered. Static boundary layer is 
used. 

In order to investigate the impacts of the amplitude and 
rate constraints of the vertical rudder on the sliding mode 
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controller, the constraint conditions in Eq. (4) are met in the 
computation. Furthermore, the dynamic characteristics of 
the vertical rudder are considered and state parameters of 
the system change at t35 s. The static boundary layer is 
also used in the computation. The computational results are 
shown in Fig. 6.  

 

 
Fig. 6.  Performance of the sliding mode controller     

exceeding the vertical rudder’s rate constraint 
 

It can be seen from Fig. 6 that the deflection rate of the 

vertical rudder exceeding constraint leads to the tracking 
performance of angular velocity reference command 
reducing significantly. The tracking error increases 
gradually after the system state parameters changing. Since 
the amplitude constraint of the vertical rudder has not been 
reached, the sliding mode controller can still track the 
angular velocity reference command stably, which shows 
that the rate constraint of the vertical rudder will lead to the 
performance of the sliding mode controller reducing, but 
will not compromise the stability of the system. 
 
4.4  Outer-loop sliding mode control algorithm design 
     for attitude angle 

The amplitude of the angular velocity reference 
command is increased to rmax0.33 rads, the state 
parameters of the system begin to change at t35 s. The 
dynamic characteristics and constraints of the vertical 
rudder are considered. Static boundary layer is used.  

In order to examine the performance of sliding mode 
controller when the amplitude constraint of the vertical 
rudder is exceeded, the amplitude of the angular velocity 
reference command is increased to 0.33 rads, because the 
amplitude constraint of the vertical rudder will be easily 
exceeded through increasing the amplitude of the angular 
velocity reference command. Then the continuous reference 
command is got through filtering the reference command 
with the reference model. The other computational 
parameters are the same as the third case. The 
computational results are shown in Fig. 7. It can be seen 
that the divergence begins to appear when the amplitude 
constraint of the vertical rudder is exceeded and the system 
can not continue to track the reference command, which 
shows the amplitude constraint of the vertical rudder has 
great impact on the stability of the sliding mode controller 
using static boundary layer. 
 
4.5  Outer-loop sliding mode control algorithm design 
     for attitude angle 

The amplitude of the angular velocity reference 
command is increased to rmax=0.33 rad/s, the state 
parameters of the system begin to change at t=35 s. The 
dynamic characteristics and constraints of the vertical 
rudder are considered. Dynamic boundary layer is used. 

In order to solve the problem caused by the amplitude 
and rate constraints of the rudder actuator, according to the 
definition in Eq. (37), Eq. (38) and Eq. (39), three boundary 
layers meeting the conditions are selected and the 
maximum value method is used to achieve dynamic 
boundary layer, the other computational parameters are the 
same as the fourth case. 
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r

1.5
0.02,

1.25 0.4 1.25 sgn( )
σ

ε
δ σ

  
 

       (49) 



 
 
 

CHINESE JOURNAL OF MECHANICAL ENGINEERING 

 

·43· 

 
Fig. 7.  Performance of the sliding mode controller     
exceeding the vertical rudder’s amplitude constraint 
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0.02

0.9
σ

ε    ,             (50) 

 
 max , ,ε ε ε ε   ,            (51) 

 
The computational results are shown in Fig. 8. It can be 

seen that foregoing divergent system using static boundary 
layer resumes stabilization when the dynamic boundary 
layer is used and the satisfactory tracking performance is 
obtained under the amplitude and rate constraints of the 
vertical rudder. Compared with the fourth case, the tracking 
error of the system and the amplitude of the vertical rudder 
are reduced. Furthermore, the deflection angle of the 
vertical rudder has not yet reached its amplitude constraint. 
The angular rate of the vertical rudder is greatly improved, 
though it still exceeds the rate constraint. The results show 
that the dynamic boundary layer has very important 
significance on maintaining the stability of the sliding 
mode controller under the amplitude and rate constraints of 
rudder actuator. 
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Fig. 8.  Performance of the sliding mode controller applying 

the dynamic boundary layer 
 
 
5  Conclusions 

 
(1) A second-order sliding mode controller with 

double-loop structure that considering the dynamic 
characteristics of the rudder actuator is designed, which 
manages to solve the nonlinear term, unmodeled dynamics 
and external disturbances caused by the marine 
environment. The stability of the system is analyzed based 
on Lyapunov stability theory so as to ensure the robustness 
of the system and avoid the control failure caused by the 
unconformity between the sliding mode controller design 
theory and the actual application conditions.  

(2) In order to avoid the loss of the sliding mode caused 
by the amplitude and rate constraints of the rudder actuator 
in the attitude control of the new AUV, the dynamic 
boundary layer is used to dynamically adjust the thickness 
of the sliding boundary layer so as to obtain the best 

anti-chattering effects. Hence, the foregoing divergent 
second-order sliding mode controller can still effectively 
implement the attitude control of the AUV, which ensures 
the stability of the system and does not exceed the 
amplitude constraint of the rudder actuator.  

(3) The impacts of system parameters, rudder actuator’s 
constraints and boundary layer on the sliding mode 
controller are computed and analyzed to verify the 
effectiveness and robustness of the sliding mode controller 
based on dynamic boundary layer, which provides a 
theoretical guidance and technical support for the control 
system design of the new AUV in real complex sea 
conditions.  
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