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Abstract 
 
This paper studies the three-dimensional path following control problem for an underactuated autonomous underwater vehicle in the 

presence of parameter uncertainties and external disturbances. Firstly, an appropriate model for the error dynamics was established to 
solve the path following problem in a moving Serret-Frenet frame. Secondly, an adaptive robust control scheme is proposed through 
fuzzy logic theory, command filtered backstepping method and an adaptation mechanism. Finally, a suitable Lyapunov candidate func-
tion is utilized to verify the stability of the overall control system and demonstrate uniform ultimate boundedness of path following errors. 
Following novelties are highlighted in this study: (i) The fuzzy method is adopted to solve the problems of model uncertainties, which 
makes the controller more practical; (ii) to calculate the virtual control derivative, a second-order filter is designed. This reduces the com-
putational effort of the standard backstepping technique. Moreover, the effect of high frequency measurement noise is considerably at-
tenuated via an appropriate filter to attain a more robust control system. (iii) To attain a desired approximation accuracy between the 
virtual control and the filtered signals, a compensation loop containing the filtered error is established. (iv) An anti-windup design is  
proposed to solve the problem of integral saturation in control input signals. Finally, comparative simulations are performed to ensure 
that the presented control scheme has excellent following accuracy and good robustness under multiple uncertainties and external   
disturbances.  
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1. Introduction 

In the past several decades, a new underwater robotic sys-
tem, called as the autonomous underwater vehicle (AUV) 
plays a significant role in the applications of ocean resource 
and military affairs, for instance, geomorphologic mapping, 
3D seafloor imaging, ocean environment detection, deep sea  
archaeology, marine biology, pipeline inspection, oil and gas 
industry [1-5]. Different underwater goals could be realized 
using the path following control of AUV [6]. However, most 
of AUVs are underactuated, which means that they have a 
lower number of independent control inputs than the prede-
fined degrees of freedom (DOF) that should be controlled. 
The lack of control inputs in sway and heave actuation pre-
sents a great challenge for designing the path following con-
trollers due to the underactuated configurations such as non-
holonomic, extremely nonlinear, time-varying, and powerful 
coupling between the motions of six DOF [7]. Furthermore, 
the model parameters of AUVs are greatly difficult to be accu-

rately obtained, and their motions are strongly affected by 
environmental disturbances including the ocean currents, 
waves and so on. In this sense, the path following control of 
underactuated AUVs has become one of the most complicated 
problems in the robotic area. 

Recently, many scholars have begun to pay attention to the 
path following control problems, and much of the work has 
been addressed in several publications. Appropriate line-of-
sight (LOS) guidance based methods are employed on the 
horizontal path following and further researches have been 
addressed in Refs. [8-11]. Moreover, the backstepping control 
technique is also very popular in path following control prob-
lem of the underactuated vehicles. In Refs. [12, 13], an adap-
tive backstepping controller with a Lyapunov based adapta-
tion mechanism has been developed for horizontal tracking. In 
Ref. [14], to reduce the complexity of controller, a novel ap-
proach based on feedback gain backstepping and Lyapunov 
stability theory has been presented. In Ref. [15], to achieve 
global asymptotic stability of the path following error, a global 
path following approach for the underactuated AUVs based 
on the same coordinates was proposed. In Ref. [16], the virtual 
guidance method was employed to construct the path follow-
ing error model and a path following control scheme was de- 
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signed in the presence of constant ocean current disturbances. 
However, the control scheme has a significant limitation that 
the initial following errors should be lower than the minimum 
radius of the desired path. In Ref. [17], the dynamic surface 
control (DSC) approach has been employed to design a con-
troller and the neural network technique has been utilized to 
estimate and compensate model uncertainties and external 
disturbances of the underactuated AUVs. In Ref. [18], an 
adaptive backstepping control method based on the radial 
basis function neural networks (RBFNNs) has been presented 
to solve the path following problem of a marine surface vehi-
cle (MSV) under multiple uncertainties and actuator satura-
tion. Unfortunately, for the neural network technology, it 
needs to achieve weight adjustments via advanced off-line 
learning or online learning. The main difficulty in this system 
is to obtain the optimum weight variations from the control 
signal and system output plus the desired system path [19]. 
Moreover, achieving the controller stability is also great of 
challenge. However, fuzzy logic approach employs the hu-
man heuristic knowledge to overcome the aforementioned 
shortcomings and control the system in the presence of uncer-
tainties. This makes it as an appropriate choice for artificial 
intelligent objectives and capabilities [20]. In Ref. [21], a 
fuzzy sliding mode controller has been presented for way-
points following subject to ocean current disturbances. In Ref. 
[22], an adaptive fuzzy sliding mode control structure under 
the multiple uncertainties for horizontal path following of 
AUV has been proposed. In Ref. [23], a fuzzy tracking con-
troller with a direct adaptation mechanism has been presented 
under unknown parameters and external disturbances. In 
addition, a robust adaptive online constructive fuzzy tech-
nique has been utilized to cope with the multiple uncertainties 
of the control system. Unfortunately, solving the mentioned 
problems only in the horizontal plane has been considered in 
the literature. Nevertheless, the path problems in the three-
dimensional space are much more challenging due to com-
plex dynamics of underactuated AUVs and more DOFs with-
out control input, which makes the controller design greatly 
difficult. Therefore, solving the mentioned control problem 
has been studied in only limited studies. In Ref. [24], a 
nonlinear robust controller employing the Lyapunov direct 
approach and backstepping technique has been proposed to 
enforce an underactuated AUV to reach and track a desired 
path in a three-dimensional space. However, in the mentioned 
study, the model parameters are considered unchanged. This 
assumption could not be realized in the real applications. In 
Ref. [25], dynamic surface control and backstepping ap-
proaches have been utilized to present a predefined spatial 
path following control scheme. However, uncertainties in the 
system parameters and external disturbances were not taken 
into consideration, which significantly limits its application in 
practice. In Ref. [26], a nonlinear robust control strategy via a 
command filtered backstepping approach has been developed 
to reduce the computational complexities of the standard 
backstepping method. However, in the mentioned work, mul-

tiple uncertainties were not considered. To sum up, all of the 
controllers mentioned in the early work have at least one of 
the following deficiencies. (i) In most of the early papers, the 
path following problems have been investigated only on the 
horizontal plane, which are not effective in the three-
dimensional space; (ii) most previous controllers usually 
assumed that the multiple uncertainties are not taken into 
consideration or linear-in-parameter (LIP), which signifi-
cantly limits their practical applications; (iii) the computa-
tional effort of the standard backstepping method could be 
considered as the third drawback. Motivated by the above 
considerations, a fuzzy-adaptive command filtered backstep-
ping controller is proposed in the current paper for the under-
actuated AUVs, which is not addressed in sufficiently in the 
early researches. 

The rest of the current article is formed as follows. Sec. 2 
introduces the AUV dynamics and problem formulation. The 
fuzzy-adaptive command filtered backstepping control strat-
egy is developed in Sec. 3. The stability of the proposed con-
trol strategy is verified in Sec. 4. The simulation results com-
pared with other methods are provided in Sec. 5. The obtained 
conclusions and future aspects are presented in Sec. 6. 

 
2. AUV model and problem formulation 

Fig. 1 illustrates the three-dimensional path following prob-
lem, where { } { },E B and { }SF represent the geodetic fixed 
frame, body fixed frame and the Serret-Frenet frame, respec-
tively. dl is the desired curvilinear path, which is independent 
with time. The origin of the { }B frame coincides with 
the Q point, which is the AUV center of mass. The origin 
of{ }SF frame coincides with the P point which is the virtual 
reference guidance point on the desired path. Definev is pa-
rameter of desired path, T[ ( ), ( ), ( )]d d dx y zv v v is the position 
vector of Q in the Serret-Frenet frame, T[ , , ]x y z is the coordi-
nate vector of Q in the geodetic fixed frame, T[ , , ]e e ex y z  and 

T[ , , ]x h z are the path following error vectors in the geodetic 
fixed frame and body fixed frame, respectively. Consider that 
the surge, sway, heave, pitch and yaw velocities of Q point in 
the body fixed frame are represented with , , ,u v w q and r , 
respectively. We also define the course angles of the desired 
path as the following 
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Fig. 1. The 3D AUV frames in the path following problem. 
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errors are defined as ey and eq , respectively. 

 
2.1 The underactuated AUV model 

The 3D dynamics of the AUV is proposed in this section. 
To reduce the overall complexity, we assume that the AUV 
rolling effects are neglected. Now, the 5DOF mathematical 
model of an underactuated AUV could be exploited as [27]. 

The AUV kinematic model is described as: 
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The AUV dynamic model is described as: 
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where , , ,x y z q  and y  represent positions and orientations 
of the underactuated AUV in the geodetic fixed frame. Signals 

,u qt t  and rt  denote the control inputs which provided by 
the thrusters and propellers. , , ,eu ev ew eqt t t t  and ert  repre-
sent the bounded external disturbances induced by ocean 
currents, waves, and wind. , 1,2,3,5,6iim i =  denote the 
combined terms of mass and inertia parameters of AUV. 

1 ( )cosd W B q= - , 2 ( )sing bd z W z B q= - , where W  and 
B  denote the gravity and buoyancy of AUV. ( ),kf k  

, , , ,k u v w q r=  stand for the AUV unknown hydrodynamic  
damping and friction terms, where ( ) ,u u u uf u X X u= +  

( ) , ( )v v w wv v w wf v Y Y v f w Z Z w= + = + ( ) ,q q q qf q M M q= +  

( )r r r rf r N N r= + . The rest signals and parameters are intro-

duced in Ref. [28]. 

 
2.2 Error dynamics of the path following problem  

To construct a control scheme for the path following prob-
lem, the system equations should be extracted in connection 
with the predefined path. According to Ref. [29], the path 
following dynamic error model of an underactuated AUV in 
the 3D space could be presented as follows:  
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The course angle error dynamic model is defined as: 
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where ,e F e Fq q q y y y= - = - , ( / 2, / 2)q p pÎ - , and ru is 
velocity of the virtual reference guidance point. 

 
3. Controller design 

In this section, a 3D path following control structure is   
developed via the command filtered backstepping method, 
adaptive control techniques and fuzzy logic theory. 

 
3.1 Position control of AUV 

According to the Eq. (4), suppose the following Lyapunov 
function E as: 
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Differentiating Eq. (6) along with Eq. (4) yields: 
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Then, we propose the following virtual control signals 

based on Eq. (7) as: 
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where 1 2 30, 0, 0k k k> > > , and substituting Eq. (8) into Eq. 
(7) yields [30]: 
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Then, to reduce the computational complexity in the stan-

dard backstepping control approach, the following second-
order filter could be employed to calculate the derivatives of 
virtual control signals: 
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where 0 0 0 0 0 0 0 0 0 T[ , , , , , , , ]c c c c c c c c cu q rx h z q y=κ is a vector including 
the desirable virtual control signals. [ , , , , ,c c c c c cx h z q y=κ  

T, , ]c c cu q r is the vector of filtered signals, nw andu are the pa-
rameters of the filter, where 0 1nw< < and 0u > . Fig. 2 de-
scribes the framework of the second-order filter. 

Then, we consider the filtered path following errors as: 
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Differentiating Eq. (11) along with Eq. (4) yields: 
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where , ,c e c e cu u u y y y q q q= - = - = - , T[1,0,0]=E and: 
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Then, we construct the following position virtual control 

signals: 
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Substitute Eq. (13) into Eq. (12), we get: 
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Then, to attain the desired approximation accuracy between 

the filtered signals and the command virtual control, the fol-
lowing position filtered error signals are defined as: 

x xc x J= - , h hc h J= - and z zc z J= - , where ,x hJ J  
and zJ are defined as: 
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where ( ) ( )0 0, 0 0x hJ J= = and ( )0 0zJ = ; yJ and qJ are defined 
in Eq. (21). Now, assume the following Lyapunov candidate 
function: 
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Differentiating Eq. (16) along with Eqs. (14) and (15), we 

get: 
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Fig. 2. Framework for a second-order filteter. 
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where u cu u uc = = - , y yc y J= - and q qc q J= - . 

 
3.2 Attitude control of AUV 

Defining ,e c e cy y y q q q= - = - , and differentiatingy and 
q along with Eq. (5), we get: 
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where ,c cr r r q q q= - = - . Then we consider the following 
desired virtual signals as: 
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where ya and qa represent the arbitrary positive numbers. 

bsy and bsq are the robust parts of the control system that will 
be defined in the next section. Then, replacement of Eq. (19) 
in Eq. (18) gives 
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Then, defining the following attitude filtered error signals 

as y yc y J= - and q qc q J= - , where yJ and qJ could be cal-
culated as: 
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where ( )0 0yJ = , ( )0 0qJ = , 0q rJ J= = . Now, the following 
Lyapunov candidate function could be defined 
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Differentiating Eq. (22) along with Eqs. (20) and (21) yields: 
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where q cq q qc = = - and r cr r rc = = - . 

 
3.3 Velocity control of AUV 

We define , ,c c cu u u q q q r r r= - = - = -& & && & & & & & and the following 
error equations could be proposed as 
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Then, the following controllers are presented: 
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where ,u qa a and ra are the positive constants, ,bs bsu q and bsr  
are the system robust terms which will be designed in the next 
section. 

In order to deal with the model uncertainties and external 
disturbances in the proposed control system, the fuzzy logic 
theory is utilized here. Suppose the following fuzzy logic rule: 
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j

iA and jB represent fuzzy values that are represented with the 
membership function, and the average defuzzifier can be  
designed as [31]: 
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We assume that x and θ are parts of the compact sets 
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R andW . Now, the vector of optimal parameters could be 
defined as 

 
* ˆarg min sup ( ) ( )

R
f f

ÎW Î

é ù= -ê úë ûθ x
θ x θ x          (28) 

 
and we get:  
 

*T( ) ( ) ( )f e= +x θ σ x x             (29) 
 

where ( )e x is the approximation error for *®θ θ , and 
( ) Ne e£x , where Ne is a unknown positive constant. 
As a result, the controller in surge direction is rewritten as: 
 

( )
( )

11 11

T

0

ˆ ˆ ˆ( ) tanh( / )

ˆ ˆ( )

ˆ ˆ

u u u u u u u bs

u wu u u u

u u u u u u

u m u m u

u

uh

t h nh m a

g l

h g k h k h

ì = - - -ï
ï = - +í
ï
ï = - +î

θ σ x

θ σ x θ&

&

 (30) 

 
where 0, , , , , ,u u wu u u u uha m g l g k h are the positive design parame-
ters, ( 1) , 0.2785e nn n- += = , T[ , , , , , ]u cu v w q r u=x & is the input 
vector of the fuzzy logic system, and the corresponding mem-
bership function is designed as: 
 

2

1 1 1
1( ) exp ( 1) /

8 16j u u jr rs s
é ùæ öæ öê ú= - + - -ç ÷ç ÷ê úè øè øë û

x x      (31) 

 
where 1,2,....,5j = . 

The controller in the pitch direction is rewritten as: 
 

( )
( )

55 55

T

0

ˆ ˆ ˆ( ) tanh( / )

ˆ ˆ( )

ˆ ˆ

q q q q q q q bs

q wq q q q

q q q q q q

q m q m q

q

qh

t h nh m a

g l

h g k h k h

ì = - - -
ï
ï = - +í
ï
ï = - +î

θ σ x

θ σ x θ&

&

 (32) 

 
where 0, , , , , ,q q wq q q q qha m g l g k h are the positive design parame-
ters, T[ , , , , ]q cu w q qq=x & is the input vector of the fuzzy logic 
system, and the corresponding membership function is de-
signed as: 
 

2

2 2 2
2( ) exp ( 1) /

8 16j q q jr rs s
é ùæ öæ öê ú= - + - -ç ÷ç ÷ê úè øè øë û

x x      (33) 

 
where 1,2,....,5j = . 

In the yaw direction, the controller could be synthesized as  
 

( )
( )

66 66

T

0

ˆ ˆ ˆ( ) tanh( / )

ˆ ˆ( )

ˆ ˆ

r r r r r r r bs

r wr r r r

r r r r r r

r m r m r

r

rh

t h nh m a

g l

h g k h k h

ì = - - -ï
ï = - +í
ï
ï = - +î

θ σ x

θ σ x θ&

&

 (34) 

where 0, , , , , ,r r wr r r r rha m g l g k h are the positive design coeffi-
cients. T[ , , r, ]r cu v r=x & is the input vector of the fuzzy logic 
system, and the corresponding membership function is   
designed as: 
 

2

3 3 3
3( ) exp ( 1) /

8 16j r r jr rs s
é ùæ öæ öê ú= - + - -ç ÷ç ÷ê úè øè øë û

x x      (35) 

 
where 1,2,....,6j = . 

Then, substitute Eqs. (30), (32) and (34) into Eq. (25) and 
the system error dynamics is presented as follows:  

 
1

11 11

1
55 55

1
66 66

ˆ ˆ ˆ( ) ( ) tanh( )
ˆ ˆ ˆ( ) ( ) tanh( )

ˆ ˆ ˆ( ) ( ) tanh( )

u bs u u u u u u

q bs q q q q q q

r bs r r r r r r

m u m u u u

m q m q q q

m r m r r r

a h nh m x

a h nh m x

a h nh m x

-

-

-

ì = - + + - -
ïï = - + + - -í
ï

= - + + - -ïî

θ σ x

θ σ x

θ σ x

&

&

&
 

 (36) 
 

where ,u qx x and rx are given as 
 

22 33 11

33 11 55 2

11 22 66

( ) ( )
( ) ( ) ( )
( ) ( ) ( ) .

u c u eu

q c q eq

r c r er

m vr m wq m u f u u t
m m uw m q d f q q t
m m uv m r f r r t

x t
x t

x t

ì = - + + + +
ï

= - - + + + +í
ï = - - + + +î

&
&
&

   (37) 

 
3.4 Anti-windup design 

To resolve the integral saturation problem in control input 
signals, an anti-windup design is proposed in this section. We 
define u is a control input signal, and su is a control input  
signal after the anti-windup design, which can be constructed 
as [26]: 

 
,

,
,

m m

s m m

m m

u u u
u u u u u

u u u

³ì
ï= - < <í
ï £ -î

             (38) 

 
where mu is limited amplitude of the control signal, and the 
controller of anti-windup part is designed as: 
 

( )s s su u K u u dt= - -ò              (39) 

 
where sK is the positive gain parameter, and the structure of 
anti-windup part is shown as Fig. 3. 

 
Fig. 3. The structure of anti-windup control part. 
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where T[ ( ), ( ), ( )] ,n
d d d dx y zv v v=η  T[ , , , , ] ,n u v w q r=ν  and 

T[ , , ]n x h z=η . 
Fig. 4 gives a detailed block diagram of the presented 3D 

path following control structure for an underactuated AUV. In 
the upcoming section, the stability of the proposed control 
structure is studied. 

 
4. Stability analysis of the overall control system 

Theorem: Suppose that the kinematic and dynamic models 
of an underactuated AUV are described through Eqs. (2) and 
(3). The proposed fuzzy-adaptive command filtered backstep-
ping controller Eqs. (30), (32) and (34) combined with the 
system robust terms Eqs. (42) and (43), gives the bounded 
signals for the overall control system. Moreover, the path fol-
lowing error signals uniformly tend to a narrow band around 
the origin. 

Proof: Suppose the following Lyapunov candidate function 
for the overall control structure: 

 

( )2 2 2 2 2 2 2 2
3 11 55 66

T 2T T 2 2

1 + +
2

+ + +
2 2 2 2 2 2

q q qu u r r u r

wu wq wr u q r

E m u m q m rx h z y q

h h h

c c c c c

hh h
g g g g g g

= + + + + +

+ + +
θ θθ θ θ θ

 (40) 

 

where * ˆ= -k k kθ θ θ and * ˆ , , ,k k k k u q rh h h= - = are weight and 
parameter estimation errors, respectively. 

Then, differentiating Eq. (40) along with Eqs. (17), (23), (36) 
and (37) yields: 

 

3 11 55

T 1 T 1 T 1 1
66

1 1

2 2 2 2 2 2 2 2

T T

ˆ ˆ ˆ ˆ

ˆ ˆ

+ (

u wu u q wq q r wr r u u u

q q q r r r

u q r

u

E m uu m qq

m rr

u q r

x x h h z z y y q q

h

h h

x x h h z z y y q q

x

h

z
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h g h h g h
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c
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c
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é ù
ê ú

+ê ú
ê ú
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θ θ θ θ θ θ
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(

T T T

1

1
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ˆ ˆ( ) tanh(

r r

r
bs q q bs bs r bs

u bs u u u u u u u eu

q q q q q q q eq

r r r r r r

u u

q r

u u t

q t

r

x x

h y h q

z z

y q q y
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-
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ê ú ê ú

+ê ú ê ú
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- +

M g N

θ ξ x

θ ξ x

θ ξ x )1 T 1 ˆ) ( )r er u wu ute t g- -+ + - θ θ&

 

T 1 T 1 1 1 1ˆ ˆ ˆ ˆ ˆ .q wq q r wr r u u u q q q r r rh h hg g h g h h g h h g h- - - - -- - - - -θ θ θ θ& & & & &  (41) 

 

 
 
Fig. 4. The detailed block diagram of the proposed 3D path following control structure. 
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Then, we define the following system robust terms: 
 

T T T T( ) , ( )bs r bs ru u
x x

h h

z z

c c

y y c q q c

c c

é ù é ù
ê ú ê ú

= =ê ú ê ú
ê ú ê ú
ë û ë û

g M g N    (42) 

T , , .
cosbs bs bsu r q

x

y
h q

z

c
c

c c
q

c

é ù
ê ú

= = =ê ú
ê ú
ë û

E        (43) 

 
Substituting Eqs. (42) and (43) into Eq. (41) yields:     
 

( )

( )
( )

2 2 2 2 2 2 2
3

2 1

1

1

T 1 T 1 T

ˆ ˆ( ) tanh( ) ( )

ˆ ˆ( ) tanh( ) ( )

ˆ ˆ( ) tanh( ) ( )

ˆ ˆ

u q

r u u u u u u u eu

q q q q q q q eq

r r r r r r r er

u wu u q wq q r wr

E u q

r u t
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x x h h z z y y q qa c a c a c a c a c a a
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c h nh m e t

c h nh m e t

g g g

-

-

-
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θ ξ x

θ ξ x

θ ξ x

θ θ θ θ θ

&

& & 1 1ˆ ˆ
r u u uhh g h--θ& &

 

1 1ˆ ˆ .q q q r r rh hh g h h g h- -- -& &   (44) 

 
Then, Eq. (44) can be expressed by considering the Lemma in 

Ref. [32]: The inequality tanh( / )t th x xh hxn m m£ + is true for 

all 0tm > , and ,x h" ÎÂ " ÎÂ , where ( 1) ,e nn - += 0.2785.n =  
2 2 22T * *

1 2 0 1 2 0
ˆ ˆ, ( ) ,k k k k k k k k k kFF

c c c ch h h h h h£ - + - £ - + -θ θ θ θ % %

( ) , , ,ek k kt k u q rt e h+ £ = ,where 2
1 1 0.5c a= - and 2

2 0.5c a=  

and 2 / 2a > , and then combining Eqs. (30), (32) and (34): 
 

2 2 2 2 2 2 2
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2 2 2 22
1 1 1 1

2 222 * *
1 1 2 2

22 2* * *
2 2 0 2 0

u q

r u u q q r r u uF F F

q q r r u u q qF F

r r u u u q q qF

E u q

r c c c c
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x x h h z z y y q qa c a c a c a c a c a a
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l k h h k h h
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θ θ θ

θ θ

θ
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2*
2 0 .r r r u q rc k h h m m m+ - + + +   (45) 

 
Now, Eq. (45) gives as 
 

3 m x max 3( ) ( / ) ( )E t E tl l m£ - +&            (46) 
 
where {m 1 1 1 1min , , , , , , , , , , , ,u q r u q r uc c c cx h z y ql a a a a a a a a l l l k=

 
}1 1,q rc ck k ; { }1 1 1 1 1 1

x max 11 55 66max 1, , , , , , , , , ,wu wq wr u q rm m m h h hl l l l l l l- - - - - -=
 

and: 

 
22 2 2* * * *

2 2 2 2 0

2 2* *
2 0 2 0 .

u u q q r r u u uF FF

q q q r r r u q r

c c c c

c c

m l l l k h h

k h h k h h m m m

= + + + -

+ - + - + + +

θ θ θ
 (47) 

Thus, it could be concluded that all of the signals in the 
overall proposed control strategy are uniformly ultimately 
bounded. In addition, the errors in the path following control 
structure exponentially tend to a narrow region near the zero. 
Thus, the proof is completed. 

 
5. Simulation and comparative analysis 

In this section, the robust performance and efficiency of the 
proposed path following control structure are investigated. All 
of simulations are implemented through MATLAB software 
environment. The simulations are performed on an under-
actuated flying-wing AUV established by Harbin Institute of 
Technology in China that is shown in Fig. 5. The flying-wing 
AUV parameters are shown in Ref. [33]. 

Consider that the AUV in the mission should follow the  
following curvilinear path: 

 

( )

( )

( )

20cos 10
26

20sin 5
26

5 .

d

d

d

x

y

z

pv v

pv v

v v

ì æ ö= +ï ç ÷
è øï
æ öï = +í ç ÷
è øï

ï
= - -ïî

        (48) 

 
The initial conditions of the underactuated AUV are given 

by (0) 10 , (0) 0 ,z(0) 0 , (0) 0 , (0) 40x m y m m q y= = = = =o o , and 
initial velocities are (0) 0 / , (0) 0 / , (0) 0 / ,u m s v m s w m s= = =  
and the virtual reference velocity can be considered as 

( )( )0 1 tanh /ru u x d= - ,where 0 1 /u m s= and 0.5d = . 
To evaluate the efficiency and robust performance of the 

proposed controller in the complex ocean environment, we 
assume that the parameters of the AUV are unknown com-
pletely and the AUV is influenced by the external disturbances 
as follows: 

 

0( ) ( )t t w+ =d Td K&                (49) 

 
 
Fig. 5. The underactuated flying-wing AUV structure. 
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where T( ) [ ( ), ( ), ( ), ( ), ( )]eu ev ew eq ert t t t t tt t t t t=d ,and 0w denotes 
the white noise disturbance. { }8,5,5,8,8diag=K is the gain 
parameter matrix, and { }5,5,5,5,5diag=T represents the time 
constant matrix. 

In this simulation, the controller gains are set to 15xa = , 
8ha = , 6za = , 8y qa a= = , 20ua = , 10q ra a= = , 20wug = ,
16wqg = , 12wrg = , 0.2ul = , 0.1ql = , 0.15rl = , 4uhg = ,
2qhg = , 2rhg = , 0.2uk = , 0.1qk = , 0.05rk = , 1 1r = ,

1 0.25s = , 2 2 / 3r p= , 2 / 12s p= , 3 / 3r p= , 3 / 12s p= and 
the parameters of second-order filter are given by 

20 rad / snw = and 0.9u = . 
The simulation results based on the fuzzy adaptive com-

mand filtered backstepping (FACFB) and the traditional  
backstepping approach which is proposed in Ref. [34] are 
shown in Figs. 6-12. 

The simulation results given in Figs. 6-8 demonstrate that 
the proposed controller scheme leads to the AUV 3D path 

following under considerable multiple uncertainties and the 
measurement noise. As could be seen from Fig. 9, the pro-
posed control scheme has more excellent accuracy of path 

 
 
Fig. 6. Path following trajectory of the underactuated AUV. 
 
 

 
 
Fig. 7. Horizontal projection of the following trajectory of AUV. 

 

 
 
Fig. 8. Vertical projection of the following trajectory of AUV. 
 

 
 
Fig. 9. Path following errors of the flying-wing AUV. 

 

 
 
Fig. 10. Velocity responses of the underactuated AUV. 
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following compared with traditional backstepping approach. 
As shown in Figs. 10 and 11, the proposed control structure 

is robust to the parameter uncertainties and external distur-
bances compared with the traditional backstepping method. 
This demonstrates that superior robust performance could be 
obtained via the proposed controller. Finally, the control in-
puts of controllers are shown in Fig. 12. 

 
6. Conclusion 

The 3D path following control problem for the underactu-
ated AUV subject to parameter uncertainties and external 
disturbances is verified in this paper. With the error model of 
the 3D path following established based on the virtual guid-
ance method, a fuzzy-adaptive command filtered backstepping 
controller is developed, which can not only restrain the multi-
ple uncertainties as well as external disturbances, but also 
decrease the computational effort of standard backstepping 
method. Simulation results indicate that the proposed 3D path 
following control structure could provide higher path follow-

ing precision as well as superior robustness compared with the 
traditional backstepping controller. Finally, it should be 
pointed out that the experimental verifications are not carried 
out due to the limitation of the conditions. As a future study, 
the performance of the proposed method could be investigated 
through experimental tests. 
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