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Abstract This paper addresses the problem of three-di-
mensional (3D) path following control for underactuated
autonomous underwater vehicles in the presence of
parameter uncertainties and external disturbances. Firstly,
3D path following error model was established based on
virtual guidance method. Then, an adaptive robust control
system was proposed using backstepping and sliding mode
control, and we adopt fuzzy logic theory to approximate
unknown nonlinear function to solve the problems of
nonlinearity, uncertainties and external disturbances in the
path following. System stability was proved by Lyapunov
stable theory. Finally, simulations were conducted and the
results showed that the controller is of excellent adapt-
ability and robustness in the presence of parameter uncer-
tainties and external disturbances.
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1 Introduction

The control of autonomous underwater vehicles (AUVSs) is
a huge focus area within the research community. The use
of AUV is rapidly increasing within several fields, such as
marine biology, seafloor mapping, oceanography, military
use and oil and gas industry [1-7]. A basic and highly
applicable task is to follow a desired path to perform and
achieve some missions [5, 6]. The vehicle’s weight and
cost, energy consumption and system reliability are what
we must first take into consideration, so an underactuated
AUV is usually designed which can achieve the same
control effects as a fully actuated AUV with less control
inputs. For most underactuated AUVs, lateral and vertical
thrusters are not available, but only surge velocity, yaw
angular velocity and pitch angular velocity can be con-
trolled directly. Therefore, the underactuated AUV control
is much more difficult than the fully actuated AUV control
[8].

Much of the early work in this area is related to path
following controllers for the underactuated AUV. More-
over, numerous approaches to the AUVs path following
control have been addressed in some researches, such as
backstepping control, sliding mode control and fuzzy
control. Approaches based on the line-of-sight (LOS)
guidance are popular on horizontal path following [9-15].
Further research has been reported in [9], where the issue
of compensating for the sideslip angle is discussed in detail
and a new k-exponentially stable integral LOS guidance
law is derived. Neural network (NN) with iterative updat-
ing laws based on prediction errors is designed to identify
the dynamical uncertainty and time-varying ocean distur-
bances for marine surface vehicles [15]. The novel direct
adaptive fuzzy tracking control (DAFTC) scheme with
fully unknown parametric dynamics and adaptive robust
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online constructive fuzzy control (AR-OCFC) scheme for
marine vehicles to deal with uncertainties and unknown
disturbances are proposed in [16—18]. The robust adaptive
formation controller for ASVs based on neural network and
neurodynamic-based output feedback scheme are presented
in the presence of uncertainties and ocean disturbances
[19, 20]. Backstepping method has been applied success-
fully for the path following control of the underactuated
AUVs [21, 22]. However, most researches on the path
following control of underactuated AUVs concentrate on
the horizontal plane and vertical plane, respectively, that is,
the three-dimensional (3D) motion model of the underac-
tuated AUV is decoupled into two plane models, and the
path following controllers are designed, respectively. Due
to ignoring the model coupling effects among different
degrees of freedom, the controllers on decoupling model
design cannot achieve accurate 3D path following for
underactuated AUVs. Therefore, building the 3D path
following error model and designing 3D path following
controller have been the key research for AUV motion
control. Three-dimensional optimal paths planning for
designed miniature AUV is investigated in [23], and a set
of optimal paths is determined that includes some way-
points to be passed. Zhou et al. [24] designed three adap-
tive neural network controllers based on Lyapunov stability
theorem to estimate uncertain parameters of the AUV
model and unknown current disturbances. These con-
trollers were designed to guarantee that all the error states
in the path following system are asymptotically stable.
Lapierre and Jouvencel [25] designed a kinematic con-
troller to deal with vehicle dynamics based on backstep-
ping and Lyapunov-based techniques. Borhaug and
Pettresen [26] applied cascade system theory and back-
stepping method to design controllers based on LOS, which
can simplify the form of controllers, but not discuss path
following problem for general desired path. To sum up, the
path following control methods for underactuated AUVs
have been discussed during the past decade [27]. And the
problems of exterior interfere and uncertain model of AUV
have been investigated in some related papers [28-31].
Motivated by the above considerations, this paper
investigates the 3D path following control design for the
underactuated AUV. Firstly, we establish the 3D path
following error model based on virtual guidance method.
Then, the nonlinear fuzzy backstepping slide mode con-
trollers are proposed to solve the problems of nonlinearity,
uncertainties and external disturbances, which make AUV
follow the desired path from any position and guarantee
that all state variables converge to the desired value [32].
Finally, stability analysis for the whole control system is
performed based on Lyapunov stability theorem, and

simulations are conducted to verify the feasibility and
superiority of the proposed controllers.

2 Problem Description

The AUV dynamic model in 3D space is proposed in this
section. Assume that the AUV center of gravity is the
origin of the kinetic coordinate system, and ignore the
effects of AUV rolling due to its good symmetrical struc-
ture. Therefore, 6-DOF model can be simplified into
5-DOF model [33].
The AUV dynamic equation is:
(m — X = X + fi + Xat® + Xoo¥? + XowW? + Xy0q?
(m—=Y5)v = f, — (m =Yy )ur + Yuv + Yy v|v|
(m—Zy)Ww = f, — (m - Zuq)uq + Ziuw + Zyypwiw| + mzeq”
(I, —My)g = M +f; + Mygqlql — Mugug — Myyuw

— (2,W — 2B) sin 0 — mz,(wq — vr)
(I, = Np)i = N+ fi + Nyuv + Ny v|[v| 4 Nyyur

The AUV kinematic equation is:

X =ucosycosf —vsiny + wcosysinf
¥y =usinyycos 0 + vcosy + wsiny sin 0

= —usinf +wcos0 (2)
0=q
Y =r/cosf

where m is the AUV weight; u, v and w represent surge
velocity, sway velocity and heave velocity of the AUV,
respectively; and ¢ and r represent pitch angular velocity
and yaw angular velocity, respectively. 6 and  are pitch
angle and yaw angle from the geodetic coordinate system
to the kinetic coordinate system. /,, I, are the moments of
inertia. X(.y, Y(,), Z), M) and N represent the AUV
hydrodynamic coefficients. z, and z, are the coordinate
positions of the center of gravity W and buoyancy B in the
kinetic coordinate system. f(, is unknown disturbance
assuming lf()’ < F(,). X is the longitudinal thrust provided
by the AUV propellers; M and N are the torque around
y axis and z axis produced under the joint action of
thrusters and rudders, respectively.

The AUV is a complex nonlinear dynamic system, and
its dynamic model precision can be affected by external
disturbances and load change. The AUV dynamic equa-
tions based on (1) are not precise because of ignoring
higher-order hydrodynamic coefficients. However, they
can be used as nominal model in simulation. Without
affecting the generality, the AUV model can be expressed
as
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Desired path

Fig. 1 Diagram of 3D path following of AUV

i = fi(v,1) + b1 (v,)X +di (1)

v —fg(V, )+d2(l

w :f3(V,[) +d3(l (3)
1 = fa(v,1) + ba(v,1)M + du(t)

r = 5(V,t) +b5( ,I)N+d5(t)

where v = (u,v,w, g, r)T. In Fig. 1, the desired path is the
spatial curve described by design parameters. {E}, {B} and
{F} represent the geodetic coordinate system, Kkinetic
coordinate system and Serret—Frenet coordinate system,
respectively. We define the angle Y/, 0 rotating around
the axis Zg and Yg, respectively.

Zd
OF = —arctan <22>
VX + Y ) (4)
Y = arctan <yd)
Xq

The desired path is the 3D curve described by parameter
s in Fig. 1. P is the virtual reference guidance point in the
Serret-Frenet coordinate system, and the position is
NG = (xa(s),a(s),2a(s))"
and the AUV position is n° = (x,y, z)T.

T = (xevyevze)T =

. Q represents the mass center,

The path following error
RZT (1]“’ — 'lfz) can be defined in kinetic coordinate system
[34].
. €T (¢ e eT (-e e
t =R, (n°—ng) + R (i —7i5) (%)

where R} is the rotation matrix from the coordinate system
3 €
{B} to {E}. R, =Rj}[w],, [@],

(u,v,w)" is the AUV velocities in

[@] . is the angular velocity
matrix. 77° = Rjvy, v, =
the coordinate system {B}. 1 = Ri.vp, vp = (u,, 0, 0)T is
the velocity of the virtual reference and R, is the rotation
matrix from the coordinate system {F} to {E}.
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i = [o], 5T (n° — ng) + RiT — RiTijg

= [@];, T+ Ry'R}v, — R{'RSvp (6)
[w] T+ v, —R(Y,,0,)vp
within
cosyy,cosl, —siny, cosy,sin0,
R(Y,,0.) = | siny,cos0, cosy,  siny,sind,
—sinf, 0 cosf,
and
0 r —gq
[@,=|-r 0 0|, R{'R% = R(y,, 0,),

qg 0 O
The matrix form is

Xe 0 —r q||x

u
.| =1| r 0O O |yel+ 1|V
Z, —-qg 0 0] |z w

R(¥., 0.) [ (7)

So the AUV path following error in 3D space is
Xe =T1Ye — qZe + U — u,cosyy, cos 0,

Y, = —rx, +v —u,siny, cos 0,

Ze = qXe +w + u,sin 0, . (8)
Y, =r/cosl —

96 =4q— O

3 Fuzzy Backstepping Sliding Mode Control

Consider the n order nonlinear controller object

X = Xiq1
Xy =f(x,1) + b(x, t)u +d(t) 9)
y=xi

where f(x,1), b(x,?) are unknown nonlinear functions, x =

[xl,xz,...,xn]T is system state vector. u € R is control
input, and y € R is the system output. d(¢) is unknown
disturbance and |d()| < D + #; D is the maximum value of
absolute value of d(¢), and 7 is a small positive number.

3.1 Step 1: Backstepping Algorithm

Define following error

2=y =Y (10)
where y, is the desired value, then

A=Y= Ya=%X1 —Yg=X2— Yy (11)

Define virtual control value
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o = —kizi + ¥, (12)
where k; > 0.
Define
22 =Xy — 0 (13)
1
V1 = EZ% (14)

Differentiate V; with respect to time yields
Vl =712 :Zl(x2—)}d) :ZI(Z2+051 _)}d) (15)

Substitute (12) into (15) and we get

Vi = —k1Z% + 2122 (16)
Consider Lyapunov function

1,
Vo=V, +§Z1 (17)

Differentiate V, with respect to time yields
Vo =Vi+zi = —kiz} + 2122 + 22[x3 — 4] (18)

Define virtual control value

ot = —kyzp + oy — 21 (19)
where k, > 0.
Define
73 = X3 — 02 (20)
then
Vo = —kizi + 2122 + 22x3 — 4] (21)
= —ki2] — kaz3 + 2223
The n—1 step
Vi = —kizt = —kn1 22| + Zu-12n
- nzi kizZ +2n-12n 22
i=1
where z, = x, — 0y_1, U1 = —Ky_1Zn—1 + Gp_2 — Zn_2.

3.2 Step 2: Sliding Mode Control

The sliding mode surface can be designed as follows

S:CIZI + -t n—1Zn-1 t 2 (23)
where c¢;---c,—1 are constants.Consider Lyapunov
function

1o
Vo=V, + ES (24)

Differentiate V,, with respect to time yields

n—1
- ZkzZ,Z + in—1%n + SS

Vi
i1

n—1
= - Zkiziz + Zn-12n + S(Clél + o i 1Znm +Zn)
i=1

n—1 n—1
==Y ki tzaz+S| Y cidi+dy— by
i=1 i=1
n—1
— _ k: 2
- iZ; + Zp—12n
i=1

n—1
+ S(Z cizi +f(x,0) + b(x,t)u+d — d,11>

i=1

(25)

If f(x,1), b(x,t) are known, the sliding mode control law
can be designed as

n—1

= @ <_f(X, 1) — ZC;’Z} + a1 — Dsgn(S) — hS)

i=1

(26)

where A is a positive constant.
3.3 Step 3: Adaptive Fuzzy Logic System

Assume the following form of fuzzy logic system (MISO)
R/ : if x; is A] and x, is AJ and - - -and x,, is A/

then y is B/

where R’ represents the fuzzy rules, j = 1,2, ..., k. y is the
output and x = (x1,xp,...,%,) are the input. The fuzzy
values Alf ,B/ are expressed by the membership function.
The Gaussian function of product inference engine, single
value fuzzy unit and center average defuzzifier can be
designed [35].

k

y(x) =) &(x)0; =0"¢ (27)

J=1

where 0 = (0,0, ..., Gk)T is adjustable parameter vector,
&;(x) are the membership function.

T2 ) s
S ([T whle) .

The control law can be designed as

é‘,-(X) =

ye (—f(x, 1) —d(S) — iciii + g — (h+ x)s)

b(x, 1)
(29)
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where A is a positive constant, f (x07) = 0}6, (x),
b(x|60,) = 07 &,(x) and d(S|0,) = 0 &;(S) are the output of
fuzzy system.

Adaptive law can be designed as follows

éf = o8&, (x)
Qb = 062552 (x)u (30)
0, = 035&;(S)

where o, oy, o3 are positive constants.

4 Controller Design
4.1 Surge Velocity Controller

According to (29), the surge velocity controller can be
designed as follows

1 A - ,
XZEI(V,I) (=f1(v,1) = di (S1,1) = (b1 + 71)S1) (31)

where h; is a positive constant. fl(v,t)=0}1?,‘f1(v),

bi(v,1) = 0:,,1(v), S; =u—uy and the corresponding
membership function is selected as

é}(w):exp{—((l)i-i-%_ ._1)%)/61)1’ (32)

j=1,2...5.
But d(S;) = 0%, &,,(S)), the corresponding membership
function is selected as
G(s)=exp|~(Si+p = G- DodfarV], gy
j=1,2,3.
There are 3125 fuzzy rules that can be used to approx-

imatefi (x, 1), b1 (X, ) and three fuzzy rules to d; (). We get
the corresponding adaptive control laws.

Or1 = 21151871 (v)
Op1 = 01514 (V)u - (34)
041 = 2415141 (S1)

4.2 Pitch Controller

In this section, we consider the sideslip angle o, f and
design the calm function as @, = — arctan(k,z.).

{ o = arctan(V/,), u>0;

f = arctan (V \/m) : (35)

@ Springer

The goal is to make 6 converge to ®,, that is to make
pitch angle 6 converge @, + 0 — . In this way, we can
define 0, = @, + 0 — « and obtain the pitch controller
according to (29).

1 A . . - 5
M =~ (—fS(V,I)—ClZl + o —d5(52,l)—(h2+/uz)52)
bS(V7 t)
(36)
where h, is a positive constant. 73 =60 — 0y,
o = —kiz1 + 04, 22 = g — o1, S = ¢1z1 + 22 and the cor-

responding membership function fs(v, 1) = JTSEfS(V),

bs(v,1) = O1&,s(v) is selected as

son=eo[-((+2-0-18)e) ]
j=12.5.

But d5(S,) = 0%5&,5(S,), the corresponding membership
function is selected as

FE)=exp| (S 402 = G- Dod/orf], gy
ji=1,2,3.

There are 3125 fuzzy rules that can be used to approx-
imate f5(x, 1), bs(x, 1) and three fuzzy rules to ds(t). We get
the corresponding adaptive control laws.

Ops = aps$2&5(v)

015 = 0psS2E,5 (V)M - (39)
045 = 24552&45(S1)

4.3 Yaw Controller
Firstly, we design the calm function as ¥y

= —arctan(k,y.). Then, we define , = ¥, + Y — f and
get the yaw controller.

1 A . . -
N == (—f(,(V7 t) — 73+ o — d6(53, l‘) — (h3 + X3)S3)
b(,(V, t)
(40)
where h3 is a positive constant. z3 =y —,,
Oy = —k223 + lpd,Z4 =r— 052,53 = (273 + 24 and the cor-

responding membership function fi(v, 1) = fT»6Cf6(v),

be(v, 1) = O &,(v) can be selected as

3(p,) = B P B ) ?

éf(v’)e"p{ ((”’+ 6 U 1)12)/03) ] (41)
ji=1,2..5

But ds(Sy) = 0%&46(S3), the corresponding membership
function is
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(s =exp| (S 403 = G- Do/asV]. )
j=1,2,3.

There are 3125 fuzzy rules that can be used to approx-
imatefs(x, 1), be(x,1) and three fuzzy rules to dg(f). We get
the corresponding adaptive control laws.

éfﬁ = or653&56 (v)

ébﬁ = ap6S3&p6 (V)N - (43)
046 = 2a653&46(S1)

S Stability Proving

Define optional parameters

0; = arg min (f;? [f(x|0f) (x|t){>

0/6(1)/

0, = arg min (sup|b x|0,) — (X[)’) (44)
0, cR"

0, = arg min (sup|d S10,) — d( )|>
04€P4 \ ser

where @, @, ®, are the collections of 0, 0, 0. Define
minimum approximation error

£ =f(x,1) —f(xI6;) +d(1) — d(s]0;)
+ (b(x, 1) = b(x]6;))u. (43)

According to universal approximation theorem, the
control objectives can be described as

[F(x,1) = 7(x16)
|b(x,1) — b(x|0})| < & (46)
|d() — d(S]07)| < e

<é

where ¢, &, &3 are small positive numbers.

then
el < [ 1) = (%107 ) | + | (b, 1) — B(x16}) )
+ Jd(0) - d(s10;)| W

<eé + 82|M‘ + €3 = Emax SV‘S|

We get

n—1

—z:k,-z,2 + Zu-12n
i=1
n—1
+ S((Z ciZi + f(X,1) + b(x,t)u+d(t) — o'c,11>

i=1

n—1
=— z:k,-z,-2 + Zn—12n
i=1

+ S(E cizi +f(x,1) + 5(x, Hu — bA(}lx7 Hu+b(x,Hu+d(r) — o’g,,l)

i=1

= 7Zkz ~+ Zn— 12,,+S(f(x ) —

i=1

—d(S,1) —

F(x,1) 4+ b(x, t)u — b(x, )u + d(t)
(h+2)S)

n—1
== ke o+ S(Fx10;) =7 x.1) + b(x10;)u

—b(x,0)u+d(S03) — d(S, 1) + & — (h+ 2)S)
= S(11& (0 + 1 Ea(X)u + 1385(S) + e = (h+ 2)3)

n—1

§ 2
- kiZl' + Zn—12n
i=1

(48)
where g, = 0; — 0f, y, = 0, — 0, and y, = 0, — 0,.
Consider Lyapunov function
1/1 1 1
Vipr = Vo + 5 <r Lty + — XXy +— xded> (49)
2\n 72 73

then
. . 1 . 1 . 1 .
Vn+1 = Vn + *X}'ﬂx_f + *ZZXI; + *lgld
1 72 73
n—1
=- Zkizl.z + zZu-1z0 + S(Z}él(x) + 2,6 (X)u
i=1
T 1 T - 1 T - 1 T .-
+2a&(S) + &= hS) +— 7y + —Apdp + — Xada
"1 72 73
n—1
1 .
= - Z kiZ,2 + Zn71ZnSZfT~§1 (x) + V—Z;Zf + Sl:fz(x)”
i=1 1

1 . 1 ..
+ y_ZZXb + Sxp&5(8) + V—xgxd + Se — (h+ 2)S*
2 3

n—1
1 .
= - E kiZ,2 + Zn—12n +V—X} (“/1551(") + lf)
i=1 1

1 .

+ y_XZ(Xb + 7288 (x)u)
2

+ Se — (h+ 2)S?

1 .
+ V—Xg(hsfs (S) + 2a)
3

(50)
where x, = —éf, 7, = —0, and 7, = —0,.
Substitute (30) into (50)
n—1
Vg1 = kiz? + zn—12n — (B + 2)S* + Se
=3 2= (h+ ) -

= —7'Qz+ Se — JS*

within
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ki + hc% hcic cee hey
hcicy ko + ]’lC%
- . . 1
Q | hcn—l - 5
hCl tee hcn_l — E h
(52)
Combine (48) and (52), we get
Vi1 < — 270z + |S|e] — 482 < — 270z + 9|S|*— 182
= —2'0z+ 98" —IS* = —2"Qz — (4 —)S?
(53)

Because 7y is a small positive constant, there is 1>y
satisfying V,.1 <z'Qz. We can make |Q| >0 and Q a
positive definite matrix by selecting the values of 4;, ¢;, k;,
then Vn+1 <0.

6 Simulation

In this section, to verify the feasibility of the path following
controller proposed in this paper, we conduct simulations
on the underactuated AUV WL-II (Fig. 2) developed by
Harbin Engineering University in China [36, 37].

Initially, the 3D desired path is defined as a spiral in the
following form.

x4 = 20cos (ls) + 10
ya = ZOsin(z—n:s) 45
g = —8— 5

The initial position and attitude angle of AUV are
(x,v,2) = (15,5,0), (y,0) = (0,0). The initial velocity
matrix is (u, v, w) =(0,0,0), and the velocity of the virtual
reference is u, = up(1 — tanh(x./0)), where the desired
velocity up = 1 m/s and ¢ = 0.5. To verify the robustness
of controller, we assume that the AUV is affected by white
noise disturbances which have the largest amplitude of
® =35 (N/Nm) and compare the simulation results of
AUV path following control using fuzzy backstepping slide
mode (FBSM) with traditional backstepping.

Furthermore, we design AUV controllers according to
(29) and the parameters of controller are as follows.

(1) The parameters of surge velocity controller are
]’l] = 1, /11 = 01, P = 1, g1 :()25, o1 = 1,
o =0.1, gy =1, k, =0.1, k, =0.5. '

(2) The parameters of pitch controller are

@ Springer

hy =03, 2, =0.1, p, =21/3, 6, = /12,
(sz = 7'[/6, Opy = 7'5/24, Ogp = 71'/12, k] = 5,

01:3.

(3) The parameters of yaw controller are
hy =02, 23=0.1, p; =n/3, g3 = n/6,
op3 =1/3, op3 = /12, og3 = 1/6, ky = 0.3,
c =2.

The simulation results by using fuzzy backstepping slide
mode (FBSM) control and the traditional backstepping
control are shown in Figs. 3, 4, 5, 6, 7, 8 and 9. Figures 4
and 5 are the projection curves on the horizontal and ver-
tical plane, respectively. In the presence of model pertur-
bation and external disturbances, the controllers can
achieve the AUV 3D path following. There are steady-state
errors which eventually converge to O under the fuzzy

Fig. 2 WL-II underactuated AUV

— Desired path

—FBSM T
—Backsteppi% //
] .
50" "
////
0" — Q
R 7
E 50—
g 50. \ /
T
100"
1504
40

30

Y (m) 10720 X

Fig. 3 3D path following of AUV
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backstepping slide mode control, which indicates the pro-
posed controller is of strong robustness. As can be seen
from Fig. 7, the surge velocity control in the traditional
backstepping has an overshoot at about 10%, but fuzzy
backstepping slide mode control can control the AUV
surge velocity fast, gently and without overshoot. In
addition, the AUV control force and moments are relatively
stable using fuzzy backstepping slide mode control. The
results show that the controller is not sensitive to external
disturbances and of good robustness.

7 Conclusion

This paper considers the problems of 3D path following for
the underactuated AUV in the presence of model pertur-
bation and external disturbances. Path following error
model of AUV in Serret-Frenet coordinate frame is
established, and the virtual guiding speed is designed based
on Lyapunov stability theory. Moreover, we designed a
fuzzy backstepping sliding mode controller which can not
only restrain external unknown disturbances, but avoid the
chattering of AUV actuators. Simulation results show that
the 3D path following controller for underactuated AUVs
proposed in this paper is effective and robust to external
disturbances greatly, which indicates high accurate track-
ing capacity and good robustness. Future research will
address the extension of these results, and path following
controller based on nonlinear ocean current observer to
estimate unknown current disturbances should be
developed.

Acknowledgements This work is supported by the National Natural
Science Foundation of China (Grant Nos. 51579022, 51209025) and
Fundamental Research Funds for the Central Universities of China
(Grant Nos. 3132016313, 3132016339).

References

1. Monique, C.: Autonomous underwater vehicles. Ocean Eng.
36(1), 1-2 (2009)

2. Wynn, R.B., Huvenne, V.A.L.: Autonomous underwater vehicles
(AUVs): their past, present and future contributions to the
advancement of marine geoscience. Mar. Geol. 352(1), 451468
(2014)

3. Villar, S.A., Acosta, G.G., et al.: Evaluation of an efficient
approach for target tracking from acoustic imagery for the per-
ception system of an autonomous underwater vehicle. Int. J. Adv.
Robot. Syst. 11, 1-13 (2014)

4. Wynn, R.B., Huvenne, V.A., et al.. Autonomous underwater
vehicles: their past, present and future contributions to the
advancement of marine geoscience. Mar. Geol. 352(SI), 451468
(2014)

5. Xu, Y.R., Xiao, K.: Technology development of autonomous
ocean vehicle. J. Autom. 33(5), 518-521 (2007)

@ Springer

6. Xu, Y.R,, Pang, Y.J., Gan, Y., et al.: AUV-state-of-the-art and
prospect. CAAI Trans. Intell. Syst. 1(1), 9-16 (2006)

7. Fossen, T.I., Breivik, M., Skjetne, R.: Line-of-sight path fol-
lowing of underactuated marine craft. In: The 6th IFAC Con-
ference on Manoeuvring and Control of Marine Craft,
pp- 244-249 (2003)

8. Wang, F., Wan, L., Li, Y., et al.: A survey on development of
motion control for underactuated AUV. Shipbuild. China 51(2),
227-241 (2010)

9. Lekkas, A.M., Fossen, T.I.: Integral LOS path following for
curved paths based on a monotone cubic Hermite spline
parametrization. IEEE Trans. Control Syst. Technol. 22(6),
2287-2301 (2014)

10. Calvo, O., Rozenfeld, A., Souza, A. et al.: Experimental results
on smooth path tracking with application to pipe surveying on
inexpensive AUV. In: International Conference on Intelligent
Robots and Systems, pp. 3647-3653 (2008)

11. Garus, J., Zak, B.: Using of soft computing techniques to control
of underwater robot. In: International Conference on Methods
and MODELS in Automation and Robotics, pp. 415-419 (2010)

12. Breivik, M., Fossen, T.I.: Principles of guidance-based path fol-
lowing in 2D and 3D. In: Proceeding of the 44th IEEE Confer-
ence on Decision and Control and the European Control
Conference, pp. 627-634 (2006)

13. Zheng, Z.W., Wei, H., Zhe, W.U.: Direct-adaptive fuzzy path
following control for an autonomous airship. Control Decis.
29(3), 418-424 (2014)

14. Borhaug, E., Pavlov, A., Pettersen, K.Y.: Integral LOS control for
path following of underactuated marine surface vessels in the
presence of constant ocean currents. In: Proceedings of the 47th
IEEE Conference on Decision Control, pp. 4984-4991 (2008)

15. Liu, L., Wang, D., Peng, Z.H.: Path following of marine surface
vehicles with dynamical uncertainty and time-varying ocean
disturbances. Neurocomputing 173, 799-808 (2016)

16. Wang, N., Er, M.J.: Direct adaptive fuzzy tracking control of
marine vehicles with fully unknown parametric dynamics and
uncertainties. IEEE Trans. Control Technol. 24(5), 1845-1852
(2016)

17. Wang, N., Er, M.J., Sun, J.C.: Adaptive robust online construc-
tive fuzzy control of a complex surface vehicle system. IEEE
Trans. Cybern. 46(7), 1511-1523 (2016)

18. Wang, N., Qian, C.J., Sun, J.C., Liu, Y.C.: Adaptive robust finite-
time trajectory tracking control of fully actuated marine surface
vehicles. IEEE Trans. Control Syst. Technol. 24(4), 1454-1462
(2016)

19. Peng, Z.H., Wang, D., Yang, S., et al.: Containment control of
networked autonomous underwater vehicles with model uncer-
tainty and ocean disturbances guided by multiple leaders. Inf. Sci.
316(20), 163-179 (2015)

20. Peng, Z.H., Wang, D., Yang, S., et al.: Distributed containment
maneuvering of multiple marine vessels via neurodynamics-
based output feedback. IEEE Trans. Ind. Electron. (2017). doi:10.
1109/TIE.2652346

21. Liang, X., You, Y., Su, L.F,, et al.: Path following control for
underactuated AUV based on feedback gain backstepping. Tech.
Gaz. 22(4), 829-835 (2015)

22. Dong, Z.P., Wan, L., Li, Y.M.: Trajectory tracking control of
underactuated USV based on modified backstepping approach.
Int. J. Nav. Archit. Ocean Eng. 7(5), 817-832 (2015)

23. Ataei, M., Yousefi-Koma, A.: Three-dimensional optimal path
planning for waypoint guidance of an autonomous underwater
vehicle. Robot. Auton. Syst. 67, 23-32 (2015)

24. Zhou, J.J., Tang, Z.D., Zhang, H.H., et al.: Spatial path following
for AUVs using adaptive neural network controllers. Math. Probl.
Eng. 2013, 1-9 (2013). doi:10.1155/2013/749689


http://dx.doi.org/10.1109/TIE.2652346
http://dx.doi.org/10.1109/TIE.2652346
http://dx.doi.org/10.1155/2013/749689

X. Liang et al.: Three-Dimensional Path Following of an Underactuated AUV Based on Fuzzy... 649

25. Lapierre, L., Jouvencel, B.: Robust nonlinear path-following scientific journals. His current research interests include intelligent
control of an AUV. IEEE J. Ocean. Eng. 33(2), 89—102 (2008) control and simulation of autonomous underwater vehicles.
26. Borhaug, E., Pettresen, K.Y.: Cross-task control for underactu-

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

ated autonomous vehicles. In: Proceedings of the 44th IEEE
Conference on Decision and Control, pp. 602-608 (2005)
Lapierre, L., Jouvencel, B.: Robust nonlinear path-following
control of an AUV. IEEE J. Ocean. Eng. 33(2), 89—102 (2008)
Li, R, Li, T., Bu, R., Zheng, Q., Philip Chen, C.L.: Active dis-
turbance rejection with sliding mode control based course and
path following for underactuated ships. Math. Probl. Eng. 2013,
1-9 (2013). doi:10.1155/2013/743716

Liu, L., Wang, D., Peng, Z.H.: Path following of underactuated
MSVs with model uncertainty and ocean disturbances along
straight lines. In: 27th Chinese Control and Decision Conference
(CCDC), pp. 2590-2595 (2015)

Xiang, X.B., Yu, C.Y., Zhang, Q.: Robust fuzzy 3D path fol-
lowing for autonomous underwater vehicle subject to uncertain-
ties. Comput. Oper. Res. 84, 165-177 (2017)

Xiang, X.B., Yu, C.Y., Zhang, Q.: On intelligent risk analysis and
critical decision of underwater robotic vehicle. Ocean Eng. 140,
453-465 (2017)

Liang, X., Wan, L., James, LR.B., et al.: Path following of an
underactuated AUV based on fuzzy backstepping sliding mode
control. Int. J. Adv. Robot. Syst. 13(122), 1-11 (2016)

Jia, H.M.: Study of Spatial Target Tracking Nonlinear Control of
Underactuated UUV Based on Backstepping. Harbin Engineering
University, Harbin (2012)

Wang, H.J., Chen, Z.Y., Jia, HM., et al.: Three-dimensional
path-following control of underactuated unmanned underwater
vehicle using feedback gain backstepping. Control Theory Appl.
31(1), 66-77 (2014)

Bi, F.Y., Zhang, J.Z., Wei, Y.J.: Robust position tracking control
design for underactuated AUVs. J. Harbin Inst. Technol. 42(11),
1690-1695 (2010)

Cui, S.P.: Motion Control for Mini Autonomous Underwater
Vehicles. Harbin Engineering University, Harbin (2013)

Liang, X., Li, Y., Peng, Z.H., et al.: Nonlinear dynamics mod-
eling and performance prediction for underactuated AUV with
fins. Nonlinear Dyn. 84(1), 237-249 (2016)

Xiao Liang graduated in Naval
Architecture and Ocean Engi-
neering from Harbin Engineer-
ing University, China, in 2003.
He received the M.S. degree in
Fluid Mechanics from Harbin
Engineering University in 2006.
He received the Ph.D. degree in
Design and Construction of
Naval Architecture and Ocean
Structure in 2009. He is cur-
rently an associate professor
with School of Naval Architec-
ture and Ocean Engineering of
Dalian Maritime University,

Lasain

China. He has authored and co-authored more than 50 papers in

Xingru Qu graduated in Naval
Architecture and Ocean Engi-
neering from Shandong Jiao-
tong University, China, in 2015.
He is now pursuing his M.S.
degree in Naval Architecture
and Ocean Engineering at
Dalian Maritime University,
China. His current research
interests are at path following
control  for  underactuated
autonomous underwater
vehicles.

Lei Wan  graduated in
Automation from Harbin Engi-
neering University, China, in
1986. He received the M.S.
degree in Fluid Mechanics from
Harbin Engineering University
in 1989. Since 2006, he has
been a professor in the same
university. He has authored and
co-authored more than 100
papers in scientific journals. His
current ~ research  interests
include intelligent control and
navigation of  autonomous
underwater vehicles.

Qiang Ma graduated in Marine
Engineering from Dalian Mar-
itime University, China, in
2002. From 2002 to 2016, he
joined Marine College at Shan-
dong  Jiaotong  University,
China. Since 2015, he has been
a professor in the same univer-
sity. Since 2016, he joined
Naval Architecture and Marine
Engineering College at Shan-
dong Jiaotong University. He
received the Ph.D. degree in
environmental science from
Dalian Maritime University,

China, in 2017. He has authored and co-authored more than 30 papers
in scientific journals.

@ Springer


http://dx.doi.org/10.1155/2013/743716

	Three-Dimensional Path Following of an Underactuated AUV Based on Fuzzy Backstepping Sliding Mode Control
	Abstract
	Introduction
	Problem Description
	Fuzzy Backstepping Sliding Mode Control
	Step 1: Backstepping Algorithm
	Step 2: Sliding Mode Control
	Step 3: Adaptive Fuzzy Logic System

	Controller Design
	Surge Velocity Controller
	Pitch Controller
	Yaw Controller

	Stability Proving
	Simulation
	Conclusion
	Acknowledgements
	References




