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Abstract

This article addresses the design of adaptive target tracking control for an underactuated autonomous underwater
vehicle subject to uncertain dynamics and external disturbances induced by ocean current. Firstly, based on the line-
of-sight method, the moving target tracking guidance strategy is designed, and the target tracking reference speed
and reference angular velocity are given. According to the obtained reference speed and reference angular velo-
cities, the reference control quantity is differentiated and filtered based on dynamic surface control. The target
tracking controller is designed based on radial basis function neural network and nonsingular terminal sliding mode
control and adaptive techniques. Lyapunov stability principle is utilized to ensure the asymptotic stability of the
target tracking controller. Simulation of target tracking is carried out to illustrate the effectiveness of the proposed
controller.
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submarine. To achieve this, the UUV needs to follow the
target in certain distance based on the sensor information.®

In recent years, there have been a number of significant
robust control methods developed for tracking control, such
as adaptive control,” fuzzy logic control,® backstepping
control,” and neural network (NN) method.'” A novel
Lyapunov-based model predictive control framework was
developed to improve the trajectory tracking performance
by online optimization.!' An extended state observer is
developed to estimate uncertainty induced by model
dynamics and external disturbance in path-following task,
where the controller is designed based on output-feedback
methods.'?

In practice condition, the AUVs kinematic and dynamic
models are highly nonlinear and coupled, and most of the
hydrodynamic parameters cannot be obtained or measured
inaccurately, and there exist unknown and time-varying
disturbances in actual ocean environment.'? For tackling
the challenges mentioned previously, researchers have pro-
posed various control methods.

Adaptive control is an effective method to deal with
uncertainties, with little or no information of the bounds.
Some output-feedback adaptive control approaches'*'°
are proposed for underactuated AUVs. However, there is
heavy calculation for higher order systems of these adap-
tive control approaches and they just compensate for con-
stant and slowly varying parameters, which does not adapt
to the complex actual condition. Hence, some robust adap-
tive technique, such as sliding mode control, is developed
to attenuate the effects of external disturbances.

Bessa et al. propose a sliding mode control strategy
mainly based on approach for remotely operated vehicle
(ROV) depth regulation to cope with the external distur-
bances and uncertain model parameters.”’ Matveev et al.
propose a sliding mode-based navigation and guidance
method to solve the problems of a unicycle-like robot pass-
ing through an environment with moving and deforming
obstacles.?! In the problem of translational robotic systems
trajectory tracking, sliding mode control is employed to
reduce tracking errors dramatically and compensate impli-
cations of initial error, varying loading conditions, model
uncertainties, and environmental disturbance.??

Liang et al. combine fuzzy logic theory with sliding mode
methods to solve the problems of uncertain dynamics and
external disturbances for underactuated AUV path follow-
ing®® and trajectory tracking,* and multiple underactuated
unmanned surface vehicle (USV) path following.?>*

Joe et al. propose a second-order sliding mode control to
stabilize an AUV in trajectory tracking with the unpredict-
able disturbance induced by waves and currents.”” Wang
et al. propose a backstepping sliding mode controller based
on a slow time-varying adaptive disturbance observer
(BSMCSTADO) to compensate for interferences caused
by wall effect during near-wall following task.”® Qiao and
Zhang propose an adaptive nonsingular integral terminal
sliding mode control scheme, which does not require the

bound information of the system uncertainty, however, the
control just effective for first-order uncertain nonlinear
dynamic system.”’ ElImokadem et al. propose a robust con-
trol scheme using terminal sliding mode control to solve the
horizontal plane trajectory tracking problem of underactu-
ated AUV, which is effective for bounded disturbances.*’
A terminal sliding mode controller is designed to improve
the performance of trajectory tracking control and acceler-
ate the converging rate, where an extended disturbance
observer is employed to estimate current-induced uncer-
tainties and an anti-windup technique is applied to weaken
the influence of actuator saturation.®'

For solving the coordinated tracking problem of multi-
AUVs with time-varying trajectory, a predictor-based
neural dynamic surface controller is designed, where the
predictor is utilized to recover the unmeasured velocities
and identify the vehicle dynamics with little information of
models.*® An adaptive NN controller is designed to deal
with uncertainties of AUV induced by time-varying hydro-
dynamic damps, where the radial basis function (RBF) NN
is utilized to estimate the unknown terms and adaptive law
is introduced to optimize the estimation of the weight of
NN.** A neural adaptive controller is designed to deal with
the unknown hydrodynamic parameters and time-varying
environmental disturbances, and saturation functions are
employed to compensate actuators’ saturation nonlinear-
ity.>* A target tracking controller for AUV in 3-D space
is designed, where NN and adaptive control are employed
to deal with the problem of lacking prior information of
vehicle dynamic model and external disturbances, and
computational complexities are reduced by dynamic sur-
face control approach.*

In this article, main contributions can be summarized as
follows:

1. A target tracking methodology based on line-of-
sight is proposed to obtain the reference velocities,
and the kinematic stability is proved.

2. Dynamic surface control is employed to obtain the
differential value of the reference velocities, and
differential explosion problem is solved via com-
mand filtering by DSC approach.

3. For enhancing the robustness of an underactuated
AUYV against unknown model parameters and exter-
nal disturbances, nonsingular terminal sliding mode
control and RBF NN are employed to develop a
target tracking controller, which ensures target
tracking control converging fast and avoids buffet-
ing problem of slide mode control.

Problem statement
AUV model

There are two commonly used coordinate systems to
describe the motion of an AUV, as shown in Figure 1. One
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Figure |. Coordinate system.

is inertial reference coordinate system {I}, which is estab-
lished with the Earth, and the other is body-fixed reference
{B} with the origin chosen to coincide with the center of
buoyancy of the AUV.

The kinematic model of the AUV in the 3-D space can
be described as follows'?

& =wucos cosd—vsiny+ wsin 0 cos ¢
7 = u sin @ cos 6 + v cos 1) + w sin 0 sin ¢
¢ =—usin @+ wcos 6

0=q
. r
~ cosf)

Here &, 1, and ¢ denote the position with coordinates in {I},
0 denotes the pitch angle in {I}, and ) denotes the yaw
angle in {I}. u, v, w, ¢, and r denote the surge, sway, heave,
pitch, and yaw velocities with coordinates in {B}.

The AUV considered in this article is assumed to be
neutrally buoyant. Then, based on the momentum theorem
and ignoring the rolling motion, the AUV’s dynamic model
in the 3-D space is expressed as follows'?

miit = mopvr — m3zwq + dy (1, v, w, q,7) + Ty — Teu(?)

MoV = —myur + dv(”; v,w,q, I") - Te"(t)

m3sw = myuqg + dyy (U, v, w, q,7) — Te(t) (2)

mssq = (m3z —my)uw +dy(u,v,w,q,r) —mgh sin 0 + 7, — 74(t)

mesi- = (myy — mop)uv +d,.(u,v,w,q,7) + 7, — T (1)

where
myy=m-—Xy, mp=m-—1Y,, my=m-—12;
mss =1, — My, mes =1, — N;

where m is the mass of the AUV, /,, and /. are the moment of
inertia about the y and z axes. X;, Y, Zy,, My, and N;. are
the inertia hydrodynamic coefficients of the AUV. 4 is
the metacentric height of the AUV. The control input 7,
is the force produced by thruster, 7, and 7, are the moment
produced by elevators and rudders. 7.;(¢), i = u, v, w, q,r,
are used to describe the environmental force and moments
acting on the vehicle. d;(u, v, w,q,r), i = u,v,w, q,r, stand
for the nonlinear dynamics of AUV.

Control objectives

To describe the target tracking control problem, we intro-
duce three tracking variables, ¢ represents the distance
between the AUV and the target, § and « represent bearing
angles that the target relative to the AUV, as shown in
Figures 2 and 3. In this article, we assume that these three
variables can be measured by sensors equipped on the
AUV.

Therefore, the control objectives of this article are that
we shall design control inputs 7,, 74 and 7, to force the
AUV to asymptotically track the target with all tracking

variables converging to a neighborhood of zero and the
controller should be with robustness against to uncertain-
ties of model dynamics and unknown environmental dis-
turbances. For avoiding collision with the target, a save
distance between the AUV and the target is necessary, then,
a positive threshold value § is introduced, and the control
objective is changed as designing a controller to render
tracking variables (6—dy), 5 and « converge to a neighbor-
hood of zero.

Controller design

Kinematic controller design

The position error between the follower AUV and target in
{I} can be written as follows

x, = cos 0 cos P(&; — &p)

+ cos 0 sin 1 (n,; —ng) — sin (¢, — (p)
Ve = —sin (§; — &p)

+ cos Y(n, — ng)
ze = sin 0 cos P(&; — &)

+ sin 0 sin 1(n,; — ng) + cos O(¢; — Cp)

where (£3,m5,(3) and (€4,n4,Cq) are the positions of the
AUV and the target, respectively, in {I}.




International Journal of Advanced Robotic Systems

Figure 2. Horizontal plane projection of AUV tracking a target
based on range and angle measurements. AUV: autonomous
underwater vehicle.

E| ($5.115) (Sasna) ‘(f M)

Figure 3. Vertical plane projection of AUV tracking a target
based on range and angle measurements. AUV: autonomous
underwater vehicle.

Hence, the tracking variables 6, 3, and « are related to
Cartesian errors x,., y., and z, in {B} by the following

transformation

o= VRTFIER

B = —arctan(z.//x2 +»2) 4)

o = arctan(y,/x.)
and

X, = 6 cos (3 cos «

v, = 6 cos (3 sin « (5)

zo = —0sin @

Differentiating equation (3) yields the following error

dynamics in {B}

Xe = —U—qZe + 1Y, + X14
J>e = V- r(xe + z, tan 0) + Xoa (6)
fo= W qre +ry, tan 0+ yy

where

X1d zéd cos 0 cos Y + 1y cos@sinz/J—éd sin 6
X2a = —&q SIN Y + 1)y COS P (7)
X3¢ = &4 sin 0 cos ¥ + 1), sin 0 sin 9 + (,; cos 0
Then, the dynamics of tracking errors x,, y. and z,, can be
transformed to the range and bearing angles dynamics by
differentiating equation (4).
By differentiating 6 in equation (4), one obtains
86 = x.%x, + Vi + zeZe (8)

Substituting for x, and x, from equation (6) yields

§ = —ucos Bcosa —vcos 3sina—+ wsin 3

9
+X14 €08 B COs @ + x4 cO8 Fsin v — X34 8in 3 ©)

Let § = —k,(6 — 8¢), and replace 6 in equation (9), then
the virtual surge control law is chosen as follows
e = (cos B cos ) [—ks(8 — 69)
— v cos 3 sin a—wsin 3 — x,, cos 3 cos a (10)
— Xag €0s 0 sin a — x34 sin f]

where k; > 0 is a design parameter.
By differentiating 3 = —arctan(z./+/x2 + y2) in equa-
tion (4), one obtains
= —q cos a — rtan 0 sin «
+ sin 3 cos a(u — x14)/6
+ sin 3 sin a(v — x,p4)/6 + cos B(w — x34)/6
(11)
Let ﬂ = —k30, then the virtual pitch control law is cho-
sen as follows:
q. = (cos ) '[ks0 — r tan 0 sin «
+ sin B cos a(u — x14)/6
+ sin G sin a(v — x,4)/8 + cos B(w — x34)/9]
(12)
where k; > 0 is a design parameter.
By differentiating o = arctan(y,/x.) in equation (4),
one gets
& = r(tan 0 tan 3 cos a — 1)
+ (u—xyg) sin a/(6 cos 3)
— g tan B sin a+ (—v + x,y) cos a/(6 cos §)
(13)

Let & = —k,q, then the virtual heading control law is
considered:
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ro = (tan 0 tan B cos o — 1) [~k
+gtan B sina — (u— () sin a/(6 cos 3)]
— (=v+ Caq) cos /(6 cos §)

where k, > 0 is a design parameter.
A Lyapunov function is chosen as follows

(14)

V=5 [(6— 60 +0? + 7] (15)

Differentiating equation (15) yields
Vi =(8—80)6 + i+ 3 (16)

According to the chosen virtual control law, equation
(16) can be written as follows

Vi=—ks(6—60) —koo? —k;32 <0 (17)

Consequently, the parameters ks, k,, and k; can be cho-
sen to ensure the tracking errors x,, y,, and z, converge to a
specified compact set around 0.

Dynamic controller design

To avoid the computation complexity, virtual control laws u,.,

g., and r, are passed through the following first-order filter*®

"'iuilcf( ) + ucf( ) = uC(t)

{m 0) = 1.(0) (%)
Hquf(t) + qcf<t) = QC(t)

{qc_,« 0) = 4.(0) "
Kpfep (1) +1ep(t) = re(t)

{ 1y (0) = r.(0) (20)

where (1), q./(t), and r.(¢) are filtered virtual control
law and &y, k4, and &, are positive design parameters.
Then, the following are defined

For improving convergence speed and dynamic
response rate, a fast terminal reaching law®’ is employed
as follows

ue(t) = u(t) — ugr (1)
q.(t) = q(t) = q(1) (1)
re(t) = r(t) = re (1)

and the following error equations are obtained from equa-
tion (2)

mllile = _fu + 7y — Teu(t)
Mssq, = —f 4+ Tqg — Teq(t) (22)
m66’;e = _fr + 71— Ter(t)
where
fu = —mpvr + myzwq — myd, + myicr
fo = (my —ms3)uw — mssd
! ’ (23)

+ mgh sin 0 + mssq.,
fr=(mxn

Choosing the following integral sliding mode surface

— my1)uv — meed, + Megier

Pu
t
1
Su = uedt +— |ue|qu Sign(ue)
JO :uu
Py
4 1 q, .
Sy =| q.dt+—1q,.| *sign(q,) @4)
0 Hq
Pr
t
1 ro.
S, = redt+—|re|q sign(re)
0 /’Lr

where p; > 0, p;, q; are positive odd number, and
1<%<2,i:u,q,r.

Differentiating equation (24) and utilizing equation (22)
yields

Pu Pu _
1 1
S :ue+ﬁ| e|qu ity = U, Pu \u@|qu — (T — Teu —f )
Hudy ulu my
pi_ pi_
1 2
S _qe+ |qc| q _qc+_‘ | _(Tq_Teq_fq) (5)
994 Hqq mss
P p_
1pr 1pr qV 1
Sy =re+ 7| Te = Te + [rel —(Tr = Ter = f})
Mg, rdr Me6

Sy = —2y tanh(v,S,) — k.S,
Sq = —Jq tanh(7,S,) — k¢S, (26)
= —/J, tanh(,.S,) — k.S,
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where 4;, k; > 0 represent the controller gains, i = u, g, r;
~y; are positive, i = u,q,r.
The control input can be selected as

L Pu
4y qu
Tu = — My — M1 |ue| — Ay tanh(’yuSu) - kuSu +fu
P
q, 4 .
Tq= —,qu—m55|qe| — g tanh('quq) —kySy+ 1,
q
27 p_r
qr q"
T = —p,—— Mg |re| — A tanh(%,S,) — k.S, + £,
Dy
(27)
Consider the following Lyapunov function:
1 2 2 2
V=5 (s2+s:+57) (28)

Differentiating equation (28) and substituting equation
(27) into equation (25) yield

Vy=8.8,+8,5,+85.5,

pq
1p 1,
_ q “Je| — [/thanh(quq) +kySy + Teq}
IL qq 55 (29)
P; ]
1 pr 1
-S,—= \ | s [Artanh(7,S)) + &Sy + Ter

To satisfy the sliding condition with minimum control
effort, 172 =S55<0is required, the parameters /; and k;
should be chosen as

{ Ji = —Tltanh(y,8)] 7" + e (30)

ki = —E,-ltanh(%S,-)S,»‘l +é€n
where ¢;; and €;, are positive, i = u, q,r.

Since 4; and k; cannot be computed without the knowl-
edge of disturbance 7.;, we utilize an adaptive tuning rule to

update those parameters. Let J; and k; be the estimated
values of /; and k; respectively, then

Z:)L., j,
ki=k —k;

where 4; and k; are the estimation errors. The Lyapunov
function can be modified as

(31)

Do k]
1 Vy= ' 2
= _S _p_ul 6| — U'utanh(’}/uSu) + kuSu + Teu} 3 V2 + Z (2’)/)1 271{) (3 )
My 9y mi i=ugr
where v;; > 0, v, > 0, i = u,q,r are design parameters.
Hence, according to equation (29), can be expressed as
follows:
& . S
1 Di ) » ;ll'/ii iciiq
S =L [—/”L,-tanh(fyiS,») — lel — T ,':| + _——
z; 14 4; il ‘ :zq: 27 2%
Pi
1 f N ~ ) 33
= Z Sl—& |le‘q [—}yitanh(’yiS,-) - k S Tei + )u,tanh(%S ) + k S Aitanh('yiSi) - kiSi] ( )
i=u.q,r 1
T ik
3 (g
iZagr 2% 2V
Using equation (31), equation (33) can be written as follows
1 pi _ 1
=Y 52 |ze [itanh(v,S;) + kS — Atanh(,S;) — kiS; — 7]
i=u,q,r Hi 4
. (34)
}Li}t[ I;ilgi
£ 3 |-
2% 2

i=u,q,r
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Substituting for 4; and k; from equation (30) yields
bi _ 1 . .
1 Pi = ~ ‘%X, E&
S =L | e| [i,-tanh(%S[) + k[S,‘ — 8,‘2S,‘] + —
ljégr i£§;r 272i 27“
1 o] o ! Tid
Pi L pi . 4 Ll
=— Si—— | e| €nsSi + 2iSi—=ie] tanh(v,;S;) — —
12;;r ljggr i 4i ZVAi (35)
Pi .
o 1p .4 ki
i;,q-,r Hi q; il L2y
Using the properties of trace, if where gty = [y, Has - - -+ Hgg] | iS the center vector and A
bi is standard deviation.
N 1p, . 4 According to the RBFNN approximation above, equa-
i = Yy L g lic] tanh(7;5:)S; tion (23) can be written as follows:
» (36)
— = fi=Wiolxi) +ewi, i=u,q,r (40)
b=yt P g2 )
T ‘ Let W; be the estimated value of W;, then the control
input is changed as
then
2 _Pu
Z 512__|l |q’ S <0 (37) : q .
i=u,q,r i Ty = uuﬂm“ |tte] - Autanh(vy,S,) — kS + Wyo(x,)
Since the nonlinear dynamics d;(u, v, w, ¢, r) in equation p_q
(23) are always unknown, we cannot compute the control 4, >
input value from equation (27). For solving the mentioned Ta = "Hy stslqgl — Aqtanh(7,S,) —kqSq + Wqo(x,)
problem, RBF NN technique is employed to approximate Pr
the nonlinear dynamics due to its simplicity. g - Fa R
For an arbitrary continuous function f(x) : R — R, | 7= —urp—rm()b\re\ — Atanh(v,S,) — k.S, + W,o(x,)
there exists an RBF NN as follows™* '
(41)
f(x) =Wa(x) + ew(x) (38)
. and
where f(x) denotes the input vector and
— T q 41 - ~ .
fx)=[f1(x),....f,(x)] ,x € R, pis the number of out W= Wy — Wii=uq,r (42)

put nodes; W € 7>/ represents weights matrix of the NN,
¢ is the number of hidden nodes; ey denotes the approx-
imation error vector and ey = [ey1, ewa, . . -, eWp]T, where
ew < By, Vx € U C R!, and By > 0 is an unknown con-
stant; o'(x) = [01(x), . ..,00(x)]", where o4 (x) is the &’th
Gaussian basis function as

T
or(x) = exp[_(x_m‘})2 (X—Mk)], k=1,2,....¢
‘%

where W; is the estimation error.
Choosing a Lyapunov function

~ T~ ~2 ~2
wiw, ik
( Lt ) (43)

S

i=u,q.r

2.

i= =u,q,r

2w 29 2

Differentiating equation (43), and substituting equa-

tion (41) into equation (25), ¥4 can be described as
follows:
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Pi 1
1
Z Si— p, |le| [—Zitanh(y,S;) — kiSi + Wio(x;) — 7ei — f ]
i=u,q,r
P
1 p. i N - A ,
= Z Sl—& |ie|q [—)L,»tanh(”yl-S,-) — k,‘Si + W,’O'(X,’) + A,-tanh(’yl-S,-) =+ kl'Si — W,'O'()Ci)]
iz i g
i=u,q,r (44)
Pi_
1 Di. 49
+ Z Si—==lic] [=Tei —fi — Ztanh(v;S;) — kiSi + Wio(x;)]
i=u,q,r i i

Using equations (31) and (42), equation (44) can be written as follows:
Pz
-1

1 - - -
Va= > Sior p’ n |7 [itanh(v,S) + kiSi — Wio(x)]

i=u,q,r

i Z W,WT /1,‘/11‘ kiki

B (45)
i=u,q,r Ywi Vi Vi
& —1
+ Z S |le| [—Te,‘ _fi — /litanh('yiS,«) — k,‘S,‘ + W,‘O'(X,‘)]
i=u,q,r

Substituting equations (30), (36), and (40) into equation (45) yields

pi Pi
-1 . —=-1 T
DI B S AUl A
i=u,q,r i=u,q,r Hi q; TYwi
1 ﬁ—l p" 1
_ Z S Di |,e| ewi < — Z 512f4|,e| Siz (46)
i=u,q,r i=u,q.r
&_1 &_
P
-yw - \le\ o(xi) -8 I——I AT By
i=u,q,r i=u,q,r
p" 1 ﬂ—l
Using th. rties of trace, if Lp,
sing the properties of trace, i Z 5,2——|ze Z Ly ews
K T lpl A i=u,q,r i=u,q,r
W =—vyy0o (xi))Si—=Fie|s ,i=u,q,r (47) Pi 1 Pi
i qi _
1 p q
< - & Lo le Si|—= B
where vy, > 0 are design parameters ,zu;, 2 ll l;,' ‘/, qi "
Xy = [u,v,w, q,r, L'tcf]T,xq = [u,w,q,0, qcf]T, (48)

. T P,
— . .. Ry
and x, == [u,v,r, ] Since €5, 1, Pi» and g; are all positive, and |i [« > 0,

then IS;| >0, By >0, V4 <0. It is easily understood that
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sliding mode can be achieved in finite time. Hence, we can
conclude that under the proposed tracking control law of
equations (40), (36), and (47), the tracking error will con-
verge to neighborhood of the origin without any
singularity.

Simulation results

To verify the effectiveness and robustness of the proposed
target tracking controller, numerical simulations are carried
out with an AUV named WL-4, as shown in Figure 4. The
AUV is drived by a stern thruster and manipulated by ele-
vators and rudders arranged in a cross. Parameters of the
AUV are provided in Table 1.

The other dynamic parameters of the AUV are assumed
to be unknown completely. Ocean environmental distur-
bances are assumed to be steady ocean current, and the
velocity is Veurrent = (0.5,0,0) m/s.

In this simulation, controller parameters are set to
bo=4m, ks =15, ky=k, =438, ki =0.01, v, = v
=02, vy; =7 =10, py, = p, = 0.4, p, = 2, p; = 9, and
q; = 7, where i = u, g, r. The initial position and orienta-
tion of the AUV are given by (&, 19, Co) sy = (95,
95,95) m and (@, 00, 1,) = (0,0,0) rad, and the initial
velocity is (ug, vo, wo) = (0, 0,0) m/s. The target’s initial

Figure 4. The WL-4 AUV. AUV: autonomous underwater vehicle.

Table I. Parameters of the WL-4 AUV.

m = 83.7 kg h=11.8 mm

l, = 22.27 kg - m? I, = 22.16 kg - m?
X; = —6.76 kg Y, = —102.8 kg

Z;, = —106.8 kg My = —27.84 kg - m?
N; = —27.04 kg - m?

AUV: autonomous underwater vehicle.
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Figure 5. AUV and target trajectories. (a) 3-D space, (b) horizontal plane, and (c) vertical plane. AUV: autonomous underwater vehicle.
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Figure 7. Tracking errors. (a) Distance between the AUV and the target, (b) bearing angle in vertical plane, and (c) bearing angle in
horizontal plane. AUV: autonomous underwater vehicle.

position is (&y,y, (o), = (100,100,100) m and the

motion is generated by following timing laws:

¢, = 100+ 0.5
ng = 100 + 50sin(0.01¢)
¢, = 100 + 50sin(0.017)

Simulation results are shown in Figures 5 to 10, which
shows that AUV successfully track the target with a dis-
tance of 0o = 4 m in the presence of model uncertainties
and ocean disturbance.

Figure 5 shows the trajectories of AUV and target in 3-D
space and in horizontal and vertical planes. Although the

(49)
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Figure 8. Control efforts: (a) force produced by thruster, (b) moment produced by elevators, and (c) moment produced by rudders.
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Figure 9. Estimation of nonlinear dynamics: (a) surge force, (b) pitch moment, and (c) yaw moment.
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AUV’s trajectory is different from the target’s, the tracking
is stable. Figure 6 shows the linear and angular velocities of
AUV during tracking. Figure 7 shows that range and bear-
ing angle tracking errors, that is, (6—dp), o and (3, asymp-
totically converge to small neighborhood around zero.
Figure 8 shows the required control efforts of longitudinal
thrust, pitching moment, and yawing moment of AUV
under the action of steady ocean current. It can be observed
from Figures 8 and 9 that the thrust is larger in the initial
stage, and then remains near 10 N. Figure 10 shows that the
adaptive tune gains work well under the perturbation of
steady currents.

Conclusion

In this article, an adaptive target tracking controller based
on nonsingular terminal sliding mode control is designed
for underactuated AUV. Unknown dynamics of the AUV
are approximated by RBFNN. Adaptive tuning algorithm is
employed to update gains of sliding mode controller and
weights of the NN, which makes the system more robust to
model uncertainties and external disturbances. Lyapunov
method is utilized to examine the stability of the target
tracking control system, which proves that all control
inputs are bounded and tracking errors could converge to
a small neighborhood of zero in finite time. In the end,
simulation is carried out, and the results illustrate that the
proposed controller is effective for underactuated AUV
applications.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this arti-
cle:This work was supported by the National Natural Science
Foundation of China (51779057, 51709061, and 51609047), the

Equipment Pre-Research Project (41412030201), the Scientific
Research Foundation for postdoctor of Heilongjiang
Province (no. LBH-Q18039), the Stable Supporting Fund of
Science and Technology on Underwater Vehicle Technology
(JCKYS2019604SXJQR-07), and National Key R&D Program
of China (no. 2017YFC0305700).

ORCID iDs

https://orcid.org/0000-0002-5663-514X
https://orcid.org/0000-0003-1737-4810

Jian Cao
Xiangbin Wang

References

1. Wynn RB, Huvenne VA, LeBas TP, et al. Autonomous
underwater vehicles (AUVs): their past, present and future
contributions to the advancement of marine geoscience. Mar
Geol 2014; 352: 451-468.

2. Zhang FM, Marani G, Smith RN, et al. Future trends in
marine robotics. /EEE Robot Autom Mag 2015; 22(1):
14-21, 122.

3. Zhang Q, Zhang JL, Chemori A, et al. Virtual submerged
floating operational system for robotic manipulation. Com-
plexity 2018; 2018: 1-18.

4. Fletcher B. UUV master plan: a vision for navy UUV devel-
opment. In: OCEANS 2000 MTS/IEEE, Providence, RI, USA,
11-14 September 2000, vol. 1, pp. 65-71. IEEE.

5. Guo YY, Qin HD, Xu B, et al. Composite learning adaptive
sliding mode control for AUV target tracking. Neurocomput-
ing 2019; 351: 180-186.

6. Wang XY. New tracking methods of unmanned underwater
vehicles (UUVs). In: International Conference on Signal
Processing, Communication and Computing (ICSPCC
2012), Hong Kong, China, 13 August 2012, pp. 806-810.
IEEE.

7. Rezazadegan F, Shojaei K, Sheikholeslam F, et al. A novel
approach to 6-DOF adaptive trajectory tracking control of an
AUV in the presence of parameter uncertainties. Ocean Eng
2015; 107: 246-258.

8. Chen Y, Zhang RM, Zhao XY, et al. Adaptive fuzzy inverse
trajectory tracking control of underactuated underwater vehi-
cle with uncertainties. Ocean Eng 2016; 121: 123—-133.


https://orcid.org/0000-0002-5663-514X
https://orcid.org/0000-0002-5663-514X
https://orcid.org/0000-0002-5663-514X
https://orcid.org/0000-0003-1737-4810
https://orcid.org/0000-0003-1737-4810
https://orcid.org/0000-0003-1737-4810

Cao et al.

13

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Miao JM, Wang SP, Zhao ZP, et al. Spatial curvilinear path
following control of underactuated AUV with multiple uncer-
tainties. IS4 Trans 2017; 67: 107-130.

Chu ZZ, Zhu DQ, and Yang SX. Observer-based adaptive
neural network trajectory tracking control for remotely oper-
ated vehicle. IEEE Trans Neur Netw Learn Syst 2017; 28(7):
1633-1645.

Shen C, Shi Y, and Buckham B. Trajectory tracking control
of an autonomous underwater vehicle using Lyapunov-based
model predictive control. IEEE Trans Ind Electron 2018; 65
(7): 5796-5805.

Peng ZH and Wang J. Output-feedback path-following con-
trol of autonomous underwater vehicles based on an extended
state observer and projection neural networks. /[EEE Trans
Syst Man Cybern: Syst 2018; 48(4): 535-544.

Fossen T 1. Guidance and control of ocean vehicles. Chiche-
ster: Wiley, 1994.

Do KD, Jiang ZP, Pan J, et al. A global output feedback
controller for stabilization and tracking of underactuated
ODIN: a spherical underwater vehicle. Automatica 2004;
40(1): 117-124.

Do KD and Pan J. Robust and adaptive path following for
underactuated autonomous underwater vehicles. In: Proceed-
ings of the 2003 American Control Conference, Denver, CO,
USA, 4-6 June 2003, pp. 1967-1997. IEEE.

Bidyadhar S, Mukherjee K, and Sandip G. A static output
feedback control design for path following of autonomous
underwater vehicle in vertical plane. Ocean Eng 2013; 63:
72-76.

Refsnes JE, Sorensen AJ, and Pettersen KY. Model-based
output feedback control of slender-body underactuated
AUVs: theory and experiments. [EEE Trans Contr Syst Tech-
nol 2008; 16(5): 930-946.

Ge SS and Wang C. Adaptive NN control of uncertain non-
linear pure-feedback systems. Automatica 2002; 38(4):
671-682.

Zhang LJ, Qi X, and Pang YJ. Adaptive output feedback
control based on DRFNN for AUV. Ocean Eng 2009; 36(9-
10): 716-722.

Bessa WM, Dutra MS, and Kreuzer E. Depth control of remo-
tely operated underwater vehicles using an adaptive fuzzy
sliding mode controller. Robot Auton Syst 2008; 56(8):
670-677.

Matveev AS, Wang C, and Savkin AV. Real-time navigation
of mobile robots in problems of border patrolling and avoid-
ing collisions with moving and deforming obstacles. Robot
Auton Syst 2012; 60(6): 769-788.

Ouyang PR, Acob J, and Pano V. PD with sliding mode
control for trajectory tracking of robotic system. Robot Com-
put Integ Manuf 2014; 30(2): 189-200.

Liang X, Qu XR, Wan L, et al. Three-dimensional path fol-
lowing of an underactuated AUV based on fuzzy

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

backstepping sliding mode control. Int J Fuzzy Syst 2018;
20(2): 640-649.

Liang X, Qu XR, Wang N, et al. Three-dimensional trajectory
tracking of an underactuated AUV based on fuzzy dynamic
surface control. IET Intell Transp Syst. DOI: 10.1049/iet-its.
2019.0347.

Liang X, Qu XR, Wang N, et al. Swarm control with collision
avoidance for multiple underactuated surface vehicles. Ocean
Eng 2019; 191: 106516.

Liang X, Qu XR, Zhang RB, et al. A novel distributed and
self-organized swarm control framework for underactuated
unmanned marine vehicles. [EEE Access 2019; 7:
112703-112712.

Joe H, Kim MS, and Yu SC. Second-order sliding-mode con-
troller for autonomous underwater vehicle in the presence of
unknown disturbances. Nonlinear Dyn 2014; 78(1): 183-196.
Wang XB, Zhang GC, Sun YS, et al. AUV near-wall-
following control based on adaptive disturbance observer.
Ocean Eng. Epub ahead of print 19 September 2019. DOI:
10.1016/j.oceaneng.2019.106429.

Qiao L and Zhang WD. Adaptive non-singular integral ter-
minal sliding mode tracking control for autonomous under-
water vehicles. IET Contr Theory Appl 2018; 11(8):
1293-1306.

Elmokadem T, Zribi M, and Youcef-Toumi K. Terminal slid-
ing mode control for the trajectory tracking of underactuated
autonomous underwater vehicles. Ocean Eng 2017; 129:
613-625.

Xia YK, Xu K, Li Y, et al. Improved line-of-sight trajectory
tracking control of under-actuated AUV subjects to ocean
currents and input saturation. Ocean Eng 2019; 174: 14-30.
Peng ZH, Wang D, Wang H, et al. Distributed coordinated
tracking of multiple autonomous underwater vehicles. Non-
linear Dyn 2014; 78(2): 1261-1276.

Bian XQ, Zhou JJ, Yan ZP, et al. Adaptive neural network
control system of path following for AUVs. In: 2012 Pro-
ceedings of IEEE Southeastcon, Orlando, FL, USA, 15-18
March, 2012, pp. 1-5. IEEE.

Shojaei K. Neural network formation control of underactu-
ated autonomous underwater vehicles with saturating actua-
tors. Neurocomputing 2016; 194: 372-384.

Shojaei K and Dolatshahi M. Line-of-sight target tracking
control of underactuated autonomous underwater vehicles.
Ocean Eng 2017; 133: 244-252.

Farrell JA, Polycarpou M, Sharma M, et al. Command filtered
backstepping. I[EEE Trans Autom Contr 2009; 54(6):
1391-1395.

Nair RR and Behera L. Robust adaptive gain nonsingular fast
terminal sliding mode control for spacecraft formation flying.
In: 54th IEEE Annual Conference on Decision and Control
(CDC), Osaka, Japan, 15-18 December 2015, pp. 5314-5319.
IEEE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


