IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received October 17, 2018, accepted November 20, 2018, date of publication November 23, 2018,

date of current version December 27, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2883081

Three-Dimensional Path Following of an
Underactuated AUV Based on Neuro-Adaptive
Command Filtered Backstepping Control

JINQIANG WANG ™, CONG WANG, YINGIJIE WEI, AND CHENGIJU ZHANG

School of Astronautics, Harbin Institute of Technology, Harbin 150001, China
Corresponding author: Cong Wang (alanwang @hit.edu.cn)

This work was supported by the National Natural Science Foundation of China (NSFC) Under Grant 11672094.

ABSTRACT This paper investigates the problem of path following control of the underactuated autonomous
underwater vehicles in the presence of model uncertainties and external disturbances. With the three-
dimensional path following error model established based on virtual guidance method, a path following
robust control system is proposed using the command filtered backstepping control, neural networks, and
adaptive control techniques. Then, a Lyapunov-based stability analysis demonstrates that all the signals
are bounded and path following errors ultimately converge to a neighborhood of the origin. Following
advantages are highlighted in this paper: 1) the derivative of virtual control is obtained via a second-order
filter, which avoids explosion of complexity in the traditional backstepping design, and filters out high
frequency measurement noise to keep the control system more robust, and a filtered error compensation
loop is developed to guarantee the approximation precision between the virtual control signals and the
filtered signals and 2) the presented controller is easily put into practice without any former knowledge
of vehicle parameters and external environmental disturbances. Finally, the simulations are conducted, and
results illustrate the effectiveness and good robustness of the proposed control system through a new class
of flying wing autonomous underwater vehicle.

INDEX TERMS Underactuated AUV, path following, model uncertainty, command filtered backstepping,

neural networks.

I. INTRODUCTION

The control problems of the underactuated autonomous
underwater vehicles (AUVs) has attracted significant atten-
tion from the research community due to their wide appli-
cations in the exploration of ocean resource and military
affairs, such as oceanography, surveillance, ocean floor sur-
vey, seafloor mapping, deep sea archaeology, oil and gas
industry [1]-[5]. A typical and indispensable task is to fol-
low a prescribed path without time constraints and complete
some missions [6], [7]. Due to the consideration of weight,
cost and energy consumption, most autonomous underwater
vehicles are underactuated, which signifies that they lack
independent control inputs in the whole degrees of freedom,
and the absence of actuator in sway and heave actuation
presents great challenges on the controller design. In addition,
the AUVs usually work in the harsh ocean environment and
their motions are strongly influenced by perturbations includ-
ing hydrodynamic parameters and external disturbances such
as waves, ocean currents and so on [8], [9]. Therefore, the

path following control problem for the underactuated
AUVs is of great challenge.

Much of the early work for the path following prob-
lem of the underactuated AUVs were publisheded in a
huge number of academic papers. Approaches based on
the line-of-sight (LOS) guidance were very successfully
applied in the horizontal path following [10]-[14]. More-
over, backste- pping control approach was also employed
widely in the path following control problem of the underac-
tuated AUVs [15]-[17]. A novel method based on Lyapunov
stability theory and feedback gain backstepping technology
for the marine surface vehicles has been presented in [18].
A state feedback backstepping control algorithm has been
proposed for the path following problem of underactuated
AUVs [19]. The robust adaptive fuzzy sliding control scheme
with fully unknown parameters has been presented in [20]
and [21]. A novel direct controller based on adaptive fuzzy
technology with unknown parametric dynamics was designed
in [22] and [23], and an adaptive robust online constructive
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fuzzy control method was employed to deal with the model
uncertainties and unknown external disturbances. In [24],
the adaptive neural network (NN) controller based on the
Lyapunov stability theory has been developed to realize the
path following of the underactuated AUVs in the presence of
parameter uncertainties and unknown external disturbances.
In [25], a robust controller for the horizontal path follow-
ing problems of underactuated AUVs was designed based
on the dynamic surface control (DSC) technology, and the
neural network system was employed to process the vehicle
uncertainties. Unfortunately, it is very necessary to indicate
that most of previously published researches concentrate on
the path following problems only in the horizontal plane.
However, in the three-dimensional space, the path following
problem is more difficult due to the fact that the dynamics of
AUVs is more complicated and the number of degrees of free-
dom increases, which makes the control scheme design more
challenging [26]. Therefore, only a few researchers have
investigated this control problem. In [27], a new kinematic
controller based on backstepping and Lyapunov techniques
was proposed to deal with the vehicle dynamics. In [28],
the cascade system theory and backstepping method were
employed to develop controllers based on the LOS, which can
reduce the complexities of the controllers, but not suit for the
general desired path. In [29], an adaptive nonlinear controller
was presented based on the backstepping and sliding mode
control, and the fuzzy logic theory was used to deal with
the problems of vehicle uncertainties and external environ-
ment disturbances in the control system. In [30], a nonlin-
ear controller based on the command filtered backstepping
was presented, which can greatly reduce the computational
complexities of the traditional backstepping approach, but not
consider the parameter uncertainties and environmental dis-
turbances thus restricting its applications in practice. To sum
up, all of the aforementioned controllers at least suffer from
one of the following shortcomings:

(i) Most of previously designed control scheme for the
path following control of the underactuated AUVs only
concentrate on their planar motions which are not suit-
able for the three-dimensional problem.

(i) The second problem is about the intrinsic explosion of
complexities in the traditional back-stepping method.

(iii) The previous controllers generally assume that both the
parameter uncertainties and external disturbances are
not considered or are linear-in-parameter (LIP), which
restricts the application of AUVs in practice.

Toward this end, this paper has proposed a nonlinear path
following control scheme based on the command filtered
backstepping approach for three-dimensional path following
problems of the underactuated AUVs, and the neuro-adaptive
control techniques are employed to deal with the problems of
parameter uncertainties in the control system.

The remainder of this paper is arranged as follows.
The preliminary and problem statement are presented in
Section II. The robust controller design for the three-
dimensional path following of an underactuated AUV is
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FIGURE 1. The structure of RBF neural network.

proposed in Section III. The stability analysis for the overall
control system is presented in Section I'V. Simulation results
to evaluate the proposed controller performance are presented
in Section V. Finally, the conclusions and futurework are
drawn in Section VL.

Il. PRELIMINARY AND PROBLEM STATEMENT
A. NEURAL NETWORKS
Neural networks are widely applied in the design of various
robotic controllers due to their intrinsic capabilities in func-
tion approximations. Among them, the radial basis function
neural networks (RBFNNs) are very popular due to their
simplicity and linear parameterization [31]. The structure of
a three-layer RBFNN is illustrated in Figure 1.

For a arbitrary continuous function f(x) : i — 99, there
is a RBFNN such that

k
Jm(x) = X:] Winn&n(X) + ewm(x),

m=1,2,3,....,q, Vx € NP
En(x) = exp(—(x — w,)%/A2), n=1,2,3,....,k

which can be also expressed as f(x) = WE&x) + &,(x)
where x = [x1,xp,.. .,xp]T is the input vector, f(x) =
[fix),..., fp(x)]T represents the output vector. W € M<K is
the NN weights matrix, and £(x) = [£(x), . .., &x)]T,where
the &,(x) is the n — th Gaussian basis function, u, =
[nt, ... /an]T and A, are the center vector and the standard
deviation, respectively. &,,(x) = [&,,1(x), ..., swq(x)]T is the
approximation error vector, and we assume that ||e,,(x)|| <
D,,,Vx € 9P, where D,, is an unknown positive constant.
According to [32], there is an optimal NN weight matrix W*
that makes ||&,,|| minimize for any x € % such that

ey

fx)=W*EX) +e,(x), VxeR?
W* = argmin {sup ||f (x) — WE@®)||}, 2
Wenk,  xen

where W* is the ideal weight matrix, and £ (x) is the approx-
imation error for W — W?*. However, the definition of W*
is very challenging. Therefore, an estimate of NN weights
matrix W is introduced to approximate unknown function
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as f x) = Wé(x), and the W is usually estimated by an
adaptive rule that is designed based on Lyapunov stability
theory, and we assume that |W|p < W,, where W, is a
positive unknown constant.

B. PROBLEM STATEMENT
1) MODEL OF AN UNDERACTUATED AUV
The dynamic model of AUV in the three-dimensional
space is presented in this section. Ignore the effects of the
AUV rolling, and the 5-degree-of-freedom dynamic model of
the AUV can be considered as follows [33]:

The AUV kinematic equation is:

X = ucos(f)cos(yr) — vsin(y) + wsin(f) cos(y)
v = ucos(f) sin(yr) + vcos(yr) + wsin(0) sin(yr)

z = —usin(@) + wcos(d) 3)
b=gq
v = r/cos(6)

The AUV dynamic equation is:

. m m3 1 1
i = 2 — g fw) + — 1 — —du0)
mii mi | mi miq
. mii
b= ——ur = f,(v) = —d,(0)
mpo moo
. omq
w= _m33 uq — fu(w) — E Ww(t)
. m33z—my pgVGM sin(0) “)
qg=—"—"—uw—fylg) - ——F——
mss d4(0) mss
T,
+ta %
mss  mss
. myp—m 1 1
r=———w—f;(r)+—1 — —d 1)
me6 me6 me6

where x,y, z,0 and ¢ represent positions and orientations
of velocities in the earth fixed frame, respectively; u, v and
w denote the surge, sway and heave velocities in the body
fixed frame, respectively; ¢ and r represent pitch angular
velocity and yaw angular velocities, respectively; The signals
T4, Tq and 7, represent control inputs that are provided by
propellers and thrusters; fi(k),k = u,v,w, q, r represent
the unknown nonlinear dynamics of AUV including fric-
tion terms and the hydrodynamic damping terms, and di (),
k = u,v,w,q,r represent bounded external environmental
disturbances that are produced by the ocean currents, waves
and wind, and m;;,i = 1,2, 3,5, 6 represent the combined
inertia and added mass terms; Other signals and parameters
can be found in [34].

C. AUV PATH FOLLOWING ERROR DYNAMICS

The three-dimensional path following dynamic error model
is proposed in this section. In Figure 2, I; is the desired
path described by design parameters.{E}, {B} and {F'} denote
the earth fixed frame, body fixed frame and Serret-Frenet
frame respectively. O denotes mass center of the AUV, which
coincides with the origin of frame {B}, and P denotes the
virtual reference guidance point in Serret-Frenet frame.
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FIGURE 2. Diagram of three-dimensional path following of AUV.

Consider the course angle 9r, Yr rotating around the
axis Zg and Y, respectively [35].

24(5)
VEZ(S) + ¥5(s) 5)

YF = arctan <)')d(s)>

Xa(s)

O = — arctan

where x; = %g,yd = %",Zd = %”, and s is the param-
eter of desired path. We define the position of point P is
0y = [xa(s), ya(s), za(s)]T, and the position of point Q in the
earth fixed frame is " = [x, y, z]T. The path following error

can be defined as:
e=I[s.e,i]" =Ry (" — ) (6)

where R, is the rotation matrix from the frame {B} to {E}, and
differentiate ¢ with respect to time yields:

. - nT . .
e=R, " — ) +RT@G" — i) 7

where RZ = R} S(wy,), S(wy,) denotes the angular velocity
matrix.q" = Ryvp, vy = [u, v, w]T is the velocities of AUV in
the body fixed frame. 7/} = R} vr, R} is the rotation matrix
from the frame {F} to {E}, and vp = [u,, 0, 0]T is the virtual
reference velocity.

& = ST (@ Ry (0 — %) + R 0 — )
= ST (@ )e + RSRG v, — RS RGvp

= ST (@yr)e + vo — R(Ye, Oe)vr ®)
within
cos 6, cos i, —siny, sin6, cos P,
R(Y,,0,) = | cosf,siny, cosy, sin6,siny, &)
—siné6, 0 cos 0,
and
0 r  —q
S(wy)=|-r O 0 (10)
q 0 0
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FIGURE 3. The structure of a second-order filter.

So the AUV path following error dynamics model in the
three-dimensional space can be written as:

§ =re — qgh+ u— u, cos b, cos

e = —rs+Vv—ucosb,siny,
h:qs+w+u,sin96 (11
O =q—0OF

1&6 =r/cosf — 1ﬁp
where 6, =60 — O, Yo =¥ — Yp,and 6 € (-7 /2, /2).
Ill. PATH FOLLOWING CONTROLLER DESIGN
A. POSITION CONTROL
According to (11), consider Lyapunov function V:
1
vi=3 (s2+e2+h2) (12)
Differentiating V; along with (11) yields:
Vl = 5§ + e + hh = s(u — u, cos B, cos V¥,)
+ h(w — u, sin6,) + e(v + u, cos 6, sin y,.) (13)
Define virtual control values u., 8. and ¥, respectively:

Uo = —018 + uy cos 6. cos Y.

6, = arcsin (oﬂt/W) (14)
Y. = — arcsin (036/W)

where o1, 02 and o3 are unknown positive constants, and
substitute (14) into (13) we get:

. 1 2
Vi = —01s2 — o3U, ¢
V1+ (02?2 /1 + (o3¢)
h2
— ool + ev + hw (15)

' V' 1+ (02h)?

In order to avoid the computational complexities of con-
troller in traditional backstepping method, the virtual control
values are passed by the command filter [36]. Then, a second-
order filter is designed as follows:

@2 (Vef — V) (16)

where v, = [sc, ec, he, Oc, Ve, Ue, 4o, r.]T is the vector of
desired virtual control, and ver = [Sef, ecr, hef, Ocf, Wef, Uef
def » rqc]T is the filtered virtual control vector, ¢ and @, are
the unknown positive constants, where 0 < ¢ < 1, and the
structure of second-order filter is shown in Figure 3.

iicf = —szni)cf —
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Define the filtered position tracking errors as:

S=15— S
%:e—ecf (17)
h=h—heyg

Differentiating (17) along with (11) yields:

ré —qh : B
—r5 | +[ABf()) CFO)]
qs

(18)

S Qe Yt
Il
D [

where it = u — ug, ¥ = VYo — lﬁcf,é = 6, — O,
=[1,0,0], and

[ cos 6, cos Yer — €OS O, sin ey
B = | cost sinir cosbOcr coser |,
0 0

[ cosh — 1
fOH=| % lu
sin 6

L 0
[ cos O cos Yrer — cos Yoy sin Oy
C = | cosyppcosbly —sinyesinby |,

— sin ff —COS Of
[ cos w —1
) — v
f(W) = sin& Ur
L ¥

Conduct the following desired virtual control vector
[$c, éc, hc]T as:

Se = Scf — Xs§
e = ecf Xe€ (19)
he = hep — Xhh

Substituting (19) into (18) yields:

é‘ ré — qgh Sef — Sc —Xs§
% = —rs + ecf - ec + _Xe‘?~
h qs hep — he —xnh
u

+[ABrA) CrO]| v | O
%

B. ATTITUDE CONTROL
Defining 1} = Ve — Vef, 6 = 0. — Or, and differentiating 1/~/
and 0 yields:

IZ =r/ cos@—rp—lﬁcf
_ re+(ry —re)+r .
— A CANCIY
0 =q—qr — 0y .
=qc+Gef —q4c)+ 4 —qr — Ocf
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where 7 = r —r.f, § = g— q.f, and define the desired virtual
control values r. and g, respectively.

re =(rr + %f — xw} — Yrps) cos @ 22)
qc = qr + 0 — X009 — Ops

where yy and xy are unknown positive constants, s and
Ops are system robust terms which are designed in Section I'V.
Substituting (22) into (21) yields:

{L rc+(rcf_rc)+;

10 = cosO ~— Xy ¥ — Vs (23)
0 = (4ef — qe) + 4 — X00 — Obs

C. VELOCITY AND ANGULAR VELOCITY CONTROL
Defining &t = it — itef, § = ¢ — §or and ¥ = 7 — 7¢f, and the
follow-ing error equations are obtained:

myi = mopvr —m3zswq —mifu() —miiier + Ty —du(t)
mssq = (m33 —mi)uw—mssfy(q)—pgVGML sin6 (o4
. —nssqer + Tg—dy(1)
meer = (m11 —mo2)uv—meefr(r) —meeicr + Tr —dy (1)
Then, the following controller in the surge direction is
designed:

Ty = _nf\lll(Xu’:i + Xiu€u + Ubs)
. H W) — iy tanh(uiyii/ ju,) 25)
Wu = _)\wuﬁgT(xu) - )qu(suwu

ﬁu = )\r/u |u] — )\nu’(u(ﬁu = 1u0)
where  xu, Xius Mus Awus Sus Aqu, Kus Muo - are  the  positive
design parameters, v satisfies v = e~ ("tD, and x, =
[, v,w,q, 7, i1, &, = @, and define @, = W,E(x,) —
fu tanh(Viyit/ py)-

The following controller in pitch direction is presented:

g = —ms5(Xqq + Xigeq + qbs)

. + qu(xq) - ﬁq tanh(‘)ﬁqé/ﬂq)

Wq = _)\wqégT(xq) - )quaq‘;vq

ﬁq = )‘nq |‘~]| - )\anQ(ﬁq - 77q0)

(26)

where xq. Xig: Hq: Awgs 8g Ang: kg g0 > 0 and x4 =
[u, w, q,@,c']q,«-]T, &g = q, and define w, = W, E(x,) —

ﬁq tanh(vﬁqzl/l/‘q)-
The following controller in the yaw direction is proposed

Tr = _"}66(Xr;' + Xir&r + Tbs)

. + Wrs(xr) - ﬁr tanh(‘)ﬁr;/:u'r) 27)

2 e A

Wi = =07 (xr) — hr6 W,

ﬁr = )Lnr 7] — )Lanr(f]r — 170)
where X, Xir, rs Awr, Or, )\nra krymro > 0 and x, =
[u, v, r, i"qf]T, & = F, and define w, = W,&(x,) —
1y tanh(vN), 7/ 14r), Ups, Gbs, F'bs are the system robust terms
that are designed in Section IV.

Then, substituting (25), (26) and (27) into (4) and the

following error dynamics is proposed:

mll’? = —m1(Xull + Xiu€u + Ups) + Ty — Su — dy()

mssq = —mss(Xqq + Xig€q + qbs) + @q — §g — dy(1)

mesl = —mee(Xr ¥ + Xirér + rps) + @r — & —dp(t)
(28)
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where &r = WiE(xy) + ewr. k = u,q,r are defined as
follows:

Cu = —mpvr + mzzwq + myf,(u) + myyiter

g = —(m3z — mypuw + mssfy(q) 29)
+ pgVGMy sin6 + mssq.r
&r = —(my1 — mp)uv + meafr(r) + megicr

Define &, = u, &, = g, & = 7,and (28) can be written as:

m1&y = —m1(Xubu + Xiubu + Ups) + @y — §u — dy(t)

Mmsséq = —mss(Xg€q + Xig€q + qbs) + @q — &g — dy(1)

meetr = —me6(Xrér + Xirér + Fps) + @, — & — dr(t)
(30)

Then, define error vectors € = [gy, &g, et e =
[éu, &g, ¢ 1T and E = (€T, &TT, respectively, and (30) is
finally rewritten as E = ME + NU, where:

03x3 I3.3 03x3
M= [_K13x3 _KP3><3i|N - |:I3><3]
—tps +mp [y — &u — du(0)]
U= | —qp+mg3 [wg = —dy(0)]
—Fbs + mgﬁl @y — & — dr(1)]
Kp3x3 = diag {_Xua —Xg» _Xr}a
K3x3 = diag {_Xiu, — Xig» _Xir}

D. FILTER ERROR COMPENSATION LOOP DESIGN
To guarantee the approximation precision between the com-
mand virtual control and the filtered signal, a filtered error
compensation loop is developed in this section.

Define position filtered compensation errors % = § —
oy, B = 6—0tp, Oy = iz—oeh, where oy, a., oy, are constructed
as:

R re — qap Scf — S¢ —XsOs
a. | = —rag + écf —ec |+ | —Xee
ah qos hep — he | —XhOth
o
+[ABrA) CFO)]| @y | G
ag

where o5(0) = 0, 0. (0) = 0, o(0) = 05 ay,, ot are defined
in (35), and then consider a Lyapunov function as:

1
V= 5(193 + 02 + 9} (32)
Differentiating (32) along with (20) and (31) yields:
Vl = ﬂslz’s + ﬁeée + ﬁhléh = _Xsﬁsz - X€0g2 - Xhﬁ}%

oy
+ [0, Do, 5] x [A Bf () CF @) ] x | ay
[o72]
= — X072 — xe02 — xn0F + AT [0y, O, 951" O
o Oy
+fTWHBT | O |9y +£TOCT | V. |00 (33)
Iy, Iy,

where ¢, = it = u — ucr, Oy, Vg are defined in (34).
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FIGURE 4. Block diagram of the proposed path following control system.

Define the attitude filtered compensation errors as:

Oy =y —ay
~ 34
{199 =0 - (07] ( )
According to (23), ay, ap can be constructed as:
& _(rcf_rc) ar "
i cos 6 cosg VeV (35)
g = (qef — qc) + g — Xog
where ay (0) =0, p(0) =0, o, =0, 2y = 0.
Then, consider a new Lyapunov function as:
1
Va= (03 +97) (36)

Differentiating (36) along with (23) and (35) yields:
Vz = 191/,1'91/, + 1991'99

(w—%
— Xy — Ybs + Xy oty —

- ( ) oy

cosf
+ (—)((9('9~ + g — Ops + xo9 — aq) Vg

) o+ (0 -

cosf

= —)(wl?i — )(91992 + COSrG By + 009 —OpsVo — Vs Ty

37)

where by =g=qg—qyand ¥, =7 =71 — 1.

Figure 4 illustrates a block diagram of the proposed path
following control system. In the next section, the stability
analysis of the closed-loop control system is proposed.
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IV. STABILITY ANALYSIS
Theorem 1: Consider the three-dimensional path following
error system of the underactuated AUVs which is denoted
by (11). The neuro-adaptive command filtered backstepping
controller (25), (26) and (27) combined with the robust com-
pensation term (40) and (41), guarantees that all the signals
in the closed-loop control system are bounded, and the path
following errors uniformly ultimately converge to a small
neighborhood of the zero.

Proof: Consider the following Lyapunov function for the
overall closed-loop system:

1
V3=V1+V2+§ETPE

~ T ~ ~T ~ ~ T ~
1 (paW, W, N puW, W, N p3W, W,
2 mi1Awu mSS)\wq meeAwr
=) 72 =
pumy, | P20g  pasil; )
mi1Apu Mms5Ang meeAnr

1
= E(ﬂf + 97 +9; + 9 + 05 + E'PE)

~ T ~ ~T ~ ~ T ~
1 (paW, W, N puW, W, N p3W, W,
2 mi1Awu mSS)\wq meeAwr
~ ~2 ~
puily | P2 pnil; ) 38)
mll)\nu m55)¥77q m66)\7]r
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Pl 03><3 . . .. .
where P = is a positive definite symmetric
[03x3 P P ) Y
matrix, P; = diag {pi1, pio, pi3},i = 1,2, and Wy = W —
Wk!ﬁk = 77;; _ﬁkyk:M7Q9r

Then, define MTP + MA = —2Q0 and differentiate (38)
along with (30), (33) and (37) yields:

~ T A
W, W,

V3 = V] + Vz —i—ETPE
M1 Awu
~T.A
pZZWq Wq
mSS)\wq
_b21 ﬁuﬁu
mll)\'nu
= — X507 — XeP% — w0 — xyPy — X004
s ] i Oy
+AT | Ve | 0w +fT@OBT | V. | Oy
g | Uy
~ ISS
+£1O)CT | 9. | v
Wy

_ P23 WTWr
me6Awr

. p22ﬁqﬁq

Ms5Ang

P23 nr ﬁr
m66)\nr

—E'QE

— oy + Vgl — 0D — Vinsdy
— P21y Ups
— P23y Tps
x (W) -+ i @anh i/ ) + e
+ du(1)) — poamiss Vg
x (W8 Gxg) + iy anh(vig/ 1) + g
+dy(1)) —pzsmgﬁl By
x (Wrs(xr) + fi, tanh(Vi}, 7/ iy ) + €y
PzzWTWq

mSS)\wq

— P28 Qs
— P21 ml_ll D

~TA
W, W,
My Ay

+ d,(1)) —

~T.A
W, W,

Me6Awr
P22 quﬁq
mssAng

03x3  KiP»— P, 03x3 033
where =
Q= LKIPz — Py 2K;P; 03x3 K1P2
with choosing K;P,.

Then, choose the following system robust terms:

_ P21 Nuflu
mll)mu

P23 iy (39)
m66)\nr

o 9y
Ubs =fFTADBY | O |, O =fTOCT | 0. |,
I, o

1
Ups = _AT ve (40)
P21

rhs = —L— gy = — (41)
P23 cos 6 P22
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Substituting (40) and (41) into (39) yields:
Vs = —xs¥7 — xee — xnd — xy ¥y —xo9 —E' QF
21 Vi (Vb () + utan (o )+ e+ dulr)
—p2anish (W, (e, +igtanh(viigd/ 1)+ g+ dy(0)

_[723’/”%161%(~ +E(x;) + 1 tanh (Vi) 7/ ) € + di (1))

~TA ~ T & ~TA oz
W Wy W Wo  pysW, W, poiijui
M1 Ay M55 Ayg Me6Awr mi1Agu
_ P22ﬁqﬁq _ 2371y (42)
mSS)\nq m66)\nr

Then, the equation (42) is expressed as follows by con-
~T.A
e WWi <= —a )Wk H

sidering, |eyx +dk| <

ar Wi HF » and Mg (Nk — Mko) < —a |77k| +ay |nf — 77k0
k = u,q,r, witha; = 1 —0.5/k%,a = 0.5/«* and
K > «/5/2, and combining with (25), (26) and 227):

El

— XeOF — xm?h - xwﬁv, - Xeﬁo —E'QE

v,

V3 < —xsv

- 0115ql722m5_5

- 0515ul721m1_1 H Wu P

—1
- 0115rl723m66

1= 2 1ys 2
— 01Ky pP21myy [7ul” — A1KgP22Ms5 ‘r]q‘
-1~ 2
— 01 KrP23Mgg 777
—1 2
+aabupaimyy Wi
-1 «||? -1 |2
+ a284p2oms;s H Wy HF + a8 paameg Wi
2 2
-1 * =1 |
+a2kup21myy |77u - 77u0| + Q2KgP22Mss ‘nq - nqo‘

_ 2
+012Krp23m661 |77:< - 77r0| + Wty + g + Ky (43)

Then, (43) finally results in the following differential
inequality:

V3(1) < ~(pmin/ prnax) V3(1) + 1 (44)
. — P21 D22 P23 D21
where: Pmax = max{l PP, M1 Ay ” M55Awg > Me6hwr > M1 Wy’

—Pa_ s P23 }omin = min{xs, Xe, Xn, Xirs X05 POs Pwus Pwgs

Mmss57wg’ Me6Nwr
Pwrs Pyus Png> Pyr}s and oy = 0115up21m11 » Pwg =
a15qp22mg51, Pwr = a15rp23m561, Pnu = ALKuP2IM | Ppg =
allcquzms_sl, Pnpr = a1K,p23m6_61, and pp is the maximum
value in the matrix P, pg is the minimum value in the
matrix @, and

M=y + pg + 1y + 0‘28u1’21m1_11 |ws ||12r
reatpznsy W,
+aad,pasmeg | W + cacuprimyy [y = miol”
‘2 + Ol2Krp23m6_61 nf— 77r0|2
(45)

—l—otzl<q11?22m5_51 ‘77; — Ng0
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Power control module
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Sliding mass
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Data logger
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Communication
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Deep senor Controller module
module

Ballast pump

FIGURE 5. The configurations of flying-wing underactuated AUV.

FIGURE 6. 3D path following of the flying-wing underactuated AUV.

This result implies that all the signals in the closed-loop
control system are uniformly ultimately bounded, and the
path following errors converge to a small neighborhood of
the origin. This completes the proof.

V. SIMULATION EXAMPLES
In this section, numerical simulations are performed in
MATLAB software environment to verify path following
performance of the proposed control scheme. We conduct
simulations on a new class of flying-wing underactuated
AUV (Figure 5) designed by Harbin Institute of Technology
in China, which has more excellent hydrodynamic properties
compared with traditional AUVs. The model parameters are
given in [37].

Initially, the three-dimensional desired spiral path is
defined as:

x4(s) = 50cos(0.6s)
va(s) = 50sin(0.6s) (46)
zd(s) = —s—1
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FIGURE 7. X-Y plane projection for the 3D path following of AUV.

FIGURE 8. X-Z plane projection for the 3D path following of AUV.

The initial position and attitude angle of a real AUV are
given by x(0) = 10m, y(0) = —5m, z(0) = Om, 6(0) = 0°
and ¥ (0) = 45°, and initial velocity matrix is [u, v, w]T
Om/s. To verify robustness of the proposed controller,
we assume that AUV is affected by the following environ-
mental disturbances:

d()+Td(t) =Ko (47)

where d(t) = [d,(1), d,(1), dy(t), dy(t), d, )T, » is the
white noise disturbance,and K = diag{5,4,4,5,5},
T =diag{5,5,5,5,5}

Meanwhile, AUV parameters are assumed to be unknown
completely, and the unknown dynamics of the AUV is pre-
sented as follows:

filk) = 81k + 83 |k| k + 83k> (48)
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FIGURE 9. Three-dimensional path following errors of AUV.

FIGURE 10. Velocity response curves of AUV.

where k =
61 =0.2.
The controller parameters are given by x; = 12, x. = 6,
Xn =4 Xy = X0 =6, xu = 16, xq = xr = 8,
Xiu =5, Xig = 3, Xir = 3, p21 = 12, p22 = p23 = 6.
Furthermore, the RBF neural networks with ten hidden
nodes are used to approximate the uncertain dynamics of the
AUV. The center vector and the standard deviation are chosen
asp, = [—10, -8, —6, —4, —2,2,4,6,8,10]" and A, = 15
based on the K clustering method [38], and the parameters of
the RBF neural networks are A, = 12, Ayyqg = 12, Ay = 12,

0.6, = 03,

u,v,w,q,r, and 8§ =

VOLUME 6, 2018

FIGURE 11. Angle response curves of AUV.

FIGURE 12. Estimated total uncertainties with RBF neural networks.

8, =01,8,=0.1,8 = 0.1, 4y, =8, Ay =6, Ay, =6,
ky=1,

kg = 0.5, k, = 0.5. Moreover, in order to filter out the
high frequency measurement noise in the system, the shear
frequency of the filter is given by @, = 2nf = 20rad/s,
where f is the actual operation frequency of AUV, which is
usually 3 ~ 4 Hz. The damping ratio is set to ¢ = 0.95 to
guarantee that the system is overdamped.

Simulation results by using neuro-adaptive command fil-
tered backstepping (NACFB) control, the sliding mode con-
trol (SMC) [39] and the traditional backstepping control are
shown in Figures 6, 7, 8, 9, 10, 11, 12 and 13.

As can be seen from Figures 6, 7 and 8, compared with
the traditional backstepping controller and the sliding mode
controller, the proposed controller in this paper can more
accurately complete the AUV three-dimensional path follo-
wing in the presence of model perturbations and external
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FIGURE 13. Control force and moments of AUV.

disturbances. And as shown in Figures 9, 10 and 11, the path
following errors eventually converge to a small neighborhood
of the zero under the NACFB controller, and the NACFB
controller is not sensitive to the external disturbances, which
indicates the proposed controller is of good robustness.

VI. CONCLUSIONS AND FUTUREWORK

In this paper, a neuro-adaptive command filtered back- step-
ping controller is presented for the three-dimensional path
following problem of an underactuated AUV. A second-order
filter is developed to obtain the derivative of virtual con-
trol, which greatly reduces the computational complexities
of the traditional backstepping method, and filters out high
frequency measurement noise in the system. Then, a fil-
tered error compensation loop is designed to guarantee the
approximation precision between the virtual control signals
and the filtered signals. Moreover, all of vehicle uncertainties
are compensated by the RBF neural networks and adap-
tive control techniques. And the stability of path following
control system is proved based on the Lyapunov stability
theory. Finally, simulations and comparative analysis were
conducted to verify that the proposed controller is high accu-
racy of path following and good robustness.

For the futurework, path following of AUVs in the presence
of constraints should be developed [40], and it is of interest to
extend these results to the distributed path following of AUV
by using the distributed coordination method [41]-[42].
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