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Abstract—In this paper, fast and accurate trajectory tracking some applications; for example, marine surveying and map-
control of an autonomous surface vehicle (ASV) with com- ping on the sea in the presence of complicated uncertainties
plex unknowns including unmodeled dynamics, uncertainties anq' variations including system uncertainties and external
and/or unknown disturbances is addressed within a proposed . .
homogeneity-based finite-time control (HFC) framework. Major dlstu_rbances du_e to ocean winds, waves and Qurrents [3]__[7]'
contributions are as follows: (1) In the absence of external IN this context, it becomes extremely challenging to achieve
disturbances, a nominal HFC framework is established to achieve accurate trajectory tracking of an ASV sailing in such harsh
exact trajectory tracking control of an ASV, whereby global finite-  environments.
time stability is ensured by combining homogeneous analysis and The sliding mode control (SMC) technique has been in-

Lyapunov approach; (2) Within the HFC scheme, a finite-time . . . .
disturbance observer (FDO) is further nested to rapidly and vestigated as a promising approach to achieve high accurate

accurately reject complex disturbances, and thereby contributing trajectory tracking control of an ASV [8]. However, the SMC-
to an FDO-based HFC (FDO-HFC) scheme which can realize based approaches have to incur high-frequency chattering with

exactness of trajectory tracking and disturbance observation; (3) conservatively large magnitude around the sliding surface to
Aiming to exactly deal with complicated unknowns including - y4minate unknowns and achieve the robustness. Furthermore,

unmodeled dynamics and/or disturbances, a finite-time unknown .
observer (FUO) is deployed as a patch for the nominal HFC the SMC technique can only handle matched unknowns. By

framework, and eventually results in an FUO-based HFC (FUO- Virtue of the (vectorial) backstepping technique [9], a trajec-
HFC) scheme which guarantees that accurate trajectory tracking tory tracking controller has been designed for an ASV in the

ca_n be achieved for an ASV u_nder harsh.environments. Simu- presence of (mismatched) unknowns inc|uding time_\/arying
lation studies and comprehensive comparisons conducted on agjsyrpances and system uncertainties. It should be noted that
benchmark ship demonstrate the effectiveness and superiority of tracking errors can only be made globally uniformly ultimately
the proposed HFC schemes. 4 . . -
bounded. Applying the integrator backstepping [10] technique
to the design of trajectory tracking control law for an underac-
tuated ASV contributes to semi-globally exponentially stable
tracking errors. Unfortunately, uncertainties and disturbances
have not been addressed. In combination with neural networks
) NNs) and adaptive robust control techniques [11], a saturated
N RECENT YEARS, autonomous surface vehicles (ASVg)acking controller that renders tracking errors semi-globally
_have been widely deployed for various missions relatgghitormly ultimately bounded has been proposed to preserve
with observations, military tasks, coastal and inland watefige ropustness against time-varying disturbances induced by
monitoring, etc, [1]. Generally, tracking control of an ASV \yayes and ocean currents. In addition to NNs [12]-[14], a lot
to a prescribed trajectory/path with an acceptable accuragyefforts on adaptive approximation based tracking control
plays a key role within the entire autopilot system and hgs,e also been made via fuzzy systems (FS) [15]-[19], and
thus attracted great attention from both marine engineeriﬂgzzy neural networks (FNN) [20]-[25gtc, and can rough-
and control communities [2]. It is much more demanding {§ compensate unknown dynamics. Recently, a significant
achieve accurate tracking of a pre-determined trajectory BRogress has been made by an innovative approximator termed
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finite-time control approaches have been implemented in theidies and discussions are conducted in Section 1V. Conclu-

literature [30], [31]. In [30], the SMC technique has beerions are drawn in Section V.

employed to realize attitude tracking of a rigid spacecraft

and a modified differentiator has been incorporated to com- |

pensate disturbances and inertia uncertainties, whereby finite-

time convergence of tracking errors can be obtained. By Preliminaries

virtue of the homogeneous method in [31], finite-time stability For the convenience of readers, we collect the key defini-

of the closed-loop control system with negative degree @éns and lemmas frequently used in this paper in the sequel.

homogeneous can be ensured if tracking error dynamics carConsider an autonomous nonlinear system as follows:

be proved to be asymptotically stable. It should be noted that,

compared with traditional asymptotic convergent methods, th&(t) = f(z(t)), =(0) =0, f(0)=0, z €Uy CR" (1)

e e cont) spproacescan Shve ke — (oo, ” and rolinea functory() i
"Lontinuous on a open neighborhobd of the origin.

but also stronger disturbance rejection. Meaningfully, finite- ﬁ)efinition 1 (Globally Asymptotic Stability [39])The equi-

time control approaches ensure that tracking errors can reach mz. — 0 of system (1) is globally asymptotically stable
to zero within a finite time. Note that, unlike SMC-base e : e
it there exits a functior/(z) satisfying

approaches, the homogeneity-based method [31] contributes to
a straightforward solution without any couplings of tracking® v (0) = 0;
errors. Besides, external disturbances can even excite (f-V(z) >0,V z #0, andV (z) is radically unbounded;
modeled dynamics of the ASV, and thus require to be wel§) V(z) < 0;
estimated. Otherwise, complex disturbances pertaining to @ V'(z) does not vanish identically along any trajectory in
ASV cannot be exactly observed within a short time, and make R", other than the null solutiom = 0. O
trajectory tracking inaccurate. Definition 2 (Homogeneity [31])DenoteV(z) : R* —

Recently, disturbance observer based control (DOBC) tedk-be a continuous scalar functio®/(z) is said to be a
nigue has also been proposed by Chen [32] to not only improvemogeneous function of degreewith respect to weights
system robustness but also enhance the entire performafige--- ,r,) € R™ with , > 0, ¢ = 1,2,--- ,n, if, for any
without sacrificing the nominal one [33]-[35]. In this contextgivene > 0,
the DOBC schemes have been extensively studied and widel B . . ' N
applied to various industrial sectors, including mechatronics%}(8 e eta,) = e%V(@), i=1,--- 0, Ve € R
systems [36], aerosp.alge.systenjs [3.7],. and process contr%enote f(z) = [f1 (),
systems [38]. Clearly, it is innovative within the DOBC frameg, f
work that all disturbances and/or unknowns are addresse
a lumped nonlinearity estimated by a nonlinear disturbance
observer (NDO) which is usually involved. fieMay, - e™ay,) =e*Tifi(x), i=1,---,n,Vz € R"™.

In this paper, an ambitious goal of achieving fast and accu- ) ) _
rate trajectory control of an ASV in the presence of unknowd¥d: system (1) is said to be homogeneoug i) is homo-
including disturbances and unmodelled dynamics is pursu&§neous. _ o O
To be specific, a homogeneity-based finite-time control (HFC)'” combination with Definitions 1 and 2, a fundamental
scheme is developed to achieve accurate trajectory trackind%‘fu“ on global finite-time stability can be obtained as follows:
an ASV in the absence of external disturbances. In conjunction-emma 1 (Global Finite-Time Stability [31]Bystem (1) is
with a finite-time disturbance observer (FDO) which can b@lobally finite-time stable if system (1) is globally asymptoti-
further devised to exactly estimate external disturbances witt§illy stable and is homogeneous of a negative degreel]
a short time, a FDO-based HFC (FDO-HFC) scheme is thusBY Virtue of Lemma 1, we can derive a cornerstone result,
implemented to exactly track an ASV suffering from comple¥hose proof is presented in details in Appendix A, for finite-
disturbances. In order to further address unmodelled dynami#ge observer design and analysis in this paper.
including uncertainties and/or excited dynamics due to dis-Lemma 2:The following system:
turbances, a high-order sliding mode estimator is designed
to realize a finite-time unknown observer (FUO) which can
exactly capture unknown dynamics. Incorporating the FUO Zo = z3 — losig™(21)
into the HFC scheme contributes to the FUO-based HFC
(FUO-HFC) scheme which can achieve fast and accurate

PRELIMINARIES AND PROBLEM STATEMENT

-+, fo(x)]T be a continuous vector
(x) is homogeneous of degréec R with respect to
ghts(ry,--- ,ry,), if, for any givene > 0,

Z'l = Z2 — leigaz (21)

trajectory tracking with complex unknowns including unmod- Zn = —lpsig®™t (21) (2)

elled dynamics a_nd/or unc_ertamtle_s in addition to d'swrban(.:(\?vﬁﬁereli ~0,i=1,2,--- n are appropriate constants, and
The rest of this paper is organized as follows. In Section

I, preliminaries together with the trajectory tracking problem sig®i(z1) = |21 |*sgn(z1) (3)

associated with an ASV are addressed. The HFC, FDO-HFC

and FUO-HFC schemes together with theoretical analysis With ci+1 = a;+7,i=1,2,--- ,nanda; = 1foranyr <0,

finite-time stability are presented in Section Ill. Simulatiofs globally finite-time stable. O
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Fig. 1: Earth-fixedOX,Y, and body-fixedA XY Coordinate
frames of an ASV

B. Problem Formulation

Let n = [z,y,%]T denote the 3-DOF positiofr,y) and
heading angle(y) of the ASV in the earth-fixed inertial
frame as shown in Fig. 1, and let= [u,v,r]T denote the

corresponding linear velocitieu, v), i.e., surge and sway

velocities, and angular rate’), i.e., yaw, in the body-fixed
frame. An ASV sailing in a planar space can be modeled
follows [3]:

n=R)v
My = f(n,v) +7+7a 4
with dynamicsf (n,v) usually modeled by
fm,v) = -Cw)y —D)v —gn,v) (5)

where 7 = [, 7,137 and 74 := MR (¢)d(t) with
d(t) = [di(t),ds(t),ds(t)]T are control input and mixed

disturbances, respectively, agddenote the restoring forces

and moments due to gravitation/buoyancy. The t&i)) is
a rotation matrix given by

cosy —siny 0
R(y) = | sineyy  cosyp 0O (6)
0 0 1
with the following properties:
R (v)R(v) =L, and |R(v)|| =1, V4 € [0,27] (7a)
R(¥) = R(1)S() (7b)
R (4)S(r)R(y) = R(¥)S(r)R" () = S(r) (7c)
0 —r 0
whereS(r) = | » 0 0 |, the inertia matrixM =
0O 0 O
M7” > 0, the skew-symmetric matriC(v) = —C(v)? and

the damping matriXD(v) are given by

[ mi1 0 0
M = 0 max mos (8a)
| 0 m32 ma3
[ 0 0 013(1/)
C(I/) = 0 0 623(1/) (8b)
L —013(11) —023(1/) 0
[ dll(ll> 0 0
D(l/) = 0 d22 (l/) d23(1/) (8C)
0 dgg(ll) d33(1/)
wheremi; = m — Xa, Mog = m — Yy, mog = mxg —
Yi, maa = mzy — Ny, maz = L. — Ni; ci3(v) =
—MmMi11V — Ma3r, 023(11) = Mi11U; du(u) = 7Xu —
Xjypulu] = Xuwatt®, daa(v) = =Y, — Yjyulv], das(v) =

=Y. 7YV|'U\7‘|KU| 7Yv\7‘|'r|7n|a d32 (V) =—-Ny 7N|'U\’U|v| 7N‘7‘|’U|T.|
and dsz(v) = —N, — Njy|-|[v] = Np,rr|. Here,m is the
mass of the vessel, is the moment of inertia about the yaw
rotation,Y; = N,, and X, Y, and N, denote corresponding
hydrodynamic derivatives which are actually difficult to be
accurately obtained.

Consider the following desired trajectory:

na =R (Ya) V4
Mvg = fo(na,va) 9)
as

where fo(-) is the nominal dynamicsy, (T4, va, Ya]T
andvy = [ug,vq,74)" are the desired position and velocity
vectors, respectively.

In this context, the control objective is to design a controller
7 such that the actual position and velocity vectors (heand
v) of the ASV in (4) can track exactly the desired trajectory
(i.e.,mq andv,) generated by (9) in a finite time.

Remark 1:Clearly, in addition to unknown disturbanceg,
if the dynamicsf of the ASV in (4) cannot be sufficiently
modeled due to parametric unknowns includi@g D and
g, and/or structural unmodeled dynamics, accurate trajectory
tracking control of an ASV under harsh environments would
become extremely challenging.

IIl. HOMOGENEITY-BASED FINITE-TIME TRACKING

CONTROL SCHEME
A. Nominal Homogeneity-Based Finite-Time Contol

In order to facilitate the controller design and analysis, we
introduce an auxiliary velocity vector as follows:

w = Rv (10a)
wq = R(Ya)va (10b)
wherew = [wi, w2, ws]?, wy = [wg1, wa2, was]’, R =

R(¢) andRg = R(¢q).
Together with (4) and (10a), using properties in (7), we have

n=w
w=RM"'7 + h(n,w) +d(t) (11)
where
h(n,w) = S(wz)w + RM ™ f(n, R"w) (12)
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Similarly, using (9) and (10b), we have DifferentiatingV (n.,w.) along the tracking error dynamics
. (17), we have
Nag = Wa 3
Wy = S(wag)wa+ RaM ™ fo (na, RGwa)  (13)  Vin,w.) =K1Y sigh (ne)we,

Jj=1

Combining with (11) and (13), we have 3
— =3 e (Kasig™ () + Kasig™ (we.)
i, = RM ™7 + ho(nw,ma,wg) +d(t)  (14) =

3
— _ Qi P2 )
wherene = 1 — 14 = [1e,1,7e,2,7e,3]", We = w —wy = - KQZM“”JS% (10e.3)
[we,lv We,2, we,B]Tu and ]§1
he(n,w,ng,wy) = Sw — Sgwy + RM ! f(n, RTw) =—-K> Z lwe, ;|7 (19)
— RaM ™ fo(na, Rjwa) . o _ o
which yieldsV (¢) is bounded as time tends to infinity, i.e.,
with S = S(ws3) and Sy = S(wq,3). 1

Starting from the tracking error dynamics (14), we set out to Zwe(8)]]? < V() < oo (20)
design a nominal homogeneity-based finite-time control (HFC) 2
scheme which is expected to ensure that the tracking efrors Using |\we(t)||1+ﬁ2 < |lwe(t)||* + 1, we further have
andw,. converge to zero in a finite time.

To this end, a nominal HFC scheme for the ASV in (4) ‘w§1+ﬂ2)/2(t)H <V2V () +1 <00 (21)
without disturbances (i.er,; = 0 ord(t) = 0) is developed by Note, from (19), that
employing the homogeneous theory. Moreover, we show that

finite-time stability of the entire closed-loop tracking system /t Hw(uﬁz)/z(ﬂHQdT _ V() -V P (22)
can be ensured by using the Lyapunov synthesis. 0 c K,
Design the nominal HFC lawgrc as follows: Combining with (21) and (22) and using Barbalat's lemma
40] yields

Turc =—MR ™ (K1sigh (9 — n4) + Kasig” (Rv — Ravy)) 401y

— MSv + MR 'S, Ruvy Jm we(t) =0 (23)

— f(n,v) + MR™'R¢M " f(n4,v4) (16)  In what follows, we expect to prove that(t) also con-

. 4, . g, . 4, T verges to zero as timetends to infinity. To this end, a proof
where sig” (z) = [sig” (21),-- ,sig” (wn)] i = L2, by contradiction is employed by assuming thatt) converges
K1 >0, K3>0,0< 1 <1andfy =26/(1+ ). to a nonzero constamg # 0.

It is essential that the proposed HFC scheme can make thgggether with (17) and (23), we have, as+ oo,

ASV in (4) track exactly the desired trajectory generated by

(9) in a finite time. The key result ensuring the closed-loop Nej =0

finite-time stability is now stated. e ; = —K1sig™ (1) (24)
Theorem 1 (HFC):Using the HFC scheme governed by . . , L

(16), the ASV in (4) can exactly track the desired trajector{yNiCh, combining with the hypothesis, implies that; con-

generated by (9) within a finite time < T < oo, i.e.,q(t) = vErges 1o a nonzero constani; 7 0, and therebyu. ; =
na(t),v(t) = va(t),V t > T. —Kisig” (ne,;) # 0. In this contextuw, ; deviates from the

Proof: Substituting the HFC law (16) into the trackingOrigin and makesj,,; # di%e?gri ;rhoenr]e;ye r::;'}::g dir:)nae nie(\a/v

error system (14) without considering disturbances yields tﬁgnvergent CO_”Sta"‘%J . .
closed-loop tracking error dynamics as follows: lo,j # .- This leads to a contradiction and thus yields

lim n.(t) = 25
Foj = e Jim e (t) =0 (25)

e j = —Ksigh (Ne.j) — Kosigh? (we ) (17) It follows from (23) a_nd (25) that u_sing the HF_C law in (16),
system (14) without disturbances (i.d(t) = 0) is globally
for j=1,2,3. asymptotically stable.
In light of Lemma 1, global asymptotic stability and nega- 2) Negative Homogeneity: For system (17), selecting a
tive homogeneity of system (17) are expected to be guarantefidtion as follows:
respectively in the sequel. 1+ 5
1) Global Asymptotic Stability: Consider the following (r1,72) = (1, —5—) (26)
Lyapunov function:

for any givene > 0, yields

3 Ne,j 1 1 T2 __ o+m
Ve, we) = (K1/ sig” (1)dp + 5“157]') (18) fl(su ed> € Weg) =€ i 10y we.q)
0 f2(e™ e, j, € we j) = €777 fa (e j, We ;) (27)
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with f1(-) = we ;, fo = —Kisig’ (1e.;) — Kasig™ (w. ;) and  wherep; andp, are derived by
a negative degree of homogeneous with respect to the dilation - . o ~
in (26), i.e.,0 = (8 —1)/2 < 0. Po = p; + Hipy +u + Losig™ (py — po)
By Lemma 1, we can conclude that the tracking error system
(14) without disturbances controlled by the HFC scheme (16) . . s R
is globally finite-time stable, i.e., there exists a finite time Pn-1 = Pn+ Hnpo = Hy 4Ly sig (Po —Po)

0 < T < o0 such that P, = —H,u+ Ly,sig™* (po — py) (35)
N(t) =0, w()=0,Vt>T (28) with
po =w., u=RM 7 +h, (36)
Together with (10), we further have andL; = diag(ls.1, Lo, lis)yi = 0,1, ,m, i = 1+ with
Ne(t) =0, v.(t) =0, Vt>T (29) —1/(n+1) <9 <0, andy = —q1 /g2 with g1 andg. being
positive even and odd integers, can render the ASV in (4)
This concludes the proof. B exactly track the desired trajectory generated by (9) within a

Remark 2:If the powerss; and 3, of the HFC scheme in short time0 < T' < oo, i.e.,n(t) = nq(t),v(t) = vq(t), ¥Vt >
(16) are set ag; = 3 = 1, the closed-loop system composed'.
of the tracking error system (14) without disturbances and the Proof: In order to examine finite-time stability of the
HFC law (16) degrades to be globally asymptotically stablelosed-loop system (14) and (33) including an FDO (35), we

ie., need to obtain the disturbance observation error dynamics. To
_ this end, we define auxiliary variables as follows:
Jea e B0 m e e =), =), o er=d" D) (37)
we,j — *Kﬂ]e,j _ KQ’LUey]' (31) 0 — €y 1= ) 2 — ) I n —

Together with (14) and (32), we thus have
which can be derived easily from the conventional backstep-

ping technique. O Eg=€1+u
Remark 3:Note that the external disturbandét) in (14) €& =€i+1, =12, ,n-1
is not addressed in the nominal HFC scheme. In this context, é,=H,e1 +H, 160+ + Hje, (38)

within the HFC framework, the disturbance observer is ex-
pected to be developed for enhancing the robustness and ev
achieving exact disturbance rejection. O Po = €o

eq%onsider a coordinate transformation governed by

p1=¢€1 —Higg
B. Finite-Time Disturbance Observer Based HFC

In this subsection, the finite-time disturbance observer based
HFC (FDO-HFC) scheme is proposed. To this end, a generic
assumption on the disturband€) is required as follows: ~ we further have

Assumption 1The external time-varying disturbandét)
in (11) satisfies

DPn = En — H15n71 - Hns() (39)

Py =p1+Hipo+u

n—1

d"(t)=> H, dt), i=01,--,n-1 (32) Pn1 =Pn+Hupo—H, 1u
=0 p, = —Huu (40)

wheren is a positive integer andl; = diag(hi,1, hi2, hi3) Together with (35) and (40), the disturbance observation

with any constant#; ; € R, j = 1,2,3. ' error dynamics can be derived as follows:
The key result pertaining to the FDO-HFC scheme is now

summarized as follows: Pe.o = Pe,1 — Liosig™ (pe,o0)
Theorem 2 (FDO-HFC).Consider the ASV in (11) with
unknown external disturbancdst) satisfying Assumption 1,

an FDO-HFC scheme designed as follows: Pen_1=Pen — Lin_151g"" (pe.0)
. . i’e n — 7LnSigan+l e,0 (41)
TEDO = —MR_l(Klsqgﬁ1 (n—mnq) + Kosig’ (Rv — Rdvd)) N L 3(pT >‘
— MSv + MRS,R v, wherep. ; =p; —p, := [P ;, e ;»Pe ;] i =0,1,---,n, and
— f(n,v) + MR'R;M ' fo(na,va) — MR 'd Pro=pi1 — lo;sig™ (pl,)
(33) .
with the FDO governed by ﬁi,7b—1 _ pin — Ly sig® (pio)
d =p, + Hip, (34) pjen = —Z,,%jsiga"“(pjao), J=123 (42)
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Applying Lemma 2 to system (42), we can conclude that In this context, a finite-time unknown observer based HFC
the disturbance observation errgss;,i = 0,1,--- ,n are (FUO-HFC) scheme will be proposed to accurately track the
globally finite-time stable, i.e., the FDO in (35) can exacthASV in (4) with complex unknowns including both unmod-
observe the dynamics in (40) within a finite tifie< 7' < co.  elded dynamics and disturbances to a desired trajectory with
Together with (34), (37) and (39), we can immediately obtatompletely unknown dynamics. This challenging problem will
that p, and p, can exactly estimatav. and d — Hyw., be solved by the proposed FUO-HFC scheme with global
respectively, and governed by (34) can thus exactly observénite-time stability presented as follows.
the disturbancel in a finite time. Actually, the derivatives Theorem 3 (FUO-HFC):Consider the ASV in (4) with
d?(t),i=1,2,--- ,n—1 can also be exactly observed withirunmodeled dynamicg and unknown external disturbances
a finite time byp,;  ; + Hip; +--- + H;11p,. d(t), an FUO-HFC scheme designed as follows:

In this context, we eventually have

~(9)

. TFUO = —MRA(KlsigBl (m—mna)
d (t)=d9t),Yt>T, i=0,1,---,n—1 (43)

+ Kosig® (Rv — Rava) + zl) (49)
O ~ -
with d =Py + Hip; + -+ Hi1D,.

Substituting (33) together with (34) and (43) into (14) yield\évIth #1 estimated by the following FUO:

20 = C() + RM!r + Sw — S, wy

7.7e7j - - B - B 5 CO = —Alﬁl/gsng/B(zo — 'we) + 21
Wej = —K181g87 (Ne,j) — Kosig”? (we ;) + d; (44) ; )
- ~ zZ1 =61
whered; = d; — d;. N pV2 1720,
Together with (43) and (44), we further have ?1 = ~hL s (e —Co) 422
o 0 Zy = —A3Lsgn(z2 — (1) (50)
ﬁe,j t) = wm- t
_ _ _ where z; = [zi1,252,2i3]7,7 = 0,1,2, (& =
We, j (t) = *Klslgﬂl (7767]- (t)) — K281g62 (we,j (t)) (45) [Ck_l, G 2J’ Ck_3]T’ k[ il Oin' )ff)]> 0 — 1,23 and £ —
for any¢ > T with a finite time0 < 7 < cc. diag(¢y,¢2,3), can render the ASV exactly track the desired

In what follows, similar to the proof of Theorem 1, globafrajectory generated by (9) with completely unknown dynam-
finite-time stability of the closed-loop system (45) can bigS fo in a short timed < 7' < oo, i.e., n(t) = na(t),v(t) =
ensured. As a consequence, in the presence of complex dig), vVt >T.
turbances, using the FDO-HFC in (33), the ASV in (4) can  Proof: Define the FUO observation errors as follows:
exactly track the desired trajectofy,,vq) generated by (9)
in a finite time. This concludes the proof. [ |

Remark 4:In addition to disturbances,, the dynamics  Combining with (46) and (50), we have the FUO observa-
he given by (15) might be at least partially unknown due t@on error dynamics as follows:
nonlinearitiesf (-) andfo(-), and will make the foregoing HFC )
in (16) and FDO-HFC in (33) unavailable. In this context, the é1 = —MLY3sig*3(er) +eo
observer for accurate estimate on mixed unknowns including ey = _)\251/2Sig1/2(62 —é1) +es
not only unmodeled dynamics but also external disturbances -

€1 =20 — We, 62:Zlffu, 63:.227fu (51)

is required to be a patch within the HFC framework. es = —AsLsgn(es —é2) — f, (52)
ie.,
C. Finite-Time Unknown Observer Based HFC ) .
i . . ) €1,; = 7)\16;/381g2/3(617j> -+ €2,j
Rewrite the tracking error dynamics in (14) as follows: . 1/2.. 1/2 .
) €25 = 7>\2€j S1g (627j - 617j) —+ €3,j
Ne = We é37j S —)\3€jsgn(637j — égJ) + [—Lu, Lu] (53)

w. = RM 7+ Sw — Sqwg + fu(n,w,nq,wa, t 46
awa+ fulmw,na,wat) - (46) where “€” denotes the differential inclusion understood in the
with the lumped unknowng,, including unmodeled dynamicsFilippov sense [41].
f, desired dynamicg, and disturbances, i.e., According to [42, Lemma 2] together with its detailed proof,
_ —1 T we can immediately conclude that the tracking error dynamics
Fuln,w,ng,wq,t) = RM f_(:;,R w) . in (53) is globally finite-time stable, i.e., there exists a finite
—RaM™ fo(na, Rgwa) +d(t) (47) time 0 < T < oo such that

From (47), it reasonably requires to assume that dynamicgo(t) =w,(t),21(t) = fu(t),22(t) = F,(t), V> T (54)
f, fo andd are twice differentiable, and thereby contributing “

to the following hypothesis: Substituting (49) into (46) and using (54) yields
Ifull < Lu 48)  n.(t) = we(t)
for a bounded constarit, < co. we(t) = —Kisig’ (ne(t)) — Kosig™ (we(t)), V¢ > T (55)
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TABLE I: Main parameters of CyberShip I

m 23.8000 Y, —0.8612 Xy  —20 - ]
I L7600  Y],, —36.2823 Y; —10.0 =
T4 0.0460 Y, 0.1079  Y; —0.0 ]
X —0.7225 N, 0.1052 Ny  —0.0 30
Xyl —1.3274 Ny 5.0437 Ny —-1.0 t/s
Xyuu ~ —5.8664 14F ‘ ‘ ‘ , -
3%2_,—" ---:;(i}n:h:l/:i) i
0 5 10 15 20 25 30
‘ t/s
17+ 4 = 6F T T T T T |
3
161 ] =4
= 2k : ‘ ‘ ‘ ‘
15 e 1 0 5 10 15 20 25 30
= = = Desire
R ! Fpey HFC (5, = 1) ] t/s
§ 13t ——HFC (81 =1/3) | _ _
1ol | Fig. 3: Desired and actual statesy, andy
11+ ]
10t ] ~ : : : ‘
9 wo AR~ oD
E 0.5+ - -g(l:g‘:ﬂ:l/fi)
‘ ‘ ‘ S o ‘ ‘ ‘
6 8 10 12 14 16 0 5 10 15
y/m t/s

= = = Desired

1 HFC (3 = 1/3)

Fig. 2: Desired and actual trajectories in thg plane

which has been proven to be globally finite-time stable in
Theorem 1. In this context, the proposed FUO-HFC in (49)
renders the ASV in (4) with lumped unmodeled dynamics and
disturbances can exactly track the desired trajectqryv,)
generated by (9) with completely unknown dynamics in a finite
time. This concludes the proof. |
Remark 5:1t should be noted that in addition to unmodeled
dynamics and external disturbances pertaining to the ASV,
the desired dynamics of the trajectory to be tracked are also
not necessarily known for the FUO-HFC scheme. It implies

Fig. 4: Desired and actual statesv, andr

that the proposed FUO-HFC approach is completely inde- g_o'_ ; P~ —]
pendent on dynamics of the ASV and the desired trajectory, = EB; N ; ; ——— -1
and thereby contributing to a both task-free and model-free 0 5 10 15
methodology. t/s
0.5 Ty T — ‘ 1
i _0.5\/\v.- - - == HFC (= 1)
= _I.]S: ’ : “ ; : _‘HF('U\:I,H
IV. SIMULATION STUDIES AND DISCUSSIONS 0 5 10 15 20 25 30
t/s

In order to demonstrate the effectiveness and superiority of _ - ‘ ‘ ‘ ‘
the proposed control schemes for trajectory tracking control of £ ﬁg
an ASV, simulation studies and comprehensive comparisons = —o 32} <
are conducted on a well-known surface vehicle CyberShip Il 0 5 10 15 20 25 30
[43] of which the main parameters are listed in Table I. /s

Our objective is to track exactly the desired trajectory
(na,vq) governed by (9) with assumed dynamfesng, vq) =
—C(vg)vqg — DWwa)va — g(Ma,va) + 10, Where 7 =
[6, 3 cos?(0.27t),sin?(0.27t)] 7', and the initial conditions are _
set asna(0) = [15.6,6.8,7/4]”, v4(0) = [1,0,0]7, (0) = A. Performance Evaluation on the HFC
[15.5,5.5,7/2]" andwv(0) = [0,0, 0]". In this subsection, a nominal case where the ASV is suffi-

In what follows, 3 cases will be deployed to evaluate theently modeled (i.e.f is known) and external disturbances
performance of the proposed HFC, FDO-HFC and FUO-HF&e not considered (i.ed = 0) is employed to demonstrate
approaches, respectively. the effectiveness and superiority of the proposed HFC scheme.

Fig. 5: Tracking errors., ., and,
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o ] 18F T ]
E - HEFC (3, = 1) 17+ 4
\QJ ‘ s IFC (31 = 1/3)
N 20 25 30 16 1
— - HFC (3 = 1) 157 ]
[ T e 0 (51— 1) = = = Desired
» - — - TAp HFC (3, =1) 1
£ 1 Sab | HFC (6, = 1/3) 1
< i i = ) —— FDO-HFC =1/3
N 20 25 30 12 = 1%) ]
7 ‘ ‘ 11+ ]
@w 3
< 10+ |
S
= ot ]
6 8 10 12 14 16
y/m
Fig. 6: Tracking errorsi., v., andr, Fig. 8: Desired and actual trajectories in thg plane
‘ ‘ ‘ ‘ ‘ ~ 15 : == =Der ]
5 10r ] = 15 il (5=1/3)
) ] S 10t ]
0 5 10 15 20 25 30
t/s
E %éi ‘ - ‘— - [)miml\ ‘ :
= lg [ FDOHFC (6, = 1/3) ]
0 5 10 15 20 25 30
t/s
s 6F T T T T T |
S 4r = = = Desired
E 2 FDO-HFC (8, = 1/3)
0 5 10 15 20 25 30
t/s
HFC (6 = 1/3)

Fig. 7: Control forcesr, 72, and torquers Fig. 9: Desired and actual statesy, andy
User-defined parameters are chosen as follas: = 0.3, T2 ‘ == = Do y
Ky =03, 1 =1/3 and B, = 1/2. £l : et Al

Simulation results are shown in Figs. 2—7. Comparing with So ‘ ‘ ‘ ‘ ‘

the traditional asymptotic approach, i.8;, = 52 = 1 within t/s
the HFC scheme, we can see from Fig. 2 that the HFC with - ‘ ‘ ‘

B; = 1/3 can achieve much faster convergence. In addition, -~ -o_.%' . = d
as shown in Figs. 3—-6, the ASV can exactly track the desired § -15 ‘ ‘ ; @
trajectory within a finite time by virtue of the HFC laws shown 0 S 10 15 20 25 30
in Fig. 7. In comparison with the asymptotic approach (i.e., - 05 t/f
B1 = 1), the HFC scheme witt; = 1/3 is able to render ; '0 _
tracking errors converge to the origin in a very short time. £ o5 | ity
S0 5 10 15 20 25 30
B. Performance Evaluation on the FDO-HFC e
In this subsection, a much more practical case with unknown Fig. 10: Desired and actual statesv, andr
disturbances is deployed to demonstrate the performance e-
valuation and comparisons. In order to facilitate simulation
studies, the external disturbances are assumed to be govemwidd H; = diag(0,0,0) and Ha =
by diag(—0.0172, —0.0972, —0.0472).
Accordingly, user-defined parameters of the HFC and FDO-
10 cos(0.17t —m/5) HFC schemes are commonly chosenlds = 2.6, K, =
d(t) = | 8cos(0.37t + 7/6) (56) 2.6, 51 = 1/3 and 8, = 1/2. The other parameters of the
6 cos(0.27t + m/3) FDO are selected as followd:, = diag(10,10,10), L; =
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s 04fneTTN RIS ]
= 8K AN
8 0.2 Sees . T~
—04 i Il N ; ; 16+
0 5 10 15 20 25 30
t/s 15-
g OF < 2= 3 ‘ ,L' RN S — L. 2= ~ 14r - - - Desired Trajectork
N [ -~ A : S - - 4 E - _
3 O—]E_) ‘ ] < 13+ FUO-HFC
0 5 10 15 20 25 30 12r
t/s 11
~ 1 ‘ ; s —
g 0,\\ 2 27 127y #2s 10
~ N ¥ L34 ‘\’~'—’ ',1 <
| Pt ; el LS ] or
0 5 10 15 20 25 30 ; L ; i
t/s 6 8 10 12 14 16
| - = =HFC (f=1) == HFC (8, = 1/3) FDO-HFC (3, = 1/3) |

y/m

Fig. 14: Desired and actual trajectories in thwe plane

‘vs 1 N\ 1
\) Bk = e
E 0 b o — ~ 7 ‘_.x:,r Pl
s’ _1 i i i i i
0 5 10 15 20 25 30
t/s
Tl ‘ : S
@ =) P - T T T T
0 (N ’1 =3 ‘f S L 14 ]
g P .. - ~=7| S 12: = = = Desired i
3 1 : : : : : = 1§; ——FUO-HFC ]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t/s ;
D /s
‘ 7 T T 7S yel :
..;J 087 1:\ © < \.‘ < “"\/. 'I{ ":\‘ i 'g 6f .
S -0 SMI‘ N S W, AR = 4r = = =Desired
< Cikal i ‘ Ll ] = 2% ——FUO-HFC
0 5 10 15 20 25 30 0 5 10 15 20 25 30
|- = =HFC (i =1) 1= =" HFC (3 = 1/3) == FDO-HFC (6, = 1/3) ‘ t/s
Fig. 12: Tracking errorsi, ve, andre Fig. 15: Desired and actual statesy, and 1
= 8 /---d1 ] Tm ZD’\\—‘f ! | = = = Desired
_5f | ‘ —d | | ] e —— FUO-HFC
0 5 10 15 20 25 30 =) i i i ; ;
t/s 0 5 10 15 20 25 30
5 ; ; ; ~— t/s
N . + 05 \ \ , \ ‘
< 0 ~ w oH=
-5} ‘ \ ‘ b | g 03
0 5 10 15 20 25 30 = -15 i ‘ ;
t/s 0 5 10 15
3 ‘ ‘ ‘ ‘ g 705 "
-] | T T T
€0 3 ® e
-5t f ; f : . ds | ﬁg -05 = = = Desired
0 5 10 15 20 25 30 = : ‘ ‘ ——FUOHFC
t/s 0 5 10 15 20 25 30
t/s

Fig. 13: Disturbances and their finite-time observation ) )
Fig. 16: Desired and actual statesv, andr

diag(32,32,32), Ly = diag(20, 20,20), o = 7/9, ag = 5/9

andas = 1/3. convergence and stronger disturbance rejection simultaneous-
The actual and desired trajectories in the planar space Breand thereby resulting in higher tracking accuracy, and the

shown in Fig. 8-12, from which we can see that, in comparis&iDO-HFC approach is able to realize exact trajectory tracking

with the conventional asymptotic control scheme (j%.= 1), within a short time since unknown disturbances can be finite-

the proposed HFC scheme (i.¢8, = 1/3) achieves faster time observed exactly as shown in Fig. 13.
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parameters are selected as follows; = 2.6, Ky = 2.6,

B = 1/3, Bo = 1/2, M1 = 2, \a = 1.5, \3 = 1.1
and £ = diag(30,30,30). Corresponding simulation results
and comparisons are shown in Figs. 14-19. The actual and
reference trajectories in the planar space are shown in Fig.
14, which indicates that the actual trajectory can exactly
track the desired one in a very short time although the ASV
suffers from unmodeled dynamics and unknown disturbances.
Actually, the previous HFC and FDO-HFC approaches become
unavailable due to the unexpected unmodeled dynamics of the
ASV and the desired trajectory. From the tracking performance
on position and velocity shown in Figs. 15-18, we can see that
trajectory tracking errors converge to zero in a very short time
in spite of complex unknowns including unmodeled dynamics
and unknown disturbances. In essence, the remarkable perfor-
mance of the proposed FUO-HFC scheme on exact trajectory
tracking relies on the accurate observation on the lumped
unknowns via a FUO, whereby the finite-time observation
results are shown in Fig. 19. In this context, the FUO-HFC
methodology can achieve fast and exact trajectory tracking
together with accurate reconstruction on complex unknowns
including unmodeled dynamics, uncertainties and unknown
disturbances.

V. CONCLUSIONS

In this paper, in order to achieve trajectory fast and accurate
tracking control of an autonomous surface vehicle (ASV)
subject to unmodeled dynamics and unknown disturbances, a
homogeneity-based finite-time control (HFC) framework has
been innovatively proposed. For exactly dealing with external
disturbances, a finite-time disturbance observer (FDO) has
been developed and has been incorporated into the HFC
framework, thereby contributing the FDO-based HFC (termed
FDO-HFC) scheme which can realize exact trajectory tracking
control of an ASV in the presence of complex disturbances.
To further accurately handle complicated unknowns including
both unmodeled dynamics and unknown disturbances, a finite-
time unknown observer based HFC (FUO-HFC) scheme has
been proposed to enhance the entire performance including
both trajectory tracking and unknowns identification, whereby
high accuracy and fast convergence can be ensured simulta-
neously. Simulation studies and comprehensive comparisons
have been conducted on a benchmark ship, i.e., CyberShip
II, and have demonstrated the effectiveness and superiority of
the proposed HFC schemes in term of exact trajectory tracking
and unknowns rejection.
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APPENDIXA

In order to demonstrate the superiority of the proposed PROOF OFLEMMA 2
FUO-HFC scheme, we employ a much more complex case Proof: In the light of Lemma 1, the entire proof can be
where both unmodeled dynamics of the ASV and desirelivided into 2 phases, i.e., proves of global asymptotic stability
trajectory and unknown disturbances are included. The contemid negative homogeneity.
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Phase |: Global Asymptotic Stability there exists the following Lyapunov function:
In order to facilitate an inductive proof, applying a set of
coordinate transformations as follows: Vi@iwizy, -+ on) = Vigr (Tig1, Tiga, -+ 2n)
g3
_ ; 2—a;) /o
zi=li1xy, 1=1,2,---.n (A1) + /ai/ai+1 (8(2 ifer m§+1a e +1) ds (A.10)
Tit1

with [, = 1, to system (2), we have .
such thatV; along (A.9) satisfies the form like (A.8).

iy =c1 (22 — 27?) To this end, together with (A.8), we have

Ty = co (w3 — 27°) "

’ ’ 8‘/i+1 i+1/Q j4+1/ i1
: Vilca.9) = Vig1l(am — Z cj?j(x;"w /o 733;)1{ iy )
j=1+1
iy = —cny " A2 2
In Cnxl ( ) n i (5(2*0&)/941' B Z<2Iai)/ai+l) ds‘
wherex(" := sig® (v1) ande; = 1;/li_1,i =1,2,--- ,n. dt J oo " (4.9)
Using (A.2), a backward recursive procedure will be estab- n a/os (2r) /s
lished in the sequel. < —kipr Yy |~ o
Initial step: We first consider the following system: j=i+1
(2—ay) /ey (2—a)/oviq1 i1/
P (A3~ elal T e e )
: : Cit1(2 — o) (2—ai—ait1)/ovig1
Choosing a Lyapunov function as follows: - T%H
Qn «a i i i/ Qg1
Vi(zn) = 7|33n|2/ " (A.4) X ($i+2 - JC? tefe )(301 - JC?JAO‘ * )
we have _ Z ¢ Vi (m?‘jﬂ/ai o quJr'Jlrl/ai+1) (A.11)
. ) dr; *° v
Vn(fcn)|(A.3) < *kn|xn|(2+T)/a" (A5) g=1+t !
with &, = ¢,.. Note that
Inductive stepAssume there exists a Lyapunov function as s (x(_%ai)/ai _ m(.Q_"”)/"”“) (xqq,+1/aq, _ $i+1)
follows: Lo (2410, :
< *Cikz‘+1|ﬂf;}l+l/al — iy o (A.12)
‘/Ti+1($i+1’:LIi+2,z-(.. ) Cc(2- O‘i)x(2—ai—ai+1)/m+1
= Z ’ (3(2*041‘)/04]' _ m@*%‘)/%‘ﬂ) ds Qit1 i+l
o aj/eji J+l ai+2/ai ai/ai+1
j=i+17V %% (A6) X ($i+2 —Z; )(ﬂfz — T )
. . - qu+1/aj o (247)/ajt+1
such thatV;,, along the following system: = j;l |75 il
Tiv1 = Cip1(Tipo — x?ff/ai“) + pl(u1)|x?"“/a"' — T |(2+T)/m+1 (A.13)
. ait3/aivt n
Tit2 = Cit2 (Zi+3 - xi+§3 ) _8Vi+1 aji1/a; ajp1/oiq
R j:zl;rl ! 0w (e i )
n
Tp = —C7L$j‘$1+1/ai+1 (A.7) < 11 Z ‘I?‘j+1/aj _ Ij+1|(2+r)/a;‘+1
satisfies J=irl . )
+ pa(po) |y Y — @i o (A.14)

Vv, < ks g/ o (2FT) /e
+ilan < ~kin j;rl | ! jH‘ with positive continuous functions, (-) andp(-) with respect
(A.8) toany positive constanig; and 2, respectively.

Substituting (A.12)—(A.14) into (A.11) yields
with k; 1 > 0. Itis easily verified that (A.8) holds for system 9 ( I ) ( )Y

(A.3) at the initial step, i.ej =n — 1. . n N (247) /s 41
In this context, we are expected to prove that for the systeW(Aﬂ) < —(kipr = = M2)Z ‘Ij Y — @i ’

as follows: J=itl
Qit1/ag (2+7)/cvig1
- $i+1|

; — (cikjaq — p1 — X
T; = ¢; ($i+1 - $?l+1/m) (c‘ i+1 Pl p2)|xz (A15)
it = Cip1 ($i+2 . m;xi+z/aq,)

Selecting parameters;, u9, k;1 andc; such that

ki + p1(p1) + pa(p2)
ant1/o (A.9) ¢ > Kt s ki <kipr— 1 —p2 (A16)
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yields [11] K. Shojaei, “Neural adaptive robust control of underactuated marine
n surface vehicles with input saturation®ppl. Ocean Resvol. 53, pp.
. ) ) 2 ) 267-278, Sep. 2015.
Vi|(A‘9) < -k Z |30?J+1/% — Tj41 ‘( 7/ (A-17) [12] G. Q. Zhang, and X. K. Zhang, “Concise robust adaptive path-following
=i control of underactuated ships using DSC and MIIPEE J. Ocean Eng.
vol. 39, no. 4, pp. 685-694, Oct. 2014.
which implies that (A.8) also holds for thi¢h inductive step. [13] Z. Zhao, W. He, and S. S. Ge, "Adaptive neural network control of

Recursively, we can eventually construct a Lyapunov func- 2 fully actuated marine surface vessel with multiple output constraints,”
y y yap IEEE Trans. Control Syst. Technoliol. 22, no. 4, pp. 1536-1543, Jul.

tion as follows: 2014.
[14] Z. Yan, and J. Wang, “Model predictive control for tracking of underac-
Vl(ﬂfla TR ;fﬂn) tuated vessels based on recurrent neural netwolk&EE J. Ocean Eng.
n x; vol. 37, no. 4, pp. 717-726, Oct. 2012.
_ Z (S(zfaj)/aj _ Z(‘Q—a;‘)/anl) ds [15] H. Li, P. Shi, and D. Yao, “Adaptive sliding mode control of Markov
/et g+l jump nonlinear systems with actuator faultdEEE Trans. Automat.
j=1"%i+1 Contr, to be published.

(A.18) [16] H. Li, C. Wu, X. Jing, and L. Wu, “Fuzzy tracking control for nonlinear
. networked systemsJEEE Trans. Cybern.to be published.
with x,,41 = 0 anda; = 1, such that [17] Y. M. Li, S. C. Tong, and T. S. Li, “Adaptive fuzzy output feedback
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