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Event-Triggered Adaptive Practical Fixed-Time
Trajectory Tracking Control for
Unmanned Surface Vehicle

Shuai Song
Baoyong Zhang

Abstract—This brief investigates the fixed-time trajectory
tracking control problem for unmanned surface vehicle with
unknown dynamics based on command filtered backstepping
technique and fixed-time stability theory. Distinct from the exist-
ing results where the control execution is periodic and the
computational burden is overlarge, a novel event-triggered adap-
tive practical fixed-time fuzzy controller is designed to guarantee
the fixed-time stability of the closed-loop system (CLS), where
the controller is aperiodically updated only at the event-sampled
instants. Theoretical analysis proves that the tracking errors can
diminish to an arbitrarily small neighborhood of the origin within
a fixed time interval and the prescribed convergence time is free
of the initial states of the surface vehicle under the proposed
control method. Finally, the simulation results are provided to
demonstrate the validity of the developed control approach.

Index Terms—Command-filtered backstepping technique,
event-triggered control, fixed-time stability, trajectory tracking
control, unmanned surface vehicle.

I. INTRODUCTION

VER the past decades, various efforts have been devoted

to the study of the various unmanned vehicles such
as unmanned surface vehicle (USV) and unmanned aerial
vehicles (UAV) owning to their huge application potential
in civil aviation and military affairs [1]. Especially for the
USV, numerous methods have been developed to handle the
trajectory tracking control problem including sliding mode
control [2], and adaptive backstepping control [3], [4]. Note
that the foregoing results assumed that the model dynamics
were fully available, which brought some conservative for
applying the proposed method to practical applications to a
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certain extent. To overcome this problem, some intelligent
control methods have been proposed to cope with unknown
dynamics and nonlinearities by integrating the neural networks
or fuzzy logic systems (FLSs) with traditional control meth-
ods [5], [6]. However, the above results were focused on
the infinite-time stability of the CLSs. To further improve
tracking accuracy and convergence rate, some remarkable
finite-time control methods have been reported [7]-[10]. In [7],
a new super-twisting neural dynamic model was established
to achieve adaptive disturbance rejection. In [8], a finite-time
disturbance observer was designed to exactly estimate the
unknown disturbances. Although better tracking performance
for the USV in [8] can be guaranteed in comparison to infinite-
time control methods presented in [3]-[6], the determination
of the setting time heavily relied on the initial states of the
investigated system. This may lead to an overlarge or even
inestimable convergence time when the initial states are too
far from the equilibrium or fully unpredictable limited by the
environment.

More recently, the fixed-time control provides a system-
atic framework for guaranteeing the convergence time is free
of the initial states of the investigated systems. By utiliz-
ing this method, some notable results [11]-[18] have been
presented for various nonlinear systems. In [14], a fixed-
time sliding mode controller was developed to force the
attitude of rigid spacecraft into the predefined sliding surface.
By integrating with fixed-time stability theory and backstep-
ping control, the adaptive control problems were studied
in [16]-[18]. Nevertheless, noted that the derivation of the
control law was dependent on the repeated differentiation of
virtual control laws in the recursive procedure, which undoubt-
edly will cause the problems of computational complexity and
over parametrization once the dimensionality of the system is
too high. Inspired by [9], a novel trajectory tracking control
scheme was proposed in [19] by introducing the command fil-
tered backstepping technique. It should be pointed out that the
method proposed in [19] is only available for the USV with
fully known model dynamics. Moreover, the aforementioned
results in [2]-[6], [8], [9], [14]-[19] were based on the time-
triggered control scheme, where a large number of network
communication resources were required since the control sig-
nal need to be updated periodically. Therefore, it is significant
to develop an event-triggered adaptive fixed-time trajectory
tracking control method for guaranteeing the stability of the
CLSs under any initial states and limited network transmission
environment.

Motivated by the above discussion and observation, in
this brief, we aim to develop an event-triggered adap-
tive command-filtered practical fixed-time trajectory tracking
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Fig. 1. Earth-fixed XgOgYEg and the body-fixed XpOpYp coordinate frames.
control scheme for the USV with unknown dynamics. The
main contributions of this brief are characterized as fol-
lows. (i) This brief makes the first attempts to develop an
event-triggered adaptive fuzzy fixed-time trajectory tracking
control scheme for the USV with unknown dynamics. What’s
more, the computational complexity exposed in [16]-[18] is
greatly relaxed and the exact inertia dynamics in [19] are not
required under the proposed method. (ii) Distinct from [2]-[6],
[8], [19], two kinds of compensation signals are constructed
for achieving better tracking performance and improving the
system robustness against the perturbations, where the negative
effects caused by the filter errors, disturbances, and approxi-
mation errors are effectively reduced. (iii) Compared with most
of open results [2]-[6], [8], [19], the event-triggered mecha-
nism rather than the time-triggered mechanism is introduced to
controller design such that the network communication burden
is greatly reduced, which is closer to the actual requirements.

II. PROBLEM FORMULATION

Consider a standard three degrees of freedom (DOF) non-
linear motion model of the USV as shown in Fig. 1. Let
n = [x,y,9]" € R? denote the position (x,y) and head-
ing angle ¢ of the USV in the earth-fixed frame and let
o = [u, v, r]T € R? represent the corresponding surge velocity
u and sway velocity v, and angular rate r in the body-fixed
frame, then a controlled USV dynamic system with unknown
dynamics and disturbances can be modeled as follows [22]:

{ 0 = R(p)w 0
Md = —Cp(w)w — Di(0)w + T + d(1)

where d(t) = [d,,d,,d]T € R? denotes the unknown but
bounded external disturbances, and v = [7y, 7y, 7,]7 € R3
is control input vector. R(¢) is the kinematic transformation
matrix satisfying the property R~!'(¢) = R7(¢), Cn(w) €
R3*3 is an inertial matrix, C,,(w) € R3*3 denotes the skew-
symmetric matrix of Coriolis and centripetal terms, Dy, () €
R3*3 represents the damping matrix.

Remark 1: For model (1), some notable tracking control
methods have been presented in [2]-[6], [8]. However, all
the aforementioned approaches only guarantee the infinite-
time stability or finite-time stability of the USV, where the
model dynamics of the USV and the initial states are assumed
to be fully available for facilitating controller design and
determining the convergence time. Although the exact model
requirements were further relaxed in [5], [6], the problem of
the explosion of complexity and over parameterization caused
by taking derivations repeatedly for control signals restrict
its application to some extent. Motivated by these situations,
an improved adaptive fixed-time command-filtered trajectory
tracking control design for the system (1) with unknown model
dynamics will be established.

Control objective: We devote to derive an event-triggered
adaptive fixed-time command-filtered trajectory tracking con-
trol method for the USV with unknown dynamics such that
all the signal of the CLS are bounded, and the tracking errors
converge to an arbitrary small neighborhood of the zero in a
predefined fixed-time.

Assumption 1: The desired reference signal 7, and its first
derivative 7, are available.

Assumption 2: there exist an unknown constant dj; such
that |d},(t)] < dj; forall t > 0,s =u, v, r.

III. MAIN RESULT
A. Event-Triggered Adaptive Controller Design

In this section, an event-triggered adaptive fixed-time
command-filtered trajectory tracking control method for the
USV with unknown dynamics will be developed by inte-
grating with the commander filtered backstepping technique
and fixed-time stability theory. Firstly, the tracking errors are
defined as:

| Zn_nr,
[ >

where z; € R? and 20 = [zou, 220, 22,17 denote the position
tracking error and the velocity tracking error, respectively.
D.c € R3 is the filtered control signal.

Step 1: To overcome the complexity issue existing in the
traditional backstepping control method, the following com-
mand filter is used to filter the virtual control functions and
obtain their differential signals.

Aa=1L11
Oy =—ari[ra — )P —agafhg —ar)P12 4 a0
Moo= —a13lhg —ar )P —apalhy) — o )P1e 3)

where the virtual control function o € R3 is the input of the
filter, which will be designed. ¢ = A1,1 and ¥1 . = €11 are
the outputs.

Along with (2), the derivative of z; is as follow:

21 = R(@w — 1, “)

Define the filter error €; = ¥ . — a1, then the compensating
signal is generated by

1 eTel
. 1 2 3.3 4 1
V1=_a17/1_a17/12_a1)/1 _a1y1||l/1||2 + €1, (5)
where a"l eR3(i=1,2,....,4) isa positive definite constant

matrix to be determined.
Design the virtual control law and adaptive laws as:

ay(z]ar)

\/(z{&l)(z{m) + ol

a1 = —RT(p)( ), (6)

_ 131 1 .
&1 = ka +k () +K G i @)
where k’i (i=1,2,3) is a positive definite constant matrix.
Select the following Lyapunov function

1 T 1 T
Vi = Ezl 71 + 5)’1 Vi ®)

Taking the derivative of V; yields
Vi < 2] (R(p)z2 + R(@)er + R(@)ar — 7iy) + i (—ajn1.

2% 3.3 4 61T61
—ayy; —ayyi —al)/lw‘l‘él), ©)]
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Utilizing Lemma 4 in [20], the term leR(go)oel in (9) can be
expressed as

7 aiz] @y
JaaiZlar + of
Substituting (6)-(7), and (10) into (9), one has

Vi < —dmintpl, PG 21/2Y* + /2 + 222
+ @1 — rmindp? PG /2 + /2% (1)

3
< _)\min{pia P?}Vf -

(10)

T T -
1 R(@)a = — <o — 7101

Amin{P%,P‘f}V% + ZgZZ + @

where pi = k%(Z)%,p% = 4k?,p? = a%(Z)%, and p? = 4a?.
Step 2: To facilitate the controller design, the second
equation in (1) can be rewritten as:

" = Fau, v, 1) + g + du (1)

where Fy(u, v, r) = [Fy(u, v, 1), Fy,(u, v, r) Fr(u, v, N,
[, tyy. TiglT, and dy () = [dYy, dy,, dy,1T.

Invoking (2) and (12), the derivative of zp can be calculated
as:

i ¥ (12)

Zos = Fy(u, v, r) + () + dyy — 9 (s = u,v, 1), (13)

where 9y . = [0}, 9] ., 9] 1"
Motivated by the work of [21], a relative threshold control
strategy is introduced to design the event-triggered adaptive

tracking controller. We design the actual control law as:

225713
BN =—(1+8)——E—(s=uv,r) (14
/2 =2 2
Z2sn2s + sz
with
_ 131
iias = ky'oas 3 ()30, + 35 )2sz 2b2 3 ashsd] s
1’\\ -
+ 5325 T |z _ l?iv . (15)
/Z%S +Q2(l) 2s
and V1 € 1, k1), T (0D (s = u, v, r) satisfying
Ty () = &% (), Vt € [t, try1) (16)
tir1 = inf{t € R||eg(t) > 85|ty ()] + my} (17)

where eg(f) = £°(t) — 13,(¢) and &5, m, are design parameters
satisfying 0 < §; < 1, my > 0.

Remark 2: The role of the term Ayzo/ V23, + 02 played
in (15) is to overcome the negative effects generated by the
unknown disturbances and approximation errors. In most exist-
ing results, the sign function is usually utilized to achieve the
same goal. However, the serious chattering phenomenon and
high-gain problem are unavoidable if the upper bound of the
unknown disturbances is too big. it worth noting that the unde-
sired phenomenon can be removed by replacing this term with
the sign function.

Design the parameter adaptive laws as

hy = 2b2z23¢ s — pihs — p3h3. (18)
2 zz
Ay= —5— — pSAs— pjA3, (19)

N
e ()

™ =

where ,of >0G=1,2,...,4) is a positive constant.
Choose the following Lyapunov function

S By YRy YR

S=u,v,r S=U,V, I S=U,V,r

(20)

where Ay = Ay — ZA\S, and [\s is the estimation of Ay =
dy + ey
For the interval [fx, tx+1), it follows from (16) and (17) that

£ = (1 + ri (08T (1) + pa(Omy 21

where ;ﬁl (¥) and /Li (t) are the time-varying parameters satis-
fying |1} (1) < 1 and |50 < 1.
Furthermore, using (21) yields
£°(1) _ /’L%(Z)ms
L+ pj(08s 14 uj(®)ds

According to (21)-(22), the derivative of V5 is calculated as

(22)

Ty (D) =

. E5(1) M;(t)ms
Vo < 2 ( - + W, +d)
:Z N+ ui@ss T+pims,
— 225 — éf,c) - Z ﬁsﬁs - Z [\sj\r (23)
S=u,v,r S=u,v,r

where Wy = Fy,(u, v, r) + 20, with s = u, v, r.

Due to the universal approximation ability of FLSs, the
FLSs are widely used to handle various nonlinearity encap-
sulated by unknown dynamics and uncertainties. Thus, the
nonlinearity Wy in (23) can be expressed as

W = 07 s (Ag) + &3, (Ay),

in which Ay = [u, v, r, 225]7 and ey, satisfies |e3,| < 37

According to (14), we can obtain z,£°(f) < O(s = u, v, ).
Since pj() € [—1,1] and p5(r) € [—1, 1], the following
inequalities hold

(24)

S s
28 W _ 00 03)
1+ Hsl (t)és 1468
N
| Ml(t)ms < My . (26)
1+ [le ()85 1 — 4
Furthermore, we can obtain
Zz h ¢ b5 b?
225 (W5 + d1sl4) . 2b2 EA
Az,
+ Ao + ——2—. (27
,/z%s + 0% (1)
Similar to (10), the term z2,7j, can be expressed as
2 =2
D) = - (28)

ﬁ < @25 — 22572s-
V 2psM2s + W)

Substituting (14)-(19) and (25)-(28) into (23) and using
Lemma 2 in [10] gives rise to

- Y W +ng - Y BR %}
S=u,v,r S=u,v,r
3s Z%s 2 s 1"‘2 3 v
= 2 BE = D0 AT+
S=u,v,r S=u,v,r
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1,53 - FA
= 2 AGADT+ Y s+ Yo pAAT (29)
S=u,v,r S=u,v,r S=u,v,r
where ¥ = %Zszu’w[bf + @o + 2A500) + PR +
‘YA22(,0‘1Y + p3)(1 — K)e] with k = Z,L =T«
Furthermore, it follows from the fact fig h3 his (h3 371271 +
302hy — 13), AgAD = Ag(A3 —3A2A, + 3A§ s — Ag) and
[Lemma 3-4, 15] that

2,

(30)

} _ 3 T
Vs < - VE — fvzz — (k4 D2, — K+
— K+ D3+ T,

To + %0+ 2t 4 S04 4+ 2
find+ %A?+%A‘1‘+ p4A4+ﬂA§+&ZA4+
4AS, T = minf{ly, b, 3} and Ty = min{%, 35 3} I =
min{k3", k3", k3'}, I = min{p¥, p}, pi}, I3 = mm{,o3 5. Py}
and Iy = min{k3", k3", k3'}. Is = min{(4p} 9p205) ps —
90305, (4p — 9pso3)). s = min{(4pf — 9pfos), 4pj -

9p403). (4p] — 9po3)).

where Y, =

p_5h4 3_"5h4

B. Stability Analysis

Theorem 1: For the investigated 3-DOF USV dynamic
model (1) under the Assumptions 1-2, if the command fil-
ter (3), compensation signal (5), the intermediate control
function (6), and the actual control function (14) together with
adaptive laws (18)-(19) are employed, then all the signals of
the CLS are uniformly bounded within a fixed time and the
actual trajectory of the USV can track the arbitrary reference
trajectory with an arbitrary small tracking error in fixed-time
interval.

Proof: Construct the overall candidate Lyapunov function as

V=Vi+W (31)
Combining with (11) and (30) lead to
. 3 I o,
VS—F1V4—7V + 7 (32)

where T = Y, + @1, I'| = min{Auin{p}. p}}. T1}, and T =
min{Aui{p?, pH}, 2.

. 3
It is easily concluded from (32) that V, < —-I'1V,/
when V,% > 2, from which one gets that V), is bounded.

Furthermore, the boundedness of z;, y1, As, A ¢ can be ensured.
It follows from [11, Lemma 1] that the tracking errors can con-
verge to an arbitrary small neighborhood of the origin |Z1x] <
V20 with the predeﬁned convergence time Tpr < - + l“i -

where ® = min{I" 3(1T)3 ( )’7(17)2} This completes
the proof. |

Afterwards, we will prove that Zeno behavior can be effi-
ciently avoided by the proposed control scheme. It implies
that there exists t* > such that 1 — t > t*,Vk € ZT.
Using the deﬁoition es(t) = &°() — 13,(1), we have %|es| =
les|sgn(es) < |§°|. According to (14), one has &° is a differen-
tiable function and £° is compounded function of all bounded
signals. Therefore, there exists a positive constant by such
that |€%| < by. Furthermore, it follows from ey(t;) = 0 and
limy , es(f) < my that > ( 5) Thus, the Zeno behavior
can be avoided.

TABLE I
SELECTION OF SIMULATION PARAMETERS

Filter Parameters
ai;=p12=2(i=1,...,4),61,1 =0.75,p1,3 = 0.6,
B1,4a = 3,a = diag(2,2,2),a? = diag(0.6,0.6,0.6),
a$ = diag(0.8,0.8,0.8),a} = diag(1.2,1.2,1.2),
Controller Parameters
ki = 2.5k7 = diag(5,5,5), k; = diag(3, 3, 3),
ks = 50,k3% = k2% = 10,6, = 0.5, ms = 0.02,
bs = 0.01, w25 = 0.1(s = u,v,7), o(t) = e~ 10%,

Initial Conditions
[2(0),3(0), »(0)] = [1m, 1m, 7], s (0)
As(0) = 0.3, [u(0), v(0),(0)] = [0,0, }
Reference Trajectory
z, = 4sin(0.02t); y, = 2.5(1 — c0s(0.02t)); ¢ = 0.02¢
External Disturbances
d(t) = [5sin(t), 5sin(t), 5sin(t)]”

3

I—Reference trajectory (zr,y,)

- Actual trajectc Ly) with [2(0),y(0)] =
Actual trajectory (z,y) with [2(0),y(0)] = [1,1]
Actual trajectory y) with [x(0),y(0)] =

-
T

y/m

e
;
.

@/m

Fig. 2. Desired and actual trajectories in xy plane under the different initial
conditions.

(a) ()

5 .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time(Sec.)

d

Time(Sec.)
()

-2 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time(Sec.) Time(Sec.)

Fig. 3. Response of the CLS. (a)-(b) Desired and actual positions. (c) Desired
and actual yaw angles. (d) Adaptive parameters.

IV. SIMULATION RESULT

To verify the validity of the proposed control method, the
simulation study is carried out on Cybership II in this section,
which is a 1 : 70 scale replica of a supply ship of the Marine
Cybernetics Laboratory in Norwegian University of Science
and Technology, and the detailed system parameters of the
ship are provided in [22].

The control parameters, initial conditions, and external
disturbances are provided in Table I. and the Gaussian mem-
bership functions of the FLSs are chosen as u Fi (L) =
exp[—(As — i+ 5)2/4)], (s=uv,r;i=1,2,...,9) where
Ay = [u, v, r, 225]7.

The simulation results are presented in Fig. 2-Fig. 5. Fig. 2
displays the response curves of desired and actual trajecto-
ries in the x — y plane under different initial conditions. It is
demonstrated that the convergence of the CLS is not dependent
on the initial system states in contrary to infinite-time control
and finite-time control. Fig. 3 depicts the curves of desired and
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-20 -200
0 1 2 3 0 1 2 3 0 1 2 3
300 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300
Time(sec)
Fig. 4. Control inputs.

Time(s)

Fig. 5. Released interval of triggering events.

actual positions, yaw angles and adaptive parameters b5, Ay,
which indicates the predefined control goal can be achieved
with an exact tracking accuracy and rapid convergence speed
under the proposed control method. The response of control
signals £° and tj; is presented in Fig. 4. The time intervals of
events are displayed in Fig. 5 and it is easily calculated that the
number of triggers for all actuators is 1269 times, 1479 times,
and 1621 times in 300s while the number of non-triggering
events is 33341 times, 33131 times, and 32989 times, which
means the proposed method can greatly save the communi-
cation resources and decrease the control cost in comparison
to the time-triggered control scheme proposed in [2]-[6], [8],
[91, [14]-19].

Remark 3: Finally, it should be pointed out that the selec-
tion of design parameters have a great influence on track-
ing performance. For example, the tracking performance is
improved by increasing the value of design parameters kf(i =
1,2;j = 1,2,3). However, this will lead to overlarge con-
trol energy. Therefore, in practice, to keep a balance between
tracking performance and control cost, the appropriate choice
of the design parameters is significant.

V. CONCLUSION

In this brief, a novel event-triggered adaptive command-
filtered fixed-time trajectory tracking control scheme for the
USV has been proposed. By using the proposed control
strategy, the computational complexity and network communi-
cation burden are greatly reduced and the serious dependencies
on the exact model dynamics and initial conditions of the
vehicle are further relaxed compared with most of the exist-
ing results. The simulation results prove that the proposed
method is able to guarantee a desired tracking performance.
Here, it worth noting that the proposed control method in
this brief could be further extended to deal with the tracking
control problem of aircraft system studied in [23] and safety
analysis studied in [24]. Besides, developing a disturbance

observer-based adaptive global fixed-time trajectory tracking
control for the USV to achieve better disturbance rejection
will be one of our further research works.
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