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Abstract: An underactuated unmanned surface vessel (USV) is a nonholonomic system, in which
trajectory tracking is a challenging problem that has drawn more and more attention from researchers
recently. The control of trajectory tracking is of critical importance since it determines whether the
task can be carried out successfully. In this paper, a non-singular terminal sliding model (NTSM)
controller is proposed for the trajectory tracking control of the underactuated USV, with a nonlinear
disturbance observer which is designed to measure complex environmental disturbances such as
wind, waves, and currents. Exploratory simulations were carried out and the results show that the
proposed controller is effective and robust for the trajectory tracking of underactuated USVs in the
presence of environmental disturbances.

Keywords: underactuated unmanned surface vessel; trajectory tracking; non-singular terminal
sliding control; disturbance observer; Lyapunov stability theorem

1. Introduction

In recent years, with the dramatic development of unmanned driving technology,
research on USVs has received great attention in the military and civilian fields. Equipped
with different device systems, the USV can accomplish various operational tasks such
as security patrols, marine environment monitoring, searching for resources, and rescue
tasks [1-5]. The USV system itself is nonlinear, and there are many coupling terms [6]. In
addition, most USVs are underactuated systems, and there will be parameter uncertainties
during navigation. The influence of unknown disturbances and the speed vectors are often
difficult to measure directly. Because of these problems, underactuated USVs are unable to
track a specific predefined trajectory, which leads to inability to complete the task. In order
to devise a solution to the problem of trajectory tracking control, researchers have applied
many control methods such as backstepping, adaptive control, sliding mode control [7-10],
neural network control [11,12], output feedback control [13,14], model prediction [15-17],
L1 adaptive control [18], and finite time control [19-23], as well as combinations of various
control theories.

The backstepping method has been widely used to deal with uncertain systems and
adaptive controls. The core idea of the backstepping method is to recursively deduct the
control design of the entire system by means of designing the virtual control variables
and the Lyapunov function of the subsystems. However, in the process of the backstep-
ping method design, the derivatives of virtual variables must be calculated. The higher
the order of the system, the higher the order of the derivatives to be calculated. As a

Appl. Sci. 2022, 12, 3004. https:/ /doi.org/10.3390/app12063004

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12063004
https://doi.org/10.3390/app12063004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0791-2566
https://orcid.org/0000-0003-1583-414X
https://doi.org/10.3390/app12063004
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12063004?type=check_update&version=2

Appl. Sci. 2022,12, 3004

20f17

result, a differential explosion phenomenon appears, which increases the difficulty of
controller design.

In order to reduce the difficulty of control design, a low-pass filter is usually used
to replace the derivation of the virtual variables. Dynamic surface control (DSC) uses a
low-pass filter to avoid the differential explosion phenomenon in the design process. The
dynamic surface control method was applied in [24] to solve the control problem of a class of
nonlinear systems. In [25], two cascaded subsystems were formed by coordinate conversion
of the system error model, and the DSC method was introduced into the trajectory tracking
control of the USV. In [26], an adaptive dynamic sliding mode control based on the idea of
the backstepping method was proposed to solve the trajectory tracking control problem
for an unmanned underwater vessel (UUV) for modeling parameter uncertainty and
environmental perturbation. Due to the inevitable calculation of multiple design virtual
control variables in the design process, the calculation complexity can be reduced using the
differential substitution characteristics of the model based on a biologically inspired model.
In [27], an adaptive backstep sliding mode controller was designed based on a biologically
inspired model to realize the trajectory tracking of a USV.

The underactuated USV has no lateral thrusters to control the lateral displacement.
The objective of control of underactuated vessels is to solve the problem that occurs when
a fully actuated USV breaks down, or in the absence of bow thrusters, where only the
propellers and the yaw moment are utilized to achieve the purpose of trajectory tracking
control. An underactuated USV with a forward speed is inevitably affected by the wind,
waves, currents, and other unknown disturbances. If these unknown disturbances cannot
be handled properly, the functionality of the underactuated USVs will be much reduced.

Measuring the unknown disturbance is the key to underactuated USV trajectory track-
ing control [28]. In addition, in sliding mode control, the upper and lower bounds of the
disturbance are usually estimated, and a larger gain parameter is designed to solve the
disturbance problem. By adopting a disturbance observer, the value of the disturbance
can be estimated, to better solve the disturbance problem. In [29], aiming at the formation
control problem of an underactuated USV, an adaptive finite-time disturbance observer
was introduced to observe external environmental disturbances. In [30], based on fuzzy
theory, a fuzzy unknown observer was proposed to estimate the compound disturbance
of the system, to solve the underactuated USV path tracking control problem. By treating
external disturbances as periodic disturbances, the Fourier series expansion of periodic
disturbances and Lyapunov theory were used to obtain the optimal estimation of environ-
mental disturbances [31]. In [32], model predictive control was used to devise trajectory
tracking control, and nonlinear disturbance observers were introduced to compensate for
unknown disturbances, to achieve optimal trajectory control. In [33], due to the difficulty
of obtaining information about the underactuated state, a sliding mode observer was de-
signed to estimate the linear velocity and angular velocity, combined with a backstepping
sliding mode control principle to realize the underactuated UUV trajectory tracking con-
trol. Since an RBF network is able to approximate arbitrary functions, an adaptive neural
network was designed [34] to approximate unknown external environmental disturbances,
in combination with a high-gain observer to achieve fast feedback, to ensure the transient
performance of underactuated USVs. In approximating unknown disturbances with neural
networks [35,36], the choice of the weighting matrix and the number of nodes in the implicit
layer is a difficult issue. The nonlinear disturbance observer design is transformed into
a linear matrix inequality, making the selection of parameters easier, while the speed of
convergence is related to the selection parameters of the Lyapunov function coefficients.

In this paper, a method combining a nonlinear disturbance observer and NTSM control
is proposed for an underactuated USV, to deal with the trajectory tracking control problem
under external environmental disturbances. In addition, in order to demonstrate the
effectiveness and performance of the derived control strategy, a straight-line trajectory and
a circular trajectory are proposed for simulation verification. The main contributions of this
paper are:
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(1) An NTSM controller integrating a nonlinear disturbance observer is proposed to solve
the trajectory tracking problem under the environmental disturbances of wind, waves,
and currents. The stability of the observer and controller is proved strictly using the
Lyapunov theory.

(2) The non-singular terminal sliding mode control method proposed in this paper results
in a dynamic system with a better performance than that of the classic sliding mode
controller. To improve the robustness of the control system, a disturbance observer is
also designed to observe unknown disturbances.

2. Definition and Lemma

Definition 1. The NTSM is described by the following first-order nonlinear differential equa-
tion [37].

o(t) =x+k-signc =0,k>0,1<a<2 1)

where x € R and sign”x 2 sign(x) - [x|".

Lemma 1 [38]. Let the partitioned matrix

A= h] @
be symmetric. Then,
A<0e A1 <0,S45(A11) <0 Ay <0,S4(Apn) <0 3)
or
A>0< A1 >0,54(A11) >0 Ap >0,S54(Axn) >0 4)

3. Controller Design
3.1. USV Modeling

Assumption 1. The reference trajectories of the USV are smooth and have first and second derivatives.
Assumption 2. The position information and velocity information of the USV can be measured directly.

Assumption 3. The external disturbances d = [dy, dp, d3] acting on the USV are unknown and
vary slowly but are still bounded. There exists an unknown constant, d™ € R such that every
element in d satisfies d; < dj"™,i =1,2,3.

The standard three-degrees-of-freedom (surge, sway, and yaw) USV model is used,
which is characterized by uniform mass distribution and left-right symmetry, and the
center of gravity of the USV is located at the origin of the coordinate system. Then, the
three-degrees-of-freedom mathematical model of the USV can be obtained as follows.

x = ucos(y) — vsin(y)
y = usin(yp) + vcos(yp)
b =r
o (mZz’UT — dnu —+ T + d1)
0= ——(—myur —dpv+d;)
[(m11 — mp)uv — dazr + T + d3)

©)

ms3

where x and y denote the surge displacement and sway displacement, and ¢ is the heading
angle. In addition, u and v denote the surge velocity and sway velocity; r is the angular
velocity; 7, and 7, denote the surge force and yaw moment; 41, d, and d3, are the environ-
ment disturbances induced by waves, wind, and ocean currents, respectively. Furthermore,
my =m—X;, my =m-—Y,, myg =1 —N,d3 =—Xy,dn =Yy, and d33 = —N,,
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where m is the mass of the USV; [, is the ship’s moment of inertia about the Z—axis of the
body-fixed frame; X;;, Y3, N; are the linear hydrodynamic damping coefficients; and X;,
Y;, N;, are the additional mass coefficients [39].

In order to better reflect the relationship between kinematics and kinetics, this relation-
ship is described in a matrix form, to facilitate the subsequent design of the disturbance
observer. The kinematic equation is

n=R(y)V (6)

and the dynamic equation is
MV =—-CV-DV+1+d @)

wheren =[x y ¢ ]T denotes the position and orientation vector of the USV in the
earth-fixed inertial frame;and V= u v r ]T denotes the velocity vector of the USV
in the body-fixed frame. The earth-fixed inertia frame O — X, Y, and body-fixed frame
A — XY are depicted in Figure 1. In addition,t=[ 7, 0 7 ]T is the control vector of
theUSV;andd = [ dy d d3 ]T are the environment disturbances. R(1) is a rotation
matrix that satisfies R(¢)RT () = I33, where I35 represents the third-order unit matrix.

M is the inertia matrix of the system, which satisfies M = M! > 0and M = 03x3. Cis the
Coriolis and centripetal matrix, which satisfies C = —CT. D is the hydrodynamic damping
matrix, which satisfies D > 0. They are, respectively,

cos(yp) —sin(yp) 0 miy 0 07
R(yp)= | sin(p) cos(yp) 0 | M= 0 my 0
0 01 0 0 ms33 | (8)
0 0 —Mmpp0 dn 0 0]
C= 0 0 mpu |D= 0 dyp 0
MoV —mplU 0 0 0 dz3 |
A
XO
Body-fixed frame |
North
East
k-
|
/ |
// ! ‘
| .
| Earth-fixed frame
//\W l >
0 y \

0

Figure 1. Earth-fixed O — X, Y, and body-fixed A — XY coordinate frames of a USV.

3.2. Design of Virtual Velocities

Usually, the aim of trajectory tracking control is to make the actual trajectory follow
the reference trajectory by adjusting the controller according to the position error. In order
to construct the Lyapunov function according to the position error equation and the design,
a suitable control expression to satisfy the Lyapunov stability theory to achieve trajectory
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tracking, the actual position, and the reference position are calculated to obtain the position

error eq uat‘l()l 1.
yE y ]/d

where (x,v), (x4,Y4), (xe,y.) are the USV time-varying actual trajectory coordinates, refer-
ence trajectory coordinates, and error trajectory coordinates, respectively.
The derivation of the two sides of Equation (9) with respect to time f can be obtained.

GGl e
2] )

In order to devise the controller based on the dynamic equation, the virtual speed is
defined as follows:

: a
[ g } _ X4+ bytanh(—§*xe) a

Ud 7Rs bytanh(—%ye)
where a, and a, are positive numbers, and by, b, # 0.

The position error converges to (0,0) when the actual velocity satisfies the defined
virtual velocity. The velocity error is defined in the same way as the position error:

NN @

where [ Z ] =] { ; } . Then the velocity errors can be calculated as:

[ e, } _r Xe — bxtanh(—g—ixe) a3
€y v, — bytanh(—b—]y/ye)

When the velocity error converges to (0,0), the position error satisfies the following
expression:
Xe = bxtanh(—Z—i{xe)

. a (14)

Therefore, the following Lyapunov function can be defined according to the position error.

1 1
W = Exg + Eyi (15)
The time derivative of V] is
: . . a a
Vi = XeXe + Yoy, = —xebxtanh(b—xxe) — yebytanh(b—yye) <0 (16)
X Y

It can be seen that Inequality (16) is semi-negative definite, and the position error
converges asymptotically, which means that when the speed error converges to (0,0), the
position error also converges to (0,0).

3.3. Design of the USV Controller

Next, it must be ensured that the convergence of the velocity error satisfies the con-
vergence of the position error. For the sliding mode control, a sliding mode surface is
constructed according to the error, and a suitable control law is designed to ensure that the
sliding mode surface satisfies the Lyapunov stability condition.
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Without considering the environmental disturbances, we consider the following

NTSM surfaces:
¢ 12t
{ S = fo eydt + B1(ey) ™ an
n
Sr=ey+ B2 (ev) 12
where B1, B2 > 0, p; > q;(i = 1,2) are positive odd integers.
The derivative of the virtual speed can be obtained:
[ iy } - sin(ip)  cos(p) X4 + bytanh(— g x) . Xg— kxjcesechz(—‘,%xe)
Uy —cos(yp) —sin(yp) v+ bytanh(—%ye) Vy— kyygsechz(—%yg) (18)

where G| = kxjcesechz(—%xe), Gy = kyyesechz(—%ye).
Then, the second derivative of v, is

Og = —tug — rig —recos(y) (X — G1) — sin(¢p) ('5(',1 - Gl) —rsin(y) (y; — G2)
+ cos(¢) (yd — Gz) (19)

= —Xysin(y) + ¥ cos(p) — Xyrcos(y) — 7 sin(yp) — tigr + G’ — ugr

where G’ = Gy sin(9) — Gy cos(1p) + Gyr cos(1p) 4 Gorsin(p).

Let T = —%;sin(y) + ¥ cos(yp) — Xgrcos(y) — y,rsin(y) — uyr + G, then 0, be-
comes vy =TI — uyr.

Then, the time derivative of Equation (18) is:

. - P1 -1
e
S1=ey+ Lgll L(ey)n

20)
—d +Tu)— ﬂ_l (
—e,+ % (mapor 11nl1lnT )—miqiy () ™
. . P2 - P2_q
52 =ep+ 132(‘72)60(60)‘72
. L P2 . . . .
=éy+ B2 (Z—;) (e0) %2 {m%z (—myur — myqur — dypo) — T+ udr] 2
. R4 _
=¢y+ B2 (%) B {%[(Wn — My )uv — dsar + T
+mL22 (*111111/.{7’ — dzzb) — I’}
Due to the USV tracking error in Equation (13), the following control inputs can
be designed.
_n
T, = d11u — M 0r + mi |:ud — L(eu)z L — 81q1 sign(51) (22)
Bip Bip
T = d331’ — (m11 — MQQ)MU + %{—%ﬂ (—muur — dzzi)) + T
L\2-P2 N1-P2
— 525 (e0)" % — 22 (e0) Psign(S) } (23)

Stability Analysis of the USV Controller
Consider the following Lyapunov function for the NTSM:

1 1
Vy = Es% + 555 (24)
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By taking the first time derivative of the Lyapunov function V5, along with Equations (19)
and (20), one can obtain

Vz = SlSl + 5252
— S |ew + % (mpvr—diu+t,)—miqig (eu)si—l:|

mip

i . (25)
+ 7m22n212‘12m:1311u [(m11 — mp)uv — dszr + 7] + Saéy
. . R
+%22 (*11111141’ — dzz?)) — F} S22 (%) (ez,) 72
Substituting Equations (21) and (22) into Equation (24) yields
Vz = *51€1Sign(51) — Szezsign(Sz) (26)

= —£1|S1| — &2/S3|

where g1, &, > 0. Because V; is positively defined and Vais negatively defined, it can be seen
that the NTSM surfaces meet the Lyapunov stability condition, which indicates that the sys-
tem can reach the sliding mode surfaces from any initial position, as given in Equation (18).
When the trajectory reaches the sliding mode surfaces, S| = S, = 0, e, = — 2 (év)p 2/112,

and fot eqdt = —PB1(ey)""/T can be obtained. That is to say, the constructed NTSM can
make the velocity error converge, thus indicating the position error convergence.

3.4. Disturbance Observer

The disturbance of the external environment cannot be ignored in the actual navigation
of underactuated USVs. In order to eliminate the influence of disturbances on the controller,
a nonlinear disturbance observer [40] was introduced to estimate the unknown disturbances
and compensate for disturbances in the controller, to achieve high-quality control of the
closed-loop system.

Z=L(CV+DV—1)—1Ld

A (27)

d=Z+P

L and P can take the following forms:
L=X"'M"! (28)
P=X"1v (29)

The nonlinear disturbance observer was constructed using Equations (26)—(28), where
Xis an invertible matrix which can be solved for via linear matrix inequality (LMI).

The stability of the disturbance observer is proved in the next subsection. If the
disturbance errors converge, then the disturbance observer is stable, and it can be used for
controller design.

Proof of the Disturbance Observer
The Lyapunov function for the disturbance error is constructed as

~T ~
Vi=d X'MXd (30)

Combining Equations (27)—(29), the following equation can be obtained:

.T .
) Z ~ T L
Vs =d X'MXd +d X"Mxd
~T ~ ~T ~
— —d M IXTX"TMXd —d X"MXX"'M~1d (31)
~T ~
= d (x+xT)d
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~ A
where d = d — d is the disturbance error.
Since it is assumed in this study that the perturbation changes slowly, it can be
considered that d = 0. The observation error equation is obtained by combining with
Equation (27).

d+Ld=0 (32)

The following inequality is constructed:

X+X' >« (33)
. ~T -
where k is the positively defined matrix, and the existence of k' > 0 makes V3 < —d kd =
—«'V3 valid. Clearly, the disturbance observer converges exponentially, and the accuracy
and speed of convergence depend on the value of «.
The higher the value of k, the higher the convergence speed and precision.
Let Q = X, then Inequality (33) becomes

Q'+Q-Q'«Q >0 (34)

From Equation (28), according to the Schur complement lemma, we can derive
T T
[ Q +Q S } >0 (35)

The value of Q can be obtained by solving Inequality (34), and thus the unknown X in
Inequality (33) can be obtained.

The USV controller is redesigned to account for disturbances. The time derivative of
Equation (18) is:

. P1
_ Bip1 (mypvr—diyu+tty+di)—myguy .
St=eut q myy (6”) n

. . L P2 q _
S2 = éo+ Pa(B2) (¢0) 2 { MRUCINY (1) —mp)uv — diar + T, + ] (36)
“rmLzz(—mnil}’ - dzz?IJ) — 1"}

The surge force and yaw moment can be defined as follows:

A . _n
Ty = diju — mpor —dy + my [ud - 6]71(%)2 i S sign(51) (37)
Bipm Bip1
T = d337' — (71111 — mzz)uv — dA3 + %{—%ﬂ (—mllill’ — dzz?)) +T
. \2-R2 1=
~ iy (00)" T — 2l () sign(Sy) } 9

For the stability analysis of the trajectory tracking control law under disturbances, the
following Lyapunov function is constructed:

V, = %(s% + 55) (39)

Taking the time derivative at both ends of Equation (38), and then substituting the
control laws, Equations (36) and (37) yield

V4 = 5151 + SzSz

5 . 2 . 40
=-5 [dl —d + slslgn(Sl)} ) [d3 —ds+ €zslgl’1(52):| 40
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Since the designed disturbance observer converges, Equation (39) can be rewritten as

V4 — —glslsign(sl) - 8252Sign(52) (41)
= —£1|51] —&2[52| <0

where 1, €5 > 0, V4 > 0 and V4 > 0. In a similar way, the designed NTSM control law can
converge to b in a finite period of time.

To eliminate the chattering phenomenon arising from the discontinuous sign function,
the following saturation function is used to replace the sign function,

= { 0 320

where¢ > 0andi=1,2.

4. Simulations and Discussion

In this section, the USV model, controller, and disturbance observer are written in
MATLAB functions based on the Simulink environment, and numerical simulations are
performed using a variable step size to verify the effectiveness of the designed control strat-
egy. First, the trajectory tracking performance was validated under ideal conditions. Under
non-ideal conditions, the disturbance caused by the external environment is unknown and
cannot be directly measured. Next, constant environmental disturbances were introduced,
disturbance observers were used to measure disturbances, and NTSM controllers with
disturbance compensation were employed to achieve trajectory tracking. The inclusion of
constant environmental disturbances alone is insufficient to prove the observation effect
of the disturbance observer for unknown disturbances and cannot reflect real-world sce-
narios. Therefore, time-varying environmental disturbances were introduced to verify the
compensation for the disturbance and the trajectory tracking. The model parameters of the
USV can be found in [41] and are shown in Table 1.

Table 1. Hydrodynamic parameters of the REMUS AUV.

Parameter Definition Value Unit
m Mass of USV 30.48 kg
I, Moment of inertia 3.45 kg~m2
Xy Linear hydrodynamic damping coefficient —8.8065 kg/s
Yy Linear hydrodynamic damping coefficient —65.5457 kg/s
N, Linear hydrodynamic damping coefficient —6.7352 kg/s
X, Additional mass coefficient —0.93 kg
Y, Additional mass coefficient —35.5 kg
N, Additional mass coefficient -35.5 kg-m?

The controller’s control performance was verified using the following two trajectories
under three different conditions.

4.1. Straight-Line Trajectory Simulation

The following straight-line trajectory was used in the simulation:
x5 =08t +1
{ yqg =05t +1 43

Case 1 was without environment disturbances.
Case 2 had constant environmental disturbances, where the following disturbances
were chosen: /
d; = [d’n,d’u, d/13] =[5,2,3] (44)
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Case 3 had time-varying environmental disturbances, where the following form of the
disturbances was used:

/ 0.3cos(0.17tt — 71/3)
d, = [d/21,d/22, d’zg] =1 04 COS(O.ZT[t — 7'[/4) (45)
0.6 cos(0.37tt — 71/6)

The initial position of the USV was 1 = [0, 0, 0], the initial velocity was V = [0,0, 0], the
initial value of e, was 0.5, and a, = ay = 2,ay = ay = 0.5. For the disturbance observer, the
parameters k = diag[ 0.5 1 5 | x0.005and Q = [ 0.0097 0.0103 0.0148 | were cho-
sen. The parameters used to design the NTSM controller based on Equations (37) and (42)
are listed in Table 2.

Table 2. Controller parameters for the straight-line trajectory.

Parameter Value Used in Case 1 Value Used in Case 2 Value Used in Case 3
B1 0.5 1 1
B2 0.3 0.5 0.5
€1 1.4 14 14
£ 1 15 0.5
¢ 0.01 0.01 0.01
p1 3 3 3
P2 3 3 3
q1 5 5 5
q2 5 5 5

Figure 2a shows the straight-line trajectory curve of the underactuated USV without
any disturbances, with steady disturbances d/l, and with time-varying disturbances dlz.
The solid line is the reference trajectory curve, and the three dotted lines are the actual
trajectory curves of the USV under different conditions. From the figure, it can be seen that
with the control strategy proposed in this paper, the USV is able to overcome the influence
of external environmental disturbances and track a straight trajectory in three different
cases. Figure 2b represents the curves of the USV in the AXY plane, the surge (X—axis
direction), and the sway (Y —axis direction) positions over time. It can better reflect the
change of the trajectory over time. It can be seen from the figure that the USV tracks the
reference trajectory in a very short period of time and maintains stable tracking at all times.
Since the USV is underactuated and has no thrusters in the sway direction, it can be seen
from the figure that it takes more time to track the reference curve in the Y —axis direction
than in the X —axis direction.

Figure 3 shows the observed curves and the observed error curves of the nonlinear
perturbation observer for two different environmental perturbations d;and d. It can
clearly be seen in Figure 3a,b that the disturbance observer is able to quickly approximate
the external unknown environmental disturbances. Figure 3c,d show the errors between
the actual disturbances and the observed values, showing that the designed disturbance
observer for both the constant disturbances and the time-varying external environmental
disturbances is able to estimate the actual disturbance values quickly and accurately.
Therefore, the disturbance values observed by the disturbance observer can be used to
replace the disturbances caused by wind, waves, and currents in the external environment,
thus improving the robustness of the system.

Figure 4a,b show the actual position variation curves and the actual velocity variation
curves of the USV, respectively, in the three cases. As can be seen from the figures, the
position and speed curves under the effect of disturbances have the same pattern as
those without disturbances, which further indicates that the controller has an excellent anti-
disturbance capability. Figure 4c,d show the position error variation curve and velocity error
variation curve of the USV, respectively, in the three cases. The position and velocity error
curves more clearly reflect the USV tracking reference trajectory. As shown in the figures,
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there is a large error at the initial stage of navigation, but after a period of intervention
both the position error and velocity error approach zero, which shows that the designed
controller can effectively track the linear reference trajectory. Figure 5 shows the variation
curves for the surge force and yaw moment. The output curve of the controller becomes a
smooth curve, maintaining tracking with a short adjustment time.

35 ——refenerce trajectory ===disturbance d;
T o g7 = Wi s
30l , : ] 3 . ‘ ; : :
=== disturbance dI
' —~ 40 0 e 8
257 wounes disturbance d, | G 0 5
890 1
20 1 1
/g 0 L I L L L
< 157 1 0 10 20 30 40 50 60
t(s)
°l | b M | '
[
_ ] =200 = 1
> i) 5
BT |
0 0 5 10 1 10
1 1 1 0 1 L 1 1 L
0 10 30 40 50 0 10 20 30 40 50 60
o(m) t(s)
(a) (b)
Figure 2. Straight-line trajectory tracking in three cases: (a) trajectory tracking in the xy plane;
(b) trajectory tracking in the x-axis and the y-axis directions.

From the simulation results presented in Figures 2-5, it can be concluded that the
control strategy proposed in this study performs well in overcoming external environmental
disturbances and in tracking the linear reference trajectory.

4.2. Circular Trajectory Simulation
The following circular trajectory was chosen for the circle trajectory simulations:
X5 = 0.125¢
¢ = cos(0.1251) (46)
y4 = sin(0.125¢)
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Figure 3. Cont.
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Figure 3. Disturbance observer simulation results: (a) actual values and observed values for constant
disturbances; (b) actual values and observed values for time-varying disturbances; (c¢) constant
disturbance errors; (d) time-varying disturbance errors.

Case 1 was without environment disturbances.

Case 2 had constant environment disturbances dll, chosen as described in Equation (44).

Case 3 had time-varying environment disturbances d 5, as described in Equation (45).

The initial conditions of the USV and the parameters of the disturbance observer were
consistent with the parameters of the linear trajectory. The parameters used to design the
NTSM controller based on Equations (37) and (42) are listed in Table 3.

Table 3. Controller parameters for the circular trajectory.

Parameter Value Used in Case 1 Value Used in Case 2 Value Used in Case 3
B1 0.5 2.5 5
B2 0.3 1.5 5
€1 14 0.3 0.01
& 2.5 1 0.5
¢ 0.01 0.01 0.01
p1 3 3 3
P2 3 3 3
q1 5 5 5
q2 5 5 5

Figures 68 show the simulation curves for the circular trajectory. From the simulation
results, it can be seen that for circular trajectories in three different cases, the designed
control strategy enabled the USV to overcome the external disturbances to achieve tracking
on circular trajectories. Figure 6a illustrates the overall trajectory tracking of the USV
in the AXY plane. Figure 6b presents the trajectory tracking curves over time in the
surge (X—axis) and sway (Y —axis) directions. The observation approximation effect and
estimation errors are presented in Figure 3. Figure 7a shows the six state curves including
position and velocity curves during the USV navigation. It can be observed in Figure 7b
that, in the simulations with time-varying disturbances, the velocity curve has smaller
fluctuations compared with the other two cases. This is because there is a certain error in
the observed effect of the disturbance observer for the time-varying disturbances. From the
position error curve and velocity error curve in Figure 7c,d, it can be seen that the error
has a good convergence pattern, which means that the USV can achieve circular trajectory
tracking. Figure 8 shows the variation curves for the surge force and yaw moment.
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Figure 4. Position and velocity curves: (a) the actual position of USV in three cases; (b) the actual
velocity of USV in three cases; (c) position tracking errors in three cases; (d) velocity tracking errors

in three cases.
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Figure 6. Circular trajectory tracking in three cases: (a) trajectory tracking in the x-y plane;
(b) trajectory tracking in the x-axis and the y-axis directions.
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Figure 7. Position and velocity curves: (a) the actual position of USV in three cases; (b) the actual
velocity of USV in three cases; (c) position tracking errors in three cases; (d) velocity tracking errors

in three cases.
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Figure 8. Surge force and yaw moment in three cases.

The simulations for the straight-line and circular trajectories indicate that the designed
control strategy is able to overcome external environmental disturbances in the process of
trajectory tracking.

5. Conclusions

In this paper, an NTSM controller was designed for the trajectory tracking problem of
underactuated USVs in the absence of disturbance, then a nonlinear disturbance observer
was devised to observe wind, wave, and current disturbances. The designed control
strategy was strictly proved to be asymptotically stable using the Lyapunov stability theory.
Finally, the NTSM and the nonlinear disturbance observer were combined, and the output
of the disturbance observer was used to replace the actual environmental disturbance. The
following conclusions are drawn from the theoretical analysis and numerical simulations
of circular and linear trajectories:

(1) The trajectory tracking results were obtained by Simulink numerical simulation using
the parameters of an existing USV model. In the case of no disturbance, the errors in
the linear trajectory and circular trajectory speeds converged to zero quickly while the
error in the position results converged to zero within 10 s to follow the the predefined
trajectory, which verifies the feasibility of the controller.

(2) Numerical simulations of both constant and time-varying external environmental
wind, wave, and current disturbances were performed, and estimates were obtained
with the designed disturbance observer. In both cases, the disturbance errors con-
verged rapidly to a value close to zero, indicating the capability of the disturbance
observer with regard to external disturbances.

(3) With constant and time-varying disturbances, the USV completed the trajectory track-
ing task within 10 s, and the errors in velocity and position were very close to zero.
The robustness of the system was improved by incorporating a disturbance observer
to estimate environmental disturbances and compensating for external disturbances
in the controller.
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