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Abstract

This article focuses on the problem of path following for underactuated unmanned surface vehicles (USVs) considering
model uncertainties and time-varying ocean currents. An extended state observer (ESO)-based integral line-of-sight
(ILOS) with an integral sliding mode adaptive fuzzy control scheme is proposed as the main control framework. First,
a novel ESO is employed to estimate the surge and sway velocities based on the kinetic model, which are difficult to
measure directly. Then, the adaptive ILOS guidance law is proposed, in which the integral vector is incorporated into the
adaptive method to estimate the current velocities. Meanwhile, an improved fuzzy algorithm is introduced to optimize the
look-ahead distance. Second, the controller is extended to deal with the USV yaw and surge velocity signal tracking using
the integral sliding mode technique. The uncertainties of the USV are approximated via the adaptive fuzzy method, and an
auxiliary dynamic system is presented to solve the problem of actuator saturation. Then, it is proved that all of the error
signals in the closed-loop control system are uniformly ultimately bounded. Finally, a comparative simulation substantiates
the availability and superiority of the proposed method for ESO-based ILOS path following of USV.
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directly controlled, while the sway velocity is passive for
most USVs.

Most USVs are underactuated in that the number of
actuators in the mechanism is less than its degree of

Introduction

In recent decades, intelligent control of unmanned surface
vehicles (USVs) has become one of the most challenging
topics in the nonlinear control community and has attracted
great attention in the marine, military, and commerce fields

for applications, such as path following, collision avoid-
ance, and formation control.' > The problem of USV path
following has expanded over the past decade and is a
thorny aspect of USV intelligent control because of its
complicated mathematical model. Additionally, a difficult
problem is that only the surge and yaw direction can be
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freedom. Although an underactuated system is more com-
plex than a full-drive system, the former possesses several
advantages including conservation of energy, material, and
space.®” The authors proposed the underactuated spherical
parallel mechanism-based robotic ankle exoskeleton, and
the lightweight mechanism in low-carbon design was ver-
ified. In the literature,® a detailed calculation model for
each stage of the sustainable supply chain was proposed,
and findings revealed that the underactuated system can be
used to achieve lightweight and energy saving, thereby
leading to a low carbon footprint. The underactuated sys-
tem has its special values, but it needs to achieve break-
throughs or unprecedented innovations in both theoretical
and practical techniques. At present, research on this type
of system has become popular in USVs and robotics,® '°
and the control of underactuated systems has been
researched mainly by state stabilization, trajectory track-
ing, and path following.® High nonlinearity renders the
control of such tasks particularly challenging.

The control objective of the USV path following is to
keep it following a reference path without time constraints.
In other words, the position tracking errors should be ulti-
mately bounded. A conventional method to achieve con-
vergence to the reference path is to apply a line-of-sight
(LOS) guidance law emulating an experienced mariner,''
this method has been popularized in the USV path follow-
ing system."'>!* Several authors have studied the tradi-
tional LOS guidance law, but it is vulnerable to external
influencing factors, such as wind, waves, and ocean cur-
rents. The most severe problem is that the sideslip angle of
the USV magnifies the tracking error signals and can even
lead to divergence or oscillation of the entire cascade
control system. The most straightforward method to com-
pensate for the sideslip angle is to measure it using high-
precision sensors.'* However, these sensors are difficult to
implement due to their high costs in practice. Some
researchers solve these problems by coalescing the sideslip
angle with the course angle. One such scheme is the inte-
gral LOS (ILOS) method,'® which was devised by adding
an integral term to the original LOS guidance law. Simi-
larly, Mu et al."> developed an adaptive LOS (ALOS)
scheme, in which an adaptive method was introduced to
calculate the sideslip angle. The ALOS scheme is a specific
type of ILOS with a time-invariant or slow time-varying
sideslip angle. These methods seem incapable of dealing
with a fast time-varying sideslip angle. Based on the above
analysis, extended state observer (ESO)-based LOS
(ELOS)'® and predictor-based LOS (PLOS)'? methods
were proposed, in which the ESO and predictor were intro-
duced to calculate the sideslip angles with any rate of
change and encapsulated into the LOS guidance laws.
However, the simplified operations in ELOS and PLOS
require that the sideslip angle should be in a small range.
In this context, Wang et al.'” proposed a novel observer to
precisely calculate the sideslip angle with any magnitudes
within a short time. USVs have long suffered from ocean

currents in practice, whereas the aforementioned studies
did not consider ocean current velocities. Note that the
ocean currents can destabilize the cascade system. Miao
et al.'® proposed a novel compound line-of-sight (CLOS)
scheme, in which the sideslip angle and the time-varying
ocean currents can be accurately estimated and compen-
sated simultaneously. Given the accompanying computa-
tional complexity, an adaptive ILOS guidance law was
presented by Zheng and Sun'® and suited to any parametric
path. Ocean currents could also be calculated based on the
adaptive law.

The problem of control design in the execution module
represents another indispensable aspect of the path-
following cascade control system. Essentially, the execu-
tion module control system should be designed to force the
USV state to track the reference signals of the proposed
LOS guidance law. When controlling an underactuated sys-
tem, the first problem is controllability; this system is com-
plex and nonlinear, such that linear control theories cannot
be directly applied. Underactuated systems must be ana-
lyzed using nonlinear controllability theory based on their
own characteristics. Extensive research has presented con-
trollability analysis of underactuated systems. From the
mathematical standpoint, the authors®®? provided a theo-
retical basis for the controllability analysis in underactu-
ated systems. The control of the underactuated system is
always realized using motion coupling or dynamic cou-
pling.>>2° In a controllable system, an effective control
technique is backstepping control, which has been widely
adopted given its systematic calculated amount.'”**?” The
backstepping technique can eliminate the constraint that
the relative degree must be 1 in classical passive systems.
However, the heavy calculation burden of backstepping
makes some control strategies impractical. From this point
of view, the active-disturbance-rejection controller
(ADRC), trajectory linearization controller (TLC), and
sliding mode controller (SMC) have been proposed by
many researchers. In the literature,*® a control scheme com-
bining the LOS guidance law with the ADRC technique
was proposed to make the USV follow a reference para-
meterized curved path. Liu et al.?® introduced the TLC
scheme in relation to USV path following and illuminated
anew direction in TLC technology. Considering the robust-
ness to external disturbances, parameter perturbations, and
unmodeled dynamics, SMC is an effective and powerful
advanced controllers that have been developed consider-
ably in USV and robot areas.>* > In practical applications,
SMC has successfully applied to underactuated biped
robot,>® satellites,>” and overhead crane.>® For example,
sliding mode observer was designed by Van et al.*® to
estimate the robot velocities in the presence of model
uncertainties and external disturbances. A backstepping
sliding mode AUV path-following control algorithm was
proposed by Liang et al.** However, the single SMC usu-
ally cannot satisfy the system requirement, such as high
efficiency and strong robustness. In this case, a hybrid
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control scheme that switched between proportional-
derivative (PD) control and SMC was proposed by Ouyang
et al.®! for tracking control of robot manipulators, where
PD control was used to stabilize the controlled system,
while SMC was used to compensate the disturbance and
uncertainty and reduce tracking errors. In the literature,*”
the integral SMC (ISMC) was first employed for USV
trajectory tracking. Moreover, the ISMC was introduced
to the USV path following control*® and applied in the
attitude loop and surge velocity loop, respectively, findings
were fairly encouraging. In the literature,*' an adaptive
SMC (ASMC) method was designed for the parallel robot
with six prismatic actuators in the presence of actuator
fault. In the literature,*? a proportional-integral-derivative
SMC (PID-SMC) trajectory tracking scheme was proposed,
in which the PID-SMC can ensure all the tracking errors
converge to zero within a finite time in sliding and
approaching mode. Besides, terminal SMC (TSMC)* and
iterative SMC** were also widely used in USV and robot
motion control. Considering the chattering caused by the
sign functions in SMC, most actuators cannot suffer from
this phenomenon in reality. Researchers have thus pre-
sented many approaches to preventing this issue, such as
by using the continuous sigmoid function instead of the
sign function,* adding a filter,*® introducing a fuzzy/neural
network to approximate the sign function,*” or applying
mathematical optimization to the switching function.*®
System uncertainty and disturbance are common in
practical control systems. The robustness against them is
critical for motion control of USV. A variety of methods
were proposed to deal with the uncertainty, ranging from
Fourier series expansion,49 observers,so and neural net-
works®' > to fuzzy techniques. Fuzzy control is an early
form of intelligent control and it imitates the ambiguity of
human’s thought and controls objects using the control
experience of human experts.® A weakness of fuzzy tech-
niques is that approximator accuracy relies on the number
of nodes. An effective approach involves estimating the
norm of the ideal weighting vector by replacing the vector
elements. From this point of view, in the literature,>* an
adaptive fuzzy control method was proposed to estimate
model uncertainty and achieve remarkable tracking perfor-
mance in terms of both tracking and unknown estimation.
In the literature,>* the fuzzy techniques were used to esti-
mate the model uncertainty and external disturbance simul-
taneously. Considering the structure of approximator,
Wang and Er” proposed a self-constructing fuzzy control
USV trajectory tracking scheme, which contained self-
learning membership functions and parameter adaptation.
Every input into real systems should be bounded by
actuators’ physical restrictions. The actuator saturation
(i.e. input saturation) tends to be ignored when designing
control systems. Actuator saturation can strongly influence
the stability of systems, such as undershooting, lag, and
performance degradation. To solve this physical problem,
Chen et al.>® proposed an auxiliary dynamic system to

compensate for the input constraints. The system states
were applied for the adaptive tracking control design in
uncertain MIMO nonlinear systems. In the literature,”’ a
finite-time trajectory tracking scheme was proposed based
on PD plus dynamics compensation in the presence of input
saturation, where the Sat function was introduced to deal
with the saturation problem. In the literature,'® an auxiliary
design system was presented to compensate for the surge
and yaw controller in an underactuated USV, and the uni-
formly ultimately bounded (UUB) stability was confirmed
for the cascade path following system.

In this article, an ESO-based ILOS (EILOS) guidance
law and adaptive fuzzy SMC (EIAFSM) with actuator
saturation are proposed for USV path following in the pres-
ence of ocean current velocities and external model uncer-
tainties. The ESO is developed to identify surge and sway
velocities considering their immeasurability, and the ILOS
guidance law is designed to produce the reference heading
angle. In addition, an improved algorithm is proposed for
look-ahead distance. Then, the SMC is designed to main-
tain the USV surge velocity and heading angle tracking the
reference signals generated by the LOS guidance law.
Meanwhile, the USV model uncertainty and sign functions
in the control law are estimated using the fuzzy logic sys-
tem (FLS), and an auxiliary system is provided to compen-
sate for the part exceeding the actuator limit.

The remainder of this article is structured as follows.
Several necessary preliminaries and explanations about the
USV model are detailed in the second section. The EILOS
guidance scheme is introduced in the third section. The
fourth section outlines the actuator control method for
USVs. The system convergence analysis is presented in the
fifth section. The sixth section provides an example to
illustrate the feasibility of the proposed method, and the
seventh section offers our conclusion and directions for
future work.

Preliminaries

Lemmas

Definition 1. R" is the n-dimensional Euclidean space. The
solution of the differential equation is x and x(zy) = x¢.>®
For a set containing the origin W C R”", the system is UUB
if there is a non-negative constant 7'(xo, W) < oo, so that

the following equation holds for all t >ty + T
| x(20) < 6 = x(r) e W (D

Lemma 1. If x = 0 is an equilibrium point of the system
X =f(x,1), and the function f is Lipschitz, there exists a
positive Lyapunov function ¥ satisfying>®>’

1%
V=) S —CV+p<Ovi20 VxR ()

where C is a non-negative parameter and p < oco. The
system x = f'(x, ¢) is UUB.
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Lemma 2. The USV input signal 7; is limited by —7imax
and T;max, such that — 7. < 7; < T,-max.lg The relational
expression between the real 7; and the command 7 is

Timax, Ti0 > Timax

Ti = Ti0y —Timax < Ti0 S Timax (3)

—Timax; Ti0 < —Timax
Lemma 3. For a,b > 0, the Young’s inequality holds®
1

né"

ab < jaf" bl @
m

where 6 is positive, m,n > 1 and (m—1)(n—1) = 1.

When m=n=2,6=1, inequality (4) becomes

ab < %az + %bz. In this case, the right side of the inequality

sign is non-negative. Thus, ifa < 0 or b < 0, the inequality

also holds.

Unmanned surface vehicle models

This subsection describes the USVs’ kinematic and
dynamic models with ocean currents. The mathematical
model of a USV on a horizontal plane can be described
as follows

X = u,cosyp — v,siny + V,

V= u,sinp + v,.cosp + 1,

b=

d
ar:Hu(vryr)_Jur'i'Tu""_(su (5)

mi

v, = E(u.)r + F(u,)v, + 6,
7= Hr(urvvr,r) + 7+ 5;’

where (x,y) provide the positional information and 1
denotes the heading angle. (u,,v,,r) represent the
USV relative surge velocity, the sway velocity, and the
yaw rate within the body-fixed frame, respectively.
(V,V,) describe the x,y directions of ocean current

velocities within the inertial frame. Define
cos —sin

R = o and " = RO
siny)  cosy

where (u.,v.) describe the velocities of ocean current
within the body-fixed frame. [u,v]" = [u, v,]" + [tte, ve]”,
where (u,v) are the absolute USV velocities. (7, 7,) rep-
resent the input signals that directly control the actuator.
The external disturbances can be expressed as (8, 6y, 6,).
The definitions of H,,(v,, r), E(u,), F (u,), and H (1, v, )
are given in Appendix.

Assumption 1. The absolute USV resultant velocity U,
heading angle v, and yaw rate r are measurable, but the
relative velocities u, and v, are not.

Assumption 2. 6,, 6,, and 6, are bounded, their upper
bounds can be described as (7;,7,,7;), which are
unknown.

Assumption 3. The ocean currents are assumed to be
slow changing such that 7, ~ Vy ~ 0 and bounded by
V max. The magnitudes of ocean currents are much lower
than the USV velocities.

Assumption 4. The time derivatives of u, and v, are
bounded.

Remark 1. In Assumption 1, we can easily determine
the state vectors U,1), and » from common navigational
instruments. The relative velocities are difficult to measure
with common apparatuses.®’ Assumptions 2 and 3 are rea-
sonable due to the finite energy of external disturbances
including ocean currents,®® and similar assumptions appear
in the literature.'® For Assumption 4, similar theories can
be found in Proposition 1% and Assumption 1.'® This
assumption is justified given that the energy of the USV
actuator is finite and abrupt signal change is not allowed,
thereby leading to [it(V),| < wWmax, Where wmay is a positive
constant.

Control objective

This article aims to propose a control algorithm to keep
the USV following a prescribed path parameterized
by (x£(s),14(s)), such that the velocities and position
tracking errors of USV converge to a small range ulti-
mately, that is, tlilg(x —xi) < 4y, tlllglo(y — ) <4, and

lim (4, — u,q) < ¢,, where u,, denotes the desired relative
—00

surge velocity and /4, £,, £, are bounded constants.
Remark 2. More precisely, the objective of the velocity
is to realize lim U — U, where U, represents the desired

1—00

absolute resultant velocity. If V,, V), u,- and v, are known or
accurately estimated, then, we can easily calculate the
desired relative sway velocity u,,. Therefore, it is reason-

able for u,4 to be the velocity objective.

Guidance subsystem design

The schematic diagram of USV path following and an
EILOS guidance law are presented in this section. The LOS
geometry is shown in Figure 1.

Let ¢ describe the desired path (x;(<),y:(s)) and
the tangential angle of the path is defined as
Yk (S) = atan2(y',(c), x'k (<)), satisfying v,(c) == [, ],
where y’;, and x’; denote the partial derivatives of y; and
x;, respectively. The sideslip angle that is always ignored
by some researchers can be expressed as 5 = atan2(v,u) .
Note that the USV velocities in system (5) are relative due
to the ocean currents. To facilitate calculations, define
B, = atan2(v,,u,) as the relative sideslip angle that can
only be a dummy variable.

Assumption 5. The guidance signal 1, can be com-
pletely tracked by the actual heading angle in the guidance
part regardless of the control effects of 7, and 7,, that is,

Y=y
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XE

o

Figure 1. LOS guidance geometry. LOS: line-of-sight.

As shown in Figure 1, the along- and cross-tracking
errors (x.,y,) of USV can be expressed as

. T
[xe] _ [cos'yk —smﬂyk] [x - xk(g)]
Ve siny,  cosy, y=(s)
Similar to equation (6), we have

[)'ck(§)] _ [cosyk —sin'yk] {um} )

Vi (<) siny;  COsY 0

(6)

where u,, represents the virtual speed of the desired path

and u,, = {4 /x’,% +y’,f.
The time derivative of the along-tracking error is
expressed by

Xe = Xcosy, + ysiny, — xk(s)cosy, — i ()siny,
+ e[ (x = xk(s))siny + (v — ye(s))eosy, ] (8)

Ve

Similarly, we have

Ve = —siny + yeosy; + i (<)siny — i (s)cosy,
— Al (x = xi(s))cosy, + (¥ — i ())siny, ]

Xe

)

Substituting equations (5) to (7) into equations (8) and
(9) results in

Yo = uc08(¢; — ) — visin(y — V) + YV — tm
+6x
Ve = tpsin(vpy — v;) 4+ viecos(hy — ) — XYy + 0,

(10)
where 6, = V.cos(5. — ;) and 6, = V. sin(8, —7;), in
which V., = ,/Vﬁ + Vﬁ and §, = atan2(V,, V). 6, and

0, are bounded under Assumption 3.

To estimate the relative velocities of the USV, two novel
ESOs are proposed as follows

i, =p, + kix,
1= —ki(iarcos(y —v) — Vrsin(hy —v) + Yive
) + Y, Sin(h; — ;) + xcc08(y — V)
(11)
and
‘A}r =D + klye
Pr= —ki(isin(hy —vy) + veos(vy — i) + YiXe)

+,€08(Yy — Vi) — Xesin(vhy — )
(12)

where #, and v, are the estimations of u, and v,, respec-
tively, and k, is a positive parameter. Define the estimation
errors i, = u, — u, and v, = v, — v,. By combining equa-
tions (10) to (12), the corresponding error dynamics of the
velocity estimations can be written as

ur_l:lr :pl +k1xe _ilr

i, =
= —kyit,cos(thy — v;) + kiv,sin(hy — v;) + k6«
TV sin(Yy — i) +Xec0s(thy — ) — 1ty
e = By — V= py ki —

—kivycos(vg — ) — kritysin(vhy — ;) + k16,
+3,€08(Yy — Vi) — xesin(hy — ) — Vr

(13)

Remark 3. The ESO system is significantly different
from the ESOs provided in the literature.®> We take ocean
currents into account, two compulsory terms ¢, and 6, are
added into the error system (13). In addition, to achieve the
stability of a more complicated guidance system, there are
two additional terms y,cos(; — ;) and x,sin(y,; — ;) of
the ESO system.

Note that u, = &, — u, and v, = v, — v,, rewrite equa-
tion (10) as

Xe = dycos(ty — ) — dreos(ty — vi) — Vrsin(vhy — %)
+‘7rSin(r¢)d - ,Yk) +ye;Yk = Uy + OX
Ve = ysin(Py — ;) — it,sin(ty — ;) + Vpcos(ihy — ;)
—Vyrcos(Yg — Vi) — XV + Oy
(14)
The guidance law is presented as
~ — — Q,
Vg = — B+ arctan(yeT> (15)

where B, = atan2(v,, it,), A > 0 represents the look-ahead
distance, and the integral term «, is the virtual input that is
used to shape the dynamics of the system.

Define (éx, 9))) is the estimation of (0, 0,), (éx, éy) are

the estimation errors, and éx =0, — 9;@ éy =0, — 9y.
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In equation (14), u,, can be treated as the moving speed
of the reference path and is proposed as

= ,008(thy — ;) — Vpsin(thy — 7i) + kaxe + 0, (16)

where £ is a positive constant. Therefore, the update law of
the path variable ¢ can be expressed as
¢ = i1,€08(Yg — V) — Vrsin(yhy — i) + kaxe + b, (17)

Remark 4. Note that the physical meaning of virtual
variable u,, is that the speed of the reference path and its
value depend on some USV state variables, such as u,, v,,
X, and 1. One can adjust the tracking speed between the
real and reference path, that is, the desired path also tracks
the real path to some extent, dramatically reducing the
computational burden.

The derivative of y, can be rewritten as

U,sin(wd + B, — ) — wpsin(thy — )
—V,c08(y — Vi) — XV + by

where U, is the estimate of relative resultant velocity and

U, =i, +9,2.

Substituting equation (15) into equation (18) yields
- Yot Qp

(e + ) + A7

—V,c08(¥y — Vi)

Note that the ocean current parameter ¢, can be elimi-
nated by designing the virtual control input «, in asympto-
tically as follows®*

- arSin(wd - ’Yk)

(19)
— XY 0y

Yy =0, (20)
e +a,)* + 47

Then, the position errors dynamic system (14) becomes

fo = —ityc08(thg — i) + Vrsin(vy — i) + v + O
) - Y, .
Vo= —U, —i,8in(; — ;)
(e + ar)? + A?
—Vrco8(Wy — Vi) — XYy + 9y
(21)

Solving for o, given one feasible solution (the positive
root) given by

W) -y (- ()
)

(22)

The condition ’3—' < 1 must be satisfied to guarantee

that o, is bounded.
Design the adaptive law for ocean currents parameters
as follows
“ 1

0y = — (%,

Fl — 9,0,)

(23)

Remark 5. The magnitudes of the ocean current veloci-
ties can be a far cry from USV. Therefore, if the initial
conditions of (9y, it,,v,) and the control parameters of the
ESO and the adaptive law for ocean currents are set appro-

prlately,

Tl heorem 1. The subsystems (10) and (13), viewed as a
guidance system containing position tracking errors (x., y,)
and estimation errors of the USV and ocean current velo-

< 1 can be easily enforced.

cities (i, v,, éx, éy), are UUB under Assumptions 3 to 5.
Proof. Considering the following Lyapunov function

candidate (LFC) ¥y = 1x2 + 1)2 + 12 + 192 + 510, +

5T F 9y Taking the derivative of V| with respect to time,

we obtain
. . . U ~ 2 1 - = 1 - =
Vi =XeXe + Yoy, + Uity + V.0, +—0,0, + —06,0,
Fl Fz °
= —kox} — ¢1y; — krit;cos(iy — ) — ity —

_kl\jfcos('(/]d - ’Yk) +Xeéx +yeéy + klarex

k19,8, — x0 + 10,0, — y,0, + 9,0,0,

24
where ¢; = m > 0. According to Lemma 3, we
can obtain

1 |
izl
uu, < 2u, +2u,
1 1
Vil < Evf + Eaf
~ 1y 1op
ki, 0, < Eur +5 klexmax
1 52 202 =
k.0, <= 5V S+ kleymax
- o 9 Yy~
10,0, = ﬂlex(ox - ox) < 7192max 7162
2 F 2
~ ~ 9 91 =2
00,0, = 020,(6, — 6,) < 7‘e§mx 716
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It yields that

Vi< —(ky—1)x2 = ¢p2 — (kycos(vpy — ;) — )it}
~ 191 k1 ~2
—(k e D il
( lcos(wd ’Yk) )vr 2 2 X
192 k1 ~2 1 ) 1 .2
_[Z=2_Z21p - -
7 > % =+ S + 2 Vr
9 + k2 95 + k2
+ 2 1 eimax + 2 ! eimax
< —2/,61V1 + C,4
(26)
where py = min{kz — 1, ¢y pin, k1cos(¥y — v,) — 1,

(01 — k)1 /2, (92 —k1)T2/2} and  C; = (9, +Kk3)
Do/ 2+ (92 + K)o /2 + 002 /2 + V7 /2.

Thus, V; is a monotone decreasing function outside the
range w; = {V; < 2%1} if k2 — 1> 0,kicos(vy — ;)
—1 > 0 and gives

< @7)

and it follows that the errors u,, V,, X, Ve, éx, and éy are
UUB from Lemma 1.

The look-ahead distance, A, which impacts the tracking
performance in the guidance system, has been deemed time
invariant by most researchers.'"'*!7-*® This phenomenon
leads to slow convergence of position-tracking errors.
Actually, if the distance between the USV and the reference
path is long, we should choose a smaller value for A to
make the absolute value of y, decrease more quickly; con-
versely, a larger A is corresponding to the close range
between USV and reference path. In this context, Mu
et al.'® proposed a fuzzy algorithm of A according to this
principle but did not consider the changing trend of y..
Therefore, an improved FLS with the inputs being y, and
¥, the output being 4 is introduced to optimize the value of
A, where 1 represents the gain. Then, the look-ahead dis-
tance A can be expressed as A = Apyin + A(Amax — Amin)-
Yes Vo» and A are equally divided into five parts. The fuzzy
rules are given in Table 1, and the fuzzy surface of y,, y,,
and 4 is shown in Figure 2.

As shown in Figure 3, the EILOS guidance law is a part
of the whole path following the scheme of USV. We can
employ the guidance law together with the actuator control
system, which will be designed later using the sliding mode
technique, FLS, and an auxiliary dynamic system.

Control subsystem design

In this section, the control laws 7, and 7, to achieve the
desired velocity and heading angle are calculated.

Table |. Fuzzy rules of A.

Ve
Ye NB NS z PS PB
NB 'S VS VS VS S
NS S S M B B
z B VB VB VB B
PS B B M S S
PB S VS VS VS 'S

Figure 2. The fuzzy surface.

Velocity tracking control

uy denotes the desired absolute surge velocity, as shown in
Figure 3. To facilitate calculation, we generally choose the
desired relative surge velocity as our control objective. The
rationality is analyzed in Remark 2. For simplicity, we

assume u, = i, in this section. Define u, = i, — u,y and
t

the sliding surface s = u, + CIJ u.dT, where ¢ is a pos-
0
itive parameter to be designed. The derivative of s is

d
51 :Hu<vr7r) Jur _i{d+7—u+6u+clue (28)

8u

Subsequently, by virtue of FLS to approximate the
external model uncertainties g, = 0,&,(s;).

To solve the problem of input saturation, an auxiliary
dynamic system is proposed as

A 0.5k A2
—kouoy — |S1 Tu il Tu| + K ATy, ‘Uu| > 0%
= Oy
05 |Uu| < Ok

(29)
where k,,, k, and o are positive constants, and

At, = 7, — Ty0. The corresponding nominal surge control
law is proposed as



International Journal of Advanced Robotic Systems

@)
l @5 l u, = \
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law e TR . wind,wives
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: controller e [ . :
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Figure 3. Block diagram of the proposed USV path following strategy. USV: unmanned surface vehicle.
Tuo = —0u&,(51) + tta — 1y5gn(s1) — crue — kys1 + kuooy . 1 koo
V< ku—1— ko |2 = | kow — -2 — = | 52
(30) u u 2 u0 1 ou 2 u
where 7, is the upper bound of ¢, and is unknown. In Puils  dui 1
addition, the sign function sgn(s;) will cause system input - 79u O ehlehl + 5160 — mils1] + E(
chattering. Therefore, we define that hy = 9h1§b(s 1) repre- p p
sents the approximation to 7, sgn(s;). The control law can +e2,) + & Ggmaxﬁumax +-= Hzlmaﬁhlmax
be rewritten as
~ . ~ < _2M 1Vu+Cul
TuOZ_aufa(sl)'i‘ud_hl — ciue — kys1 + kyoou  (31) ! (34)

The update laws of FLS are proposed as follows
éu =M (Slga(sl) - puéu)

. . (32)
O = p, (Slfb(sl) - qu9h1>

where v, p,, p1 and g, are positive parameters.
Theorem 2. All of the errors of the USV path-following
velocity control system are UUB with the control law (31)
and the update law (32).
Proof Ass1gn the following LFC V, =
9,,16;,1 +102, 0,=06,—0,

9h1 = 9h1 - 9h1-
When |o,| > oy, the time derivative of ¥, is

é;fh(sl) + 051 &,(s1)

_92151,(6‘1) + 6y + koo, + ATu) + Uu<_kauau

where

V.= s (ézfa(sl) + e, — kusy —

A 0.5k2A72 1 -7%
—_ |S1 TU+ > oY Tu‘ au +KATU) __05014
2 71
1 -7«
9h19h1
1
(33)

In view of equation (32) and Lemma 3, we have

where ¢, and €, are the approximation errors of g, and
sgn(s1)

— 1 u 1 P 9uP

Hu1 —mln{ku_ ku07km¢__0_27 217 21 and
_1(2 2 4 Lu T

Cul -2 (Eu + Ehl) eumaxeumax + ehlmaxehlmax

When |o,| < oy, we do not need to analyze the bound-
ness  of so the LFC can become

Uua
Vy=1st 1 9 9 + 5 Ghlﬁhl,and then, we have

Va =s1(éufa<sl>+eu—kus1—9h15b<s1>+051£b<s1>

- 9;1§b(sl) + 6y + kyoo, + AT,,)

1.7 -

- 7_10”% (Slf(sl) - pu9u>
1 -1 A

- ])—19;,11?1 (515(31) - quehl)

3 1
— k0 s%—

< — Z_
2 2

ku —

1 1
+ 5 (55 + Eﬁl) L egmaxeumax + Ekuoo'z

9y eT

1
+ 516, — 0y ls1] +§A75+ i1 max O 1max

S _Zﬂu2 Vu + CuZ
(35)
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where p,, = min{k, —3 — $k,0, 2, 21} and C,p = When |o,| > oy, the derivative of V, yields
1(2 4 22 u T 1 A2 ) B
%]((Eu t Shl) Humaxoumax + thmaxehlmax + 2 ATu+ V,= —sz + Q/Jgsz + 52 (efga(SZ) +é& — krs - ’l/}e + ATr
2 /u00y- .
Synthesizing equations (34) and (35), we have +0;2£,, (s2) + 05,6, (s2) — 01,64 (s2) + 6, + k,oa,)
Vi< =21,V + Cy (36) |sa AT, + 0.5x% AT?|
+o,| —kgr0r — 5 "o, + KAT,
where p, = min{u,,n,,} and C, = max{C,,Cy}. I,
Thus, V,, is a monotone decreasing function out of the range 1 ori 1 o7«
wy, ={V, < %} and that gives 72‘9 0, *;29;,29/,2
Cu\ _ Cy 42)
Vi < (Vu(0) = 5-)e 2t 4 1 37 (
u_( l( ) zl’tu)e +2l’tll ( )

It follows that all of the error signals of the velocity
tracking subsystem are UUB from Lemma 1, and the sub-
system is stable. Without the assumption u, = i,, the sta-
bility of the velocity tracking system can also be
guaranteed (see the literature®).

Attitude tracking control

Define attitude tracking error 1), = 1) — 1), and the sliding
surface s, = ¢, + 1,, where ¢, is a positive constant.
Differentiating both sides of s, with respect to time results in

§o =), — Uy + Hoty, vy ) +7, 4+ 6, (38)
——
g
Similar to the last subsection, the auxiliary system is
given by
|s2 AT, + 0.5k AT?|
_kJrUr -
('TV == Oy

0,|o,] < ox

+ RATra |Jr| Z Ok

(39)

where At, = 7, — 7,9 and k,, is a positive parameter. In
view of the unascertained bound of §,, the nominal heading
control law 7, is designed as

Tr0 = —érfa(sz) - 6’2% + ibd - /22 — kysy — 1, + ko0,

(40)

where g, = 9,@, (s2) represents the approximation of g, and
hy = éhzfl, (s2). The update laws are presented as

ér =7 (Szfa(sz) - Prér)

. A (41)
On2 = py (Ssz(h) - qr9h2>

where v,, p,, p2, and g, are positive parameters.

Theorem 3. All of the tracking errors of the USV attitude
control system are UUB with the control law (40) and the
update law (41).

Proof. Considering

Ve =1yZ +1s3+ 99+

the  following LFC

9,129;,2 +1 5 O’

Substituting equation (41) into (42) and using Lemma 3
yields

. 1 ko 1
VrS — kr_l_zkr() S%— kgr—T—E O'r2
i’ =T 1
—c? = 20/0, - L 0,000 + (7 + i)
2 2
pr efmaxermax +5 a: 9/{2max6h2max + S25r - |S2|
S _2/~Lr1 Vr + Crl
(43)
where  p,, = min{c,k, — 1 — Lk, kpp — 0 — 1 2 &

+ 2 9T

_1(22 2 4. oT
and G,y = 2 (Er + €h2) 2 rmaxe”max + 2 ethaxehzmax'

When |o,| < oy, similar to V,, V, can become
V,=1y2 +1s2+ ﬁé;ér + ﬁé;éhz, and differentiat-
ing V, gives

Vi= o + 2+ 52 (9,T Eu(52) + & — kys
016(52) + 076s(52) = 1264(52) + & + koo
1

3 1
< ey} — (krzzkro>s20 0,

LY L ULV S S S
) 9h20h2 + 2A7—r + zkr()a'r +2(

— 1, + AT,

1 -7

e +ep)

pr gzmaxermax + = Q}I:Zmaxethax + 52 6r
—1s]s2|
< _2:U'r2Vr + Cr2
(44)

b4 _1 A2
sk, 5, 2}andC =5 At}

where p,, = min{cz, k, —

1 2, 1(2 2) 4 L T
+ ikroo'r +3 (Er + EhZ) ormaxermax +%4 athaxehzma"'
From the above, we could reach

I./r S _Z,UJ;« Vr + Cr (45)
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where i, = min{yx,, 4,, } and C, = max{C,, C,2}. Thus,
V, is a monotone decreasing function out of the range

w3 ={V, < 2%}, and then, we have

Cr ) e—2u,t + i (46)
2p

2,

”

v, < (V,(O)

We can conclude that all of the error signals of the
attitude tracking subsystem are UUB from Lemma 1, and
the subsystem is stable.

Closed-loop system stability analysis

Theorem 4. Define the tracking errors ¢, = [X., Ye,Ze]T,
where X, = [xe,ye]T, Y, = [sl,we,sz]T, and Z, = [it,, Vy,
éx, éy, éu, ér, O , éhz]T, in the presence of model uncertain-
ties, ocean currents, and other unknown disturbances. If the
mathematical model of USV is defined as equation (5), the
guidance law is calculated by equation (15), the controllers
are designed by equations (31) and (40), based on Assump-
tions 1 to 5, we have the following conclusions:

1. All of the tracking errors and estimation errors of
the closed-loop system are UUB, and the system is
stable.

2. The sway velocity is passively bounded.

Proof. For the closed-loop system of USV.

1. Assign the complete LFC V =V, + V, + V,. The
derivative of V with respect to time satisfies

V<mVi+uVut Ve +Ci+Co+Co <V

+C, where o= min{ gy, i, g, } and
C=0C; + C,+ C, such that
C C
V< (V(0) — s)e " + — 47
SO - e 45 @)

It follows that all the errors of the closed-loop system are
UUB, thus, the USV path following system is stable. It is
indicated that (, ultimately converges to the range
{¢, e R |IC I < %} We can see from equation (50) that
the ultimate compact set can be adjusted by tuning control
parameters ki, ko, k,, k., k.0, k0, and so on.

2. For the sway velocity v,, consider a Lyapunov
function V', = %vf, differentiating it with respect
to time, we have

Ve =F(u)v?+E@u)rv, +6v,

48
<F@)2 4 E@)r+ 8] O

where F(u,) <0 and E(u,)r+ 6, are bounded."’
Therefore, v, is bounded referring to Chapter 4.8 of the
literature.®®

Table 2. Control parameters of USV simulation.

Notation  Value Notation Value Notation  Value
k| 1.5 K | P| 5

kz 3 Ok 0.001 Pz 5

I, | kyo 4 qu 0.1
Fz | kr() 2 qr 0.2
ol 0.1 of 10 C |

% 0.05 Y2 30 (&) |
Koy 1.5 Pu 0.2 k, |

Kor 2.5 Pr 0.3 k, 2

USV: unmanned surface vehicle.

Simulation studies

To illustrate the availability of the proposed path following
scheme, some simulation studies are conducted in this sec-
tion with USV, whose parameters can be found in the lit-
erature.'” The look-ahead distance is defined as
Amin = 6, Apax = 12. The absolute value of (7,,7,) is
restricted to (2 N, 1.5 Nm).®” The control parameters are
given in Table 2. The time-varying ocean currents within
the inertial frame are set as V, = 0.03sin(#/20) m/s
and ¥V, = 0.02sin(#/20) m/s. The other disturbances
are assumed to be [6,,6,,8,] =[0.15sin(0.17),
0.1sin(0.1¢), 0.155sin(0.17)]". To emphasize the super-
iority of the method proposed in this article, we take the
PLOS'? and CLOS'® methods as position comparisons and
the ELOS method as USV velocity estimation compari-
sons, where ELOS represents the proposed EILOS scheme
without dealing with the ocean currents. Note that the
ocean currents were not taken into account in the litera-
ture,'? therefore, we consider the same ocean currents as in
the EILOS scheme and employ the same adaptive strategy
to treat them. Specifically, we consider the USV’s relative
resultant velocities as measurable states in the PLOS and
CLOS schemes because they calculate the sideslip angles
instead of USV velocities. In addition, the backstepping
method is contrasted for v, and u.; in the control part,
where u,1 = u,q — u,.

The velocity u,, is set to 0.6 m/s, and the initial USV
states are given by [x(0),»(0),u-(0),v.(0),7(0),
¥(0)] = [0, 15, 0.5, 0.01, 0, 0]. The initial values of i,
and v, are (0.3, 0.15). The reference path is

{ xk(s) = 30sin(0.1¢) + ¢

Vi =3¢ “9)
=

Results are depicted in Figures 4 to 14. Figures 4 and 5
show that the USV can follow the reference path, and the
proposed EILOS scheme performs best because it con-
verges to the reference path in minimal time. In addition,
the PLOS and CLOS schemes exhibit obvious fluctuations
in cross-tracking error, y,, at the steady period. Figure 7
indicates that the unmeasured surge and sway velocities
can be precisely and quickly extracted using the proposed
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Figure 4. Path following performance.
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Figure 6. The update law of path variable.

ESO. Furthermore, it is reasonable to compare the relative
USV resultant velocities as measurable states in the PLOS
and CLOS schemes. If ocean currents are not compensated

(@)
06
)
%05 4, (EILOS)
<
g u, (EILOS)
S04
03
0 50 100 150 200 250 300 350 400
(b) o2

0 50 100 150 200 250 300 350 400
t(s)

Figure 7. (a) The velocities and (b) their estimations.
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Figure 8. (a, b) The estimate errors of USV velocities. USV:
unmanned surface vehicle.
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Figure 9. (a, b) The attitude and surge velocity tracking errors.

in the ELOS scheme, as shown in Figure 8, then obvious
fluctuations exist in the velocity estimate errors. Attitude
and surge velocity tracking errors are displayed in Figure 9,
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Figure 12. (a, b) Ocean current parameters and their
estimations.

in which the SMC and backstepping methods can each
cause (1, u,) to converge to (¢, 44), and the SMC method
exhibits a faster response. Figure 10 illustrates that the
virtual control input «, canceling the drift term is bound,

-
iSN
-5
-2 | 1 L | | | | |
0 50 100 150 200 250 300 350 400
(b)
*E 4
Z
S 21
0r N
0 50 100 150 200 250 300 350 400

t(s)

Figure 13. (a, b) The approximation errors of unknown
dynamics.
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0
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B . . | | | . . )
0 50 100 150 2(0(3 250 300 350 400
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Figure 14. (a, b) The control inputs.

and the bound is small. Figure 11 shows the value of A, as
the aforementioned theory, A increases as y, decreases.
Ocean current parameters and their estimates appear in

Figure 12, in which the estimates (6, éy) can be identified
by the adaptive method. Figure 13 describes the approxi-
mation errors of model uncertainties (i.e. g, and g,.), and the
FLS has an excellent approximation effect. Last, the per-
formance of input signals is shown in Figure 14, revealing
that the control inputs are within the allowable range once
auxiliary dynamic systems are added. In addition, a com-
parison analysis between the control input with sign func-
tions and with the estimations of sign functions (esgn) by
FLS is also depicted in Figure 14, in which we can see that
the problem of chattering is solved by FLS and control
inputs satisfy engineering applications.

Conclusions

In this article, an ISMC is proposed based on a novel ESO,
an ILOS guidance law, an auxiliary dynamic system, and
the FLS. The salient features of the proposed algorithm
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are as follows. First, the unmeasured velocity can be pre-
cisely estimated by ESO. Second, the ILOS guidance law
is able to provide the reference heading angle as well as
estimating the ocean current velocities simultaneously.
Third, the ISMC with FLS is able to force the state track-
ing errors converge to a neighborhood of zero. It is ver-
ified that the closed-loop system of the USV is UUB. The
simulation results show the availability and superiority of
the EIAFSM scheme.

Many problems warrant closer investigation, and
some methods must be enhanced for USV path follow-
ing (e.g. neglecting the hysteresis characteristic of the
actuator and the lack of an accurate adaptive method for
fast time-varying ocean currents). Therefore, disturbance
observers are powerful tools that will be the focus of our
subsequent work.
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