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Abstract This note deals with the waypoints-based
path following control problem for the unmanned sail-
boat robot (USR), aiming to obtain the speed control-
lable performance and tackle with the constraints of
the unknown environment disturbances and the model
uncertainties. For this purpose, the composite integral
line-of-sight guidance principle is targetedly designed
for the upwind, the downwind and the crosswind cases
to generate the real time heading reference for the USR.
For the control part, the robust fuzzy speed regulator
and the heading controller are proposed by fusing the
dynamic surface control and the robust fuzzy damp-
ing technique. The corresponding control inputs are
the sail angle and the rudder angle, respectively. In
the proposed scheme, the model unknown terms and
the gain uncertainties are tackled, and there are only
two adaptive parameters to be updated online. Espe-
cially, the speed controllable performance of USR is
significant and meaningful for the practical path fol-
lowing mission. That can guarantee or enhance the
stabilization of the closed-loop control system. Suf-
ficient effort has been made to guarantee the semi-
global uniform ultimate bounded stability via the Lya-
punov theory. Through simulation verification, the pro-
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posed approach can obtain the satisfied heading track-
ing accuracy and speed regulating performance.

Keywords Unmanned sailboat robot - Composite
integral line-of-sight guidance - Path following
control - Robust fuzzy speed regulator

1 Introduction

In recent years, more advanced automatic control
scheme is prevailing in the field of underactuated sur-
face vehicles, except for the traditional autopilot sys-
tem. The sailboat control is a class of significant appli-
cation in the marine engineering, such as ocean inves-
tigation, exploitation, and surveillance mission [1,2].
The unmanned sailboat robot (USR) can undertake
the long-range and long-term oceanic monitoring mis-
sions for its merits of relying on the renewable energy,
i.e. wind energy [3]. However, since it is required to
steer the rudder along with the specific heading angle
and adjust the sail to obtain the propulsion simulta-
neously, the various marine environment and the spe-
cific waypoints-based path may cause the instability
or invalidation of the closed-loop system. At the same
time, one of the main attention of the researchers is
to get the adequate surge velocity towards the desired
direction by adjusting the sail angle [4]. To improve
the effectiveness and the speed performance of path
following in the complex missions, the intelligent guid-
ance and control scheme for the USR should be further
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investigated and are meaningful for the practical engi-
neering.

The sailboat control has been becoming a hotspot
topic for its merits of green propulsion force in the lat-
est decades. A variety of theoretical studies have been
shown in the existing literatures, such as the fuzzy logic
control theory [5], the course keeping control [6], the
reactive path planning [7], etc. In [8], the fuzzy con-
trol system is presented based on the three degrees of
freedom (3-DOF) mathematical model. The sailboat
can automatically achieve sailing along with desired
course, except for the upwind or downwind conditions.
Since the rolling dynamic plays an vital role in the
marine engineering, a nonlinear 4-DOF mathematical
model for USR has been developed in [9,10]. Further-
more, a course-keeping control law was designed for
a class of keeled sailboats based on the backstepping
method. The global uniform asymptotic stability has
been proved for the closed-loop control system [11].
Though the course-keeping control of USR is meaning-
ful, it is not enough to execute the complex autonomous
missions [12,13]. In [14], a straight-line path follow-
ing algorithm was developed with the maximum sailing
speed. The simulated experiment has been presented to
verify the good performance of the algorithm. Though
the straight line trajectory is the shortest between the
two target points, that may be not achievable for the
USR in some practical scenes, due to its dependence
on the wind energy. Considering the multiple sailing
scenarios, a computed method was presented in [15] to
obtain the suitable route to reach any specified targets.
Thatis to say, the USR can sail in the upwind, the down-
wind or the crosswind scenes, respectively. To further
improve the effectiveness of the algorithm, a poten-
tial fields-based path planning approach was developed
for the navigation module of USR [16]. In the algo-
rithm, the sail angle was computed from the speed polar
diagram, which presents the correlation chart between
the steady-state maximum speed and the given wind
speed/angle.

In the aforementioned studies, there exist three
major problems to be discussed. The first one is about
the sailing speed control of USR. Actually, in the
existing literatures, several researchers dedicated to
obtain the maximizing sailing speed by optimizing the
sail angle [16]. In [4], an online speed optimization
algorithm is developed by using the extreme seeking
method. Furthermore, a modified velocity optimizer
is proposed to eliminate the speed chattering affect in
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[17]. Though the maximizing sailing speed is helpful
for the autopilot of USR, the violent speed may cause
the instability or invalidity of the closed-loop control
system, even leads to the capsizing of the sailboat.
Thus, it is significant to regulate the appropriate sailing
speed for the path following task of the USR. Second,
the actuators’ gain uncertainties are the common con-
strains in the practical plant. They are assumed to be
known in the aforementioned literatures. That does not
meet the marine practice and may destroy the effec-
tiveness and accuracy of the related theoretical algo-
rithms. In authors’ previous works [18,19], the con-
straints of actuators’ gain uncertainties are tackled with
the robust neural damping technique and the dynamic
surface control (DSC). However, there are some dif-
ferences between the unmanned sailboat robot and the
conventional surface ship due to their propulsion kinet-
ics mechanism. Especially, the forces/moments gen-
erated by the sail are complicated and not allegiant
only to the propulsion effect of the ship hull. The third
major problem is that the varying waypoint-based can
change the apparent direction of wind for the USR, and
lead to the wind propulsion decrease or loss. There-
fore, the intelligent guidance principle desires to be
targetly designed for the USR. In the works [20-23],
the integral line of sight (ILOS) was incorporated with
the stability theory of cascade interconnected system
to set the desired heading angle v os. For the USR,
the ILOS guidance principle can provide the reference
signal in crosswind scenario. However, for the upwind
or downwind scenarios, the ILOS law is invalid due to
the zigzag route deviates from the reference path.

Motivated by the aforementioned observations, this
note focuses on the design of the guidance and path fol-
lowing control system for the USR under the external
disturbances. The main novelty of this design can be
summarized as follows:

1. To implement the practical waypoints-based path
following mission, a composite ILOS guidance
principle is developed for USR, aiming to three
guidance modes: the upwind case, the downwind
case and the crosswind one. Especially for the
automatic navigation capabilities to conditions of
upwind and downwind, the proposal is meaning-
ful and significant for improving the autonomous of
USR.

2. Compared with the previous works [18,19], the
robust fuzzy control algorithm is proposed for USR
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to design the speed regulator and the heading con-
troller, which can adjust the maximum speed to the
desired speed and stabilize the heading angle ¥ to
the desired heading angle /4. Last but not least, the
proposed algorithm is with the characteristic of the
concise form and the lower computational burden
for merits of the DSC and the robust fuzzy damping
methods [19].

2 Nonlinear dynamic model and function
approximation

2.1 Nonlinear dynamic model of USR

By using the physical reasoning for the sailboat model
[11], the 4-DOF nonlinear dynamic model of the USR
in a vectorial form, considering the rolling motion, has
been developed. Via the model translation, the mathe-
matical model of the USR in the horizontal plane can
be expressed as Eqgs. (1) and (2).

X =ucos () —vcos (¢) sin (V)

y = usin () + v cos (¢) cos (¥)

¢=p

Y =rcos (¢)

i = 7 (Su+ Ry + Ky +myvr — D) + dyy

0= -1 (Sy 4+ Ry + Ky + myur — Dy) + duy

b= m—fp(s,,+R,,+K,,—G(¢)—D,,)+dw,,

F = (S + R+ Ky — (my—my) uv—Dy)+dyy
(2

)]

where v = [u, v, p,r1T, m, = m — X;,my = m —
Yy,mp = Iy — Kp,m, = I, — N;. G (¢) represents
the static righting moment, and can be described as
G (¢) = mgG M, sin (¢) cos (¢). Figure 1 displays the
basic illustration of the sailboat and the definition of the
n-frame and b-frame. The involved variable definitions
in Egs. (1)—(7) and Fig. 1 can be displayed in Table 1.
For the USR, the related actuating force and moment
are the sail thrust S,, for the surge and the rudder turning
moment R, for the yaw motion. The other forces and
moments generated by the sail, rudder, keel, hull can be
deemed as the perturbation and structure uncertainties.
Furthermore, the sail thrust S, and the rudder turning
moment R, can be expressed as Egs. (3) and (4).

o

Fig. 1 Illustration of the n-frame and b-frame

1 .

Su = 3PaAsUgyCs, (@) | sin(Bus)| 3)
1

Rr = zprrUaerRL (aR) |xr| (4)

Furthermore, oy and ag can be described as Eq. (5).
Oy = ﬁws — 8, Qg = ,Bwr -4 (5)

Note, considering the influence of the wake flow, it
is reasonable to assume that 8,,, = 0, which is also set
in [11].

Remark 1 The lift coefficients Cs, (a5) and Cg, (o)
of the sail and rudder are related to the size, the shape,
even the smoothness level of the corresponding facil-
ities (the sail or the rudder). Actually, for a sailboat,
Cs, (os) and Cp, (ag) can be obtained from the sea-
trial [11]. However, the data for Cs, (o) and Cg, (ag)
is with the form of discrete numerical point, see Fig. 2
(black numerical point). To facilitate the implementa-
tion of the control program, the data fitting technique
is employed and the fitting effects can be shown in
Fig. 2. Though the fitting error may be existed for the
sailing ships, it can be stabilized for merits of the well
robustness of the proposed controller. Thus, the fitting
function can be expressed as Eq. (6).

CSL (as) = a;j(Bws — &) + b;
CR, (aR) = €1 sin(—€24,)

(6)

where a;, b;, €1, € are the fitting coefficients.

For a class of the keeled sailboat, the keel is applied
to compensate the rolling force or moment, generated
by the sail, rudder and hull. In addition, the lift force
of the sail can be expressed as Eq. (7).
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Table 1 The main symbols definition for USR

Indexes Items

m Mass of USR

g Acceleration of gravity

CcG Center of gravity

(00.0% Inertial reference frame (n-frame)

O0bXp Vb Body fixed frame (b-frame)

X, Yy Kj N Hydrodynamic derivatives in the surge,
Sway, roll and yaw degree of freedom

I, I, Moment of inertia around surge/heave

GM,; Transverse metacentric height

X,y Surge, sway displacement in n-frame

o, Y Rolling and heading angles in n-frame

u,v, p,r Surge, sway, rolling and yaw velocities

dyu s dyy Disturbing forces in surge and sway

dyp, dwr Disturbing moments in roll and yaw

Si, R;i, K;, D; Forces/moments, generated by sail,
Rudder, keel and hull in surge, sway,
Roll and yaw, i = u, v, p, r

8, O Rudder/sail angle in b-frame

Sr,Sp Lift/drag force acting on sail

Rr,Rp Lift/drag force acting on rudder

Kr,Kp Lift/drag force acting on hull

Ag, Ay Area of the sail and rudder

Buws» Buwr Relative wind/current angle

Uagw, Uar Relative wind/current speed

Yiw True wind angle in n-frame

X Rudder’s centroid in b-frame

R, O Attack angle of the rudder/sail

Cs,,Cgr, Lift coefficients of the sail/rudder

Pas Pw Air/water density

1 2
SL = zpaAs anCSL (as)

Remark 2 The 4-DOF nonlinear dynamic mathemati-
cal model Egs. (1) and (2) has been developed based on
the four parts (i.e. the sail, rudder, keel and hull) in [11].
However, the external disturbances, caused by sea wind
and sea wave, is not considered in literature [11]. That
can affect the stability of closed-loop control system
in the practical engineering. Hence, the external distur-
bances for the mathematical model have been taken into
account in this note. That meets the practical marine
engineering and can improve the reasonability of non-
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Fig. 2 The fitting effects of the rudder and sail coefficients by
continuous functions

linear mathematical model. In addition, the true wind
direction and speed can be measured by the anemome-
ter. The heading angle and roll angle can be collected
by the compass and clinometry. The position and the
ship velocity can be obtained by the global positioning
system (GPS). The forces or the moments generated
by rudder, keel and hull can be calculated similar with
the Eq. (7). Therefore, the 4-DOF nonlinear dynamic
mathematical model is effective and considerate.

The objective of the note contains two points: (1) to
present a composite ILOS guidance strategy which can
guide the USR sail in the reference path, including the
crosswind path, upwind path and downwind path. (2) to
propose the robust fuzzy speed regulator and heading
controller which can adjust the maximum speed to the
desired speed and stabilize the heading angle i to the
desired heading angle v,.

To facilitate the discussions, the following assump-
tions are useful.

Assumption 1 The sway motion of the underactu-
ated vehicles is passive bounded stable based on the
results in [24]. It indicates that the sway speed of USR
is bounded and the yaw motion is uniform ultimate
bounded.

Assumption 2 For the nonzero external disturbance
dyi,i = u,v, p,r, there exists an unknown positive
constants dy,;, i = u, v, p, r,satisfied that |dy,; | < dy.
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2.2 Function approximation via the fuzzy logic
systems

In the control systems, radius based function neural
networks and fuzzy logic systems (FLS) are frequently
used as an valid tool for modeling nonlinear functions
due to its merits in function approximation [25-27].
If FLS is employed, the fuzzy rule can be deduced as
following:

IforisLy, cais L2, g is L), then his F1vln

where [¢1, ¢2, -+ -, gn]T € ¢ C R"istheinput variable
and h €  is the output variable. Lﬁ" i=12,---,n
and ; = 1,2,---,s;) and s; are the fuzzy set and

the number of the fuzzy set for the input variable g¢;,
respectively. Flitn h,lh,---l,=1,2,--- ,N,N =
[T/, si) and N are the fuzzy set for the output vari-
able /1 and the total number of rules in the fuzzy rule.
Based on the fuzzification, the fuzzy rule base and the
defuzzification operators [28], the fuzzy logic system
can be expressed as Eq. (8).

S T, 1y (si)
ST 1 (50))

h(s) = ®)

where h; = maxp, en Mgt (hy). Furthermore, the fuzzy
basis functions can be defined as Eq. (9).

H?:] /’LLg (si)

0;(si) =
SIS Ty 1y (50))

€))
The membership function of Lf. isdescribed as Eq. (10).
Hy(si) = exp—o——te (10)

where wl.l and Zf are the centers and widths of 11,/ (g;),
respectively. Define

() =161(),05(5), -, ON ()T
(l)* = [};1»}_12,"‘ aﬁN]T

(1)

Then the fuzzy logic system (8) can be expressed as the
linearization form:

h(s) = 0*0(s) (12)

Lemma 1 (Nonlinear fuzzy approximation theorem
[29)). For arbitrary given continuous function L(g) €
¢ C Rwith L(0) = 0, can be approximated by fuzzy
logic system (12). It can be written as Eq. (13).

sup |L(g) —w*0(g)| < ¢ (13)

G€¢

where ¢ is random positive error constant, satisfies
le| < &, where € > 0 is unknown bounded.

3 Composite ILOS guidance for USR

The waypoints-based automatic navigation of USR is
very significant in the engineering practice for that
the operator often design the planned route by set-
ting the waypoints. In the proposed guidance prin-
ciple, the parameterized reference path is often gen-
erated by the waypoints-based path Wi, Wo, --- | W,
with W; = (x;, y),i = 1,2,---,n. The ILOS guid-
ance principle is usually applied to implement the path
following control for the common marine vessel. How-
ever, the single ILOS guidance principle maybe inap-
plicable to upwind and downwind sailing for the USR.

Remark 3 Being different from the traditional marine
surface vessels, the surge thrust is provided by the
sail rather than propellers. Due to the sail is greatly
influenced by the wind direction, not all the refer-
ence waypoints-based path are navigable. For the sce-
narios of upwind and downwind, the traditional con-
troller is invalid. Therefore, the navigated zone should
be divided into three zonmes, i.e., the upwind zone,
the crosswind zone and the downwind zone. Figure 3
describes the relation between the course and the wind
direction for the USR. Figure 3b, d is the crosswind
zone, where the USR can navigate normally. Figure 3a
is the upwind zone, where the USR cannot navigate.
Figure 3c is the downwind zone, where the USR can
navigate inefficiently. These restrictions have to be
took into account in marine practical engineering. To
avoid these restrictions and reach any specific target
autonomously, a zigzag route is considered in upwind
or downwind zones.

Therefore, to guide the USR toward a desired path
generated by waypoints, the composite ILOS guidance
in this section can be analyzed from three compo-
nents: the crosswind sailing guidance (see Fig. 4b), the
upwind sailing guidance (see Fig. 4a) and the down-
wind sailing guidance (see Fig. 4c).

@ Springer
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Fig. 3 Zones of sail: a upwind zone; b, d crosswind zone; ¢

downwind zone

o
(b)

Wind

Fig. 4 Three guidance mode

3.1 Crosswind sailing guidance

As is described in Fig. 5, the parameterized path is gen-
erated by waypoints. 7 indicates the path variable and
the inertial reference position is indicated by (x, (n),
v, (1)) with random given 5. The path tangential angle
¥, (1) is derived by ¥, (1) = arctan2 (y/, x/.) with
x. = dx,/dn, y. = dy,/dn. As for the present posi-
tion of the USR is indicated by (x, y) and the along-
track error x, and the cross-track error y, along with
the reference path can be expressed by Eq. (14).

[xe] _ [ cos (V) sin (¥r) 0] [X—xr(n)] (14)
Ye | |—sin(¥r) cos () Ofy—yr(m)

Time derivative of x,, y, can be written as Eq. (15).
{ Ko = (X —X,) cOs(r) + (=) sin(r )+ ye

Yo =—(% —X,) sin(P, )+ (5 — ;) cos(P,) — Py xe
(15)
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x| B> sailboat scale model
= = = - Waypoints-based path W,

Parameterized reference path

Fig. 5 Parameterized path framework of ILOS guidance law

Submitting Eq. (1) into Eq. (15), it follows that:

{xe = ucos(y — Y,) = vsin(¥ =)+ Yrye — ta
Ve = U sin(¥ — ¥ + Bs) — ¥ xe
(16)

where U = /u? + (v cos(¢))? indicates the velocity

of the USR, By = arctan2(v cos ¢, u) describes the
sideslip angle [30], see Fig. 5, and the virtual reference
velocity uy can be described as Eq. (17).

ug = nJx? + y? a7

Furthermore, the ILOS guidance law is derived as
Eq. (18).

YiLos = ¥ — arctan (%) —p (8

Aye
(ye + innt)2 + A2

YVint = 19)

where Y1 0s is the desired heading angle in the cross-
wind case. A is the look-ahead distance and o is the
integral gain [31]. Both are positive design parameters.
Y1Los can be further expressed as Eq. (20).

Y4 = Y1LoS (20)

For the Eq. (16), ug is the speed of the virtual ref-
erence point. To stabilize the along-track error x,., ug
can be devised as Eq. (21).
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Udo, Udo < uy
ud = * *
wh, ugo > Q1)

uqgo = U cos (Y — ¥ + Bs) + kxxe

where k, is a positive constant parameter and u}
denotes the desired speed.

From Eqs. (17) and (21), the update law for the path
variable is described as Eq. (22).

uq

= —— 22
Va2 A+ 7 @

Substituting Eq. (21) into the Eq. (16), Eq. (23) can be

derived.

{ Xe = —kyxe + I/‘frye . (23)
Ve = Usin(y — ¥, + Bs) — ¥ xe

3.2 Upwind and downwind sailing guidance

As is defined by upwind zone, the heading angle ¥
locates in the upwind zone, see Fig. 3. The upwind
angle related to true wind angle 1/, can be described
by |[Yrw — mwsgn(¥rw)— YiLosl < Omax, and Opax is
the boundary of upwind zone. In this mode, the USR
will sail along with a zigzag path and tacking automat-
ically with a definite distance constraint, see Fig. 4a.
Furthermore, a sign function ¢ (¢) is defined to achieve
the tacking maneuvering. ¢ (¢) is expressed as Eq. (24).

(1) = sgn (ye(r) +deisgn (£ — 1)) (24)

where d.1 denotes the distance constraint for upwind
sailing. From the Eq. (24), ¢(¢) will change its sign
automatically if |y,| > d.1. Therefore, the desired
heading angle ¥4 can be expressed as Eq. (25).

Ya = VYrw — w8gN(Yrw) — & ()Omax — Bs (25)

As is defined by downwind mode, the heading angle
¥ locates in the downwind zone, see Fig. 3. The down-
wind angle related to the true wind angle v, can be
describe by |V — Y1Los| < Umax, and Umax is the
boundary of downwind zone. To obtain the optimiz-
ing speed and decrease the sailing time of the USR, a
zigzag path with a certain distance constraint is neces-
sary, see Fig. 4c. Analogous to the upwind mode, the
sign function ¢ (¢) is expressed as Eq. (26).

$(1) = sgn (ye(r) +deasgn (£t — 1)) (26)

where d, denotes the distance constraint for downwind
sailing. Therefore, the desired heading angle ¥4 can be
expressed as Eq. (27).

W = wtw - ;(t)ﬂmax - ,Bs 27)

4 Robust fuzzy speed regulator and heading
controller

In this section, the fuzzy adaptive speed regulator and
heading controller were designed for the system (1) and
(2) by employing the FLS and DSC technique. From
the dynamic errors (14) and the mathematical model (1)
and (2), the errors dynamic derivatives and the simply
nonlinear system can be derived as Eq. (28).

o =1 cos(Y =) —vsin(Y =)+ ye—a
Yo = Sin(Y =) +v cos(Y —¥r) = Yrxe
Ve=Y—Ya

(28)
U = rcos(¢)
i = oy — L) 4 B Cg (o) + dy (29)
Pty - SO 4 8 (ag) + dy
with
1 5
8u = zpaAsanl sin(Buys)|
(30)

1 2
8r = EprrUar ||

where f,(v) and f,.(v) are the nonlinear terms of the
closed-loop control system.

Remark 4 In Eq. (30), the function g, can satisfy that
g > 0 due to the variables py,, A, Ug,, |x,| are the
positive. In addition, the apparent wind angle S,,s sat-
isfies the Eq. (31) for merits of the robust fuzzy speed
regulator and can avoid the case of B,s = O in the
closed-loop control system. Thus, the function g, also

satisfies g, > O.
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Omax 0 < Bws < Omax

Buws Omax < Bws < T — Vmax

T — Umaxs T — Pmax < Bws < Umax
T+ Umax, T < Bus < 7T + Umax

Buwss 7T +Omax < Bws < 27 —Omax
27 — Omax, 27T — Omax < PBus < 27

/3ws =

(€29

4.1 Control design

Step 1. At this step, to stabilize the error dynamic (28),
one defines the error variables u, = o, —u,r. = o —r.
The virtual controllers o, and o, can be defined as
Eq. (32).

_
coS(Vrsat)
(—kp e + Vra) (32)

oy = (—kyXxe +ug)

1
oy =
cos(¢)

where 1,5 18 the saturation variable, k, and k, are the
positive design parameters. The differential of the o,
and o, is difficult to obtain and may cause the so called
“explosion of complexity” in the next control design.
To evade the restriction, the derivative can be acquired
through the DSC technique [32] and the command filter
[33,34]. One lets the o, and o, pass through the first-
order filters B, B, with the time constants 7, and t,,
ie.,

TuBu + Bu = otu, Bu(0) = 2y (0), qu = Bu — atu
Tr/ér +Br=ap, Br(0) =a,0), g =B —a, (33)

where the g, and g, are the errors of dynamic surface,
and the time derivative can be derived as Eq. (34).

C}u :Bu - O'lu
qu | 0a, . Oday . Oy .  doy .
=—=+ + +—h 4+ —
Tu 0x * ay Y 0x, r v, Ir
3otu . aOlu . aau .
* oy v+ 0Vrsat Vrsat + dug Hd
_ g,
Tu
ir=—L 14 (34)
Tr

where A, and A, are the bounded continuous func-
tion and exist the positive constant M,,, M,, satisfy
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|Ayl < My, |A;| < M,. The detailed description can
be referred to [19].

Remark 5 As for the possible singularity of the vir-
tual control law ¢, in Eq. (32), we define the satura-
tion variable Y,y to ensure | — v¥.| < 0.57. Fur-
thermore, the heel angle ¢ can be small and satisfied
¢ € (—0.57, 0.57) in the practical engineering. Thus,
the possible singularity issue of the «, can also be
avoided.

057 —¢, ¥ —y, >0.57
v =Y, =057 <y—Y, <057
—057 +¢, v —y, < —-0.57

1;0rsat =
(35)

where £ is the positive small value, it is introduced to
ensure the ¥,¢t € (—0.57, 0.57).

Step 2. At this step, one can define the intermediate
control variables us, = Cg, (ar),us, = Cs; (o).
Thus, one can obtain the following error dynamic (36).

. 1 ;

ue:m_[muﬂu —myvr + f,(v) — Sults; — m“dw”]
u

1

I’g=m—[mrﬁr—(’”Lt_mv)uv+fr(v)_gr”5r _m’dwr]

r

(36)

By the Lemma 1, f;(v), i = u, r can be approxi-
mated by the fuzzy logic system as Eq. (37).

fi = T0;(v) +e (37)

where the ¢;, i = u,r are the arbitrary approxi-
mated errors. Then, one can construct the robust fuzzy
damping term v;, i = u,r. Benefiting from the
robust fuzzy damping technique, the weights param-
eters information of the FLS is not needed. It brings
great convenience for the control design. The ||v;i|2
can be expressed as Eq. (38) based on basic property
of inequalities.

ullz = 10510, (v) — myvr + &, — muduull2
= ”(‘)ZTou(v) +dé,(v) + &, + mu‘?wu”2
S ﬁu(pu

lvell2 < Urer
(38)
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where the unknown upper bound parameter ¥;, i =
u, r and the damping term ¢;, i = u, r can be
described as Eq. (39).

O]
Yi

. . -
max{ |} [l2, di, & + midy;}

L4+ 1& )2 + 18; () I2
2 2
&,(v) = —+r &) = —+v

(39)

where d;, i = u, r are the unknown positive constant.
Based to the above analysis, the error dynamic (36)
can be rewritten as Eq. (40).

. 1 .
Ue = m_ [mu,Bu + v, — gu“SS]
lu (40)
Fo = — [mr,Br + v — gruéy]
my

In the proposed algorithm, one employs the A 2us A .
as the estimation of A, glu Ag, = g . Hence, the
singularities g, and gr can be avoided. They are two
learning parameters which are turned online to com-
pensate uncertainties of the system gain functions. The
proposed algorithm aims to the control inputs §; and
8r. The control laws and the corresponding adaptive
laws are presented in Egs. (41) and (42). In addition,
the detailed theoretical analysis will be provided in the
next section.

1 1 1
8s Zﬂws - _(MSS —bi), 5;« = —arcsin (—u(; )
a; €

i €1

Us, = )\‘guaN’ us, = )“graM

— X cos(¥r — V)

1
—kyn (05“6

aN=k2“e+Bu+4

Ve cos(¢) (41)

— g, (0]
— Jg, (0] (42)

. 1
ay =ksre + B + Zkrnﬁazre -

A

)"gu = Fgu [O{Nue — Oy ()"gu

)A»gr = Ty lapyre — Gr()A\g,.

where k>, k3, kun, kq, denote the positive control
parameters and Ig,, oy, Iy, o, indicate the positive
adaptive parameters.

4.2 Stability analysis

According to the aforementioned control design, the
stability analysis of the closed-loop system is carried

out in this section. The main result can be summarized
as Theorem 1.

Theorem 1 Consider the closed-loop system com-
posed of the unmanned sailboat robot (1) and (2) meet-
ing the assumption 1-2, the virtual control law (32),
the fuzzy control law (41) and adaptive law (42). All
the initial conditions satisfy xf 0) + yf 0) + wg 0) +
1z (0) +r2(0) + g (0) + g7 (0) + Ay, (0) g ' 2, (0) +
i; (O)ngl):gr (0) < 2C¢ with any positive constant
Co. Then, one can guarantee that all the signals in the
closed-loop system are SGUUB stability through turn-
ing the control parameters ky, k;, k2, k3, kyn, krn, I'g,
ou, Iy, , or.

Proof Based on the control design process, the Lya-
punov function candidate is constructed as Eq. (43).

1, 1, 1 1 1
Vv ZEXZ + Eyg + —1/;2 + —muu2 + Emrre2
LY S +1g” 4185 )
2t T Mt e

Using the Egs. (23), (40), the time derivative V can
be derived as Eq. (44).

V =XeXe + YeYe + Welpe + mylelte + myrefe
8r =~

+ Gudu + 4rGr + I‘%iguigu + Fgrxg,ig,
= Xe (_kxxe + '(ﬁrye) — Ye (U sin(yy — ¢ +B)
_l'ﬁrxe) + Ve (_kl//g Ve — e COS(¢))
+ U, [mu/éu — Uy — gu”&;] + ququ
+re [mr/ér —Ur — gr”&,] + qu.r
- I(S—;Xé’uigu - %igrigr
(44)

Noting that, from the trigonometric function trans-
formation and Young’s inequality, the following Eqgs.
(45)—(48) can be derived by fusing the robust fuzzy
damping technique and be employed in the further
derivation, i = u, r.

sin (1/f — Y¥1Lo0s — arctan (%))

B A
V(e +oyin)? + A2

sin(Ve)
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A

_ N cos(Ve) (45)
ki v?
Vile = Bigiie < — @i + (46)
4 kin
. . m; +1 m; + 1,
mifiie = Piie = = —aqf + ———i; @7)
T
2 2
) q; ) q;
qigi = —f —qid; = —f —qiA;
l l
6 | GAM] a
- T; ZaMlz 2
AV AV,
- i 2a ] M? ] 2a 2
1 Ml.2 y a
=) 242 48
= (ri 20>q’+2 (48)

Based on the control law (41), adaptive law (42) and
Eqgs. (45)—(48), the Eq. (44) can be further formulated
as Eq. (49).

. 1
vs—kxxf—kyyj—k,w§—<k2—m“+ >u§

my+1 1 M?> m,+1
o) (- )
r u

_<1_Mr2_mr+1)q2_
r

T 261 4 u
2 2
8r =2 19“ r
—o ., 22X L+ L 47,
Ur &r Fg; &r + klln + krn + maxye + ¢
— vXe sin(yr — ) — nguigu (Agu - igu (0)>
— vy, (Ag, g ) (49)

where Upax = min {UA/\/(ye + 0 Vine)? + AZ}, and
ky = Umax/A. Note that, the designed control parame-
ters can be selected as follows. k» = y1 + (m, + 1) /7y,
ks =y + (my +1)/70, 1, = y3 + Mg /2a + (my +
/4, 77" = yy+ M?/2a+ (m, + 1) /4. y1, 2, 3 and
y4 are the positive constants. Thus, the Eq. (49) would
be rewritten as Eq. (50).

V<-2kV+op (50)
with

@ Springer

K :min {kx’kyakr, yla )/27 y3a V47UMFgu70ngr}

02 9?2 - .

% =_+_+Umaxye_0'ugu)\gu ()\gu _)\gu (O))
kun krn
018k, (g —he, () +a—vie sin( — )

(51)

One can get V(1) < 0/2k + (V(0) —o0/2k)
exp(—2«t) by integrating two sides of Eq. (50). The
V (t) can converge into o/2x with t — oo, and the
bounded variable o can be small enough through turn-
ing the control parameters appropriately. Therefore, all
the state variables in the closed-loop control system are

SGUUB. The proof of Theorem 1 is completed. O

Remark 6 Compared with existing literatures, though
the incorporated FLS is employed to tackle the system
uncertainties, no FLS weights are required to update
online for the superiority of the robust fuzzy damping
technique. Besides, the selection of control parameters
is a difficulty task on account of the parameters have
coupling effect on system performance. Furthermore,
the control orders are generated in real time to stabilize
the output errors due to the time-varying external distur-
bances. That can cause the communication redundancy
of the closed-loop control system.

5 Numerical simulation

In this section, two numerical simulations are devel-
oped to demonstrate the effectiveness of the proposed
algorithm, consisting of the comparative experiment
and the path following experiment in the field of exter-
nal disturbances. For this purpose, the USR (length of
L = 12m), equipped with one main sail, one rudder
and one keel, is chosen as the plant, which has been
employed in [10, 11] as a standard sailboat. Though the
control orders §,, §; are designed by the robust fuzzy
damping technique and dynamic surface control, the
control orders are needed to transmit to the rudder and
the sail actuators by the servo system in the marine
engineering. To deal with these engineering practice
conditions, the results for the actual input §,,, &5, are
provided in Sect. 5.2.
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Fig. 6 Comparison of the path following trajectory

5.1 Comparative simulation

To verify the effectiveness and robustness of the pro-
posed algorithm, the robust fuzzy speed regulator
and heading controller are compared with the exist-
ing results [17]. In [17], the velocity optimizer, based
on a modified extremum seeking approach, is pre-
sented to obtain the maximum velocity. For this pur-
pose, the reference path is specified by two way-
points. W1(0m, Om), W»(1800m, 900m), and the ini-
tial state variables are set as [x(0), y(0), ¢ (0), ¥ (0),
u(0), v(0), p(0), r(0), 8:(0), 8-(0)] = [—100m,
50m, Odeg, Odeg, 1m/s, Om/s, Odeg/s, Odeg/s, Odeg,
Odeg]. The corresponding control parameters setting
follows as Eq. (52). Note that, to obtain the satis-
fied system performance, we can try a few simula-
tion runs and adjusting the parameters. In general, we
can select small o,, o, and large ky, k., k1, k2, kyn,
krn, Ig,, I'g,. For the FLS, the centers for u, v, p,r
are spaced in [—5m/s,15m/s] x [—2.5m/s,2.5m/s]
x [—1.5m/s,1.5m/s] x [—0.8m/s,0.8m/s]. For f,(-),
fr (), the number of fuzzy rules are with the same set-
ting N = 21.

A=15m, 0 =0.02, Opax = /4, ¥ = 1/6,
dei = 40m, dey = 25m, ky = 0.5, k, = 0.6,
ky =05, ks =0.7, Ty, =1.02, I, =1.03,
oy = 0.05, 0, =0.03, 7, = 0.02, 7, = 0.02,
kun = 0.2, krn = 0.3, € = 1.191, €, = 3.678,
ar =2.097,b) =0.116, ay = —0.746, u’; = 7,
by = —1.759, a3 = —1.744, b3 = 1.752.
(52)

Figures 6, 7, 8 and 9 present the main comparison
results of the closed-loop system under the proposed

\

5 R n L
B e e R
e

0 50 100 150 200
Time(s

Fig. 7 Control inputs §,, 8;: the proposed algorithm (red solid
line) and the algorithm in [17] (blue dashed line)

(@) 15 - ——The desired volecity
——The proposed algorithm
P N ----Thexesult in [17]
~—~10 A T " P

50 100 150 200

50 100 150 200

Fig. 8 Comparison of the kinematic variables under the both
control algorithms

scheme and the existing results in [17]. Figure 6 shows
the comparison trajectory of the straight-line path fol-
lowing under the two control algorithms. Itis noted that
the travel time of the proposed algorithm is 316.9s, and
the one of the algorithm in [17] is 209.6s. For unifor-
mity, only the previous 200s of the performance curves
are presented in the Figs. 7, 8 and 9. One can obtain the
control orders, and the kinematic variable u from the
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0 50 100 150 200

10 1
5 4

0 50 100 150 200
Time(s)

Fig. 9 Adaptive parameters igu and ):g, under the proposed
algorithm

Figs. 7 and 8. The rudder angle can be with the mer-
its of convergence speed and energy consumption. The
energy consumption of the sail structure is not only
related to the sail angle, but also related to the sail-
ing scenarios. That is related to the relative wind angle.
Thus, though the sail angle in the proposed scheme (red
solid line) is larger than the result in the existed liter-
ate (blue dashed line), the energy consumption of the
proposed algorithm is smaller. The velocity of the USR
can be converged to the desired objective by turning the
sail angle under the robust fuzzy speed regulator. Fig-
ure 9 describes the variation of the adaptive parameters
for the sail and rudder.

Tend

1
MAS = —— /
fend — 65 Jos

1 fend
MAR = —f o ()| dr

[u(t) — up| dt

foa =030 53
MAI = —/ 185:(0)] dt, i =rs
fend — 65 Jos

Tend

1
MTV = ——— /
fend — 65 65

For the further quantitative comparison purpose,
four popular performance specifications (53) are intro-
duced to evaluate the compared algorithms, including
the mean absolute speed performance (MAS), the mean
absolute roll error (MAR),the mean absolute control
input (MAI) and the mean total variation (MTV) of the
control. The performance specifications are compared
while the closed-loop system reaches the stability state,
i.e., in 65s-200s. MAS can be utilized for measuring
the speed response, up, is the average speed. It was
set as 7m/s and 10m/s for the proposed algorithm and
the [17]. MAR is used for measuring the roll angle,

16i (r + 1) — 8; (r)| dt

@ Springer

Table 2 Quantitative comparison of performances for the pro-
posed algorithm and the result in [17]

Indexes Items The proposed The result
algorithm in [17]
MAS u (m/s) 0.236 0.873
MAR ¢ (deg) 4.384 5.893
8y (deg) 0.216 2.013
MAI 85 (deg) 14.362 3.743
oy (deg) 0.3021 0.3587
MTV 85 (deg) 1.3751 0.9694

and it can describe the safety performance of system.
MAL is utilized for measuring the properties of energy
consumption, and MTV is utilized for measuring the
properties of smoothness [19]. The related quantitative
valuations of the simulations are measured and illus-
trated as Table 2. One can note that the speed can con-
verge to the desired objective (7m/s) within a small
deviation. Though the mean sail angle is 14.362deg in
the proposed algorithm, the larger sail angle will gen-
erate the low thrust in this scenario and it may reduce
the roll angle. That is significant to improve the safety
of navigation. Thus, the proposed algorithm is with the
superiority in aspects of the speed regulating and the
system performance.

5.2 The path following simulation in the field of
external disturbances

In this section, to demonstrate the effectiveness and
robustness of the proposed algorithm, the numerical
simulation achieves a waypoints-based guidance and
control in presence of the complex path (including the
upwind, downwind and crosswind conditions) under
the simulated marine disturbances. For this purpose, the
reference path consists of five waypoints: W (0m, Om),
W>(0m, 600m), W3(1800m, 600m), W4(1800m, Om)
and W5(500m, Om). The conceptual signal flow box
diagram for the closed-loop system is given in Fig. 10
and the marked numbers denote formulae involved in
the corresponding box.

As to the external disturbances, the physical-based
model in [35] are introduced. The NORSOK (The
Competitive Standing of the Norwegian Offshore Sec-
tor) wind and the JONSWAP ((Joint North Sea Wave
Observation Project) wave spectrums are adapted to
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Fig. 12 The path following control trajectory for the proposed
scheme

generate these simulated marine disturbances, i.e., the
sea wind and the irregular wind-generated waves. The
detailed deductive process of the wind and wave dis-
turbances can be referred in [35]. Figurella describes
the two-dimension slow time-varying wind field, and
the main wind angle and the main wind speed are set
as Yy, = Odeg, Uy, = 8.5m/s. The related wind-
generated waves surface with the amplitude of fifth
level sea state is illustrated in Fig. 11b. That is also
set in Sect. 5.1.

Figures 12, 13, 14, 15 and 16 illustrate the main
simulative results of the path following experiment in
the external disturbances. From the Fig. 12, the green
solid line indicates the waypoint-based path, the blue
dashed line indicates the parameterized reference path

"[—— Control order
10} — —— Actual input

50100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800
Time(s

Fig. 13 Control inputs with composite ILOS guidance

—— The actual volecity
—————— The desired volecny
0 100 200 300 400 500 600 700 800
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Coverno o

(b) 200

100}
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—_~
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)
=l
S~—"

N
-100f

-200

(c) 15
10t

0 100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800
Time(s)

Fig. 14 Control outputs for the experiment under the proposed
scheme

and the red solid line indicates the actual trajectory of
the USR. In addition, the USR can effectively track the
waypoint-based reference path by fusing the compos-
ite ILOS guidance principle and fuzzy adaptive con-
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Fig. 15 Orientation and position errors for the proposed scheme
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Fig. 16 Estimation of )ALgu and A ¢ for the proposed scheme

trol strategies. Especially, the upwind and downwind
sailing guidance can achieve the zigzag trajectory and
autoturn with the safety bandwidth restrictions when
the USR sailing in the upwind and downwind condi-
tions. Figure 13 presents the control order §,, 85 (red

@ Springer

line) and the actual input §,4, 65, (green dashed line)
of the experiment with the simulated external distur-
bances. It can be noted that the control orders are within
the reasonable range for merits of the composite guid-
ance and the robust fuzzy damping technique. Figure 14
describes the control outputs of the simulation experi-
ment. It can be concluded that the kinematic variable u
is with the good performance. While the USR sailing in
the upwind and downwind scenes, the maximum veloc-
ity was generated by turning the sail. However, while
sailing in the crosswind condition, the USR can suc-
cessfully converge to the desired velocity by using the
robust fuzzy speed regulator. The upwind and down-
wind scenes can strength the complexity and difficulty
of the system, and this can be found in 50s-180s from
the Figs. 15, 16. Based on the above analysis, the pro-
posed composite ILOS law, robust fuzzy speed regula-
tor and heading controller have a good performance in
aspects of the path following and speed regulating. It is
more in accordance with marine engineering require-
ments.

6 Conclusion

A novel robust fuzzy control algorithm has been devel-
oped to address the waypoints-based path following
problem for USR by using the DSC and the robust fuzzy
damping technique. The proposed scheme is capable
to achieve the reasonable and effective regulation to
the surge and the heading kinetics. It is concluded that
the proposed algorithm is with the concise form, the
performance of speed regulation and the small compu-
tation load, which can facilitate its applicability in the
marine practice. Furthermore, the SGUUB stability of
the closed-loop system has been proved through the
Lyapunov criteria. From the comparative experiments,
the proposed algorithm is effective, with the improved
safety and robust performance. In the future work, the
joint event-triggered control of USR using the sail, the
rudder and the main propulsion system will be studied
to further improve the effectiveness of the theoretical
algorithm and its application in engineering practice.
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