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Abstract: This work addresses the problem of non-linear path following control for under-
actuated autonomous surface vehicles in the horizontal plane. The presence of multiple unknowns
is considered, including unmodelled hydrodynamics, internal parametric model uncertainties,
and unmeasurable disturbances due to wind, waves, and ocean currents, whereas the surge, sway,
and yaw velocities are also considered to be unmeasured. Firstly, a non-linear extended state
observer is applied to recover the unmeasured velocities and estimate the lumped generalised
disturbances, that include all unknown terms previously detailed. Secondly, regarding the path
following control, a surge-guided line-of-sight guidance law is applied to simultaneously compute
the surge and heading/yaw references, while a simplified robust-adaptive backstepping control
strategy is proposed. The effectiveness and robustness of the proposed estimation and control
strategy is verified in simulation considering challenging disturbance and current profiles.
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1. INTRODUCTION

The development of advanced autonomous surface vehicles
(ASVs) has recently drawn growing attention due to their
broad potential applications. Namely, ASVs allow to ac-
cess to otherwise unreachable regions and simplify data ac-
quisition by reducing costs and human risk. Environmen-
tal monitoring, border surveillance, and other maritime
civilian/military applications are envisioned (Zhang et al.,
2015), and that is why motion control of ASVs has become
a research hotspot in recent years (Xia et al., 2019).

There are mainly two approaches for the problem of
driving an ASV along a desired course: trajectory tracking
and path following control (PFC) (Aguiar et al., 2005).
In the first approach the ASV is required to track a
time-parametrised trajectory, while in PFC the ASV is
only required to converge to the path in a time free
parametrisation. In most practical situations PFC is the
only feasible solution, mainly due to ocean currents, and
that is why this work focuses on this approach.

The kinetics of an ASV present several difficulties such
as unmodelled hydrodynamics, internal model uncertain-
ties, and unmeasurable disturbances due to wind, waves,
and ocean currents. All these unknown terms cause the
control performance to depend largely on the estimation
and cancellation of disturbances. Moreover, regarding af-
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fordable ASV implementation, an important task is to
recover unmeasured velocities by using only the position-
heading information, measured by a global positioning
system (GPS) device and a gyrocompass (Liu et al., 2016).

On the one hand, the problem of enhancing the controller
robustness in the presence of uncertainties and distur-
bances has been addressed under different perspectives.
Parametric adaptive methods have been applied to esti-
mate unknown parameters (Skjetne et al., 2005), robust
control has been proposed to deal with the disturbances
(Lekkas and Fossen, 2014), and fuzzy logic systems and
neural networks have been applied to handle uncertainties
(Chen et al., 2017). However, all these works are based on
velocity measurement, which might not be available in low-
cost ASVs. On the other hand, Peng et al. (2017) address
the simultaneous estimation of unmeasured velocities and
uncertainties, but persistent excitation is required. In this
work the finite-time convergent non-linear extended state
observer (ESO) proposed by Liu et al. (2019) is applied,
which allows to estimate simultaneously the unmeasured
velocities and the lumped generalised disturbances with-
out persistence of exciting. Moreover, the convergence of
the estimation does not depend on the control law.

The PFC approach consists of a guidance module and a
control one (Fossen et al., 2003). The first one computes
the references on the heading angle and surge velocity,
whereas the second one is in charge of driving the actuators
to follow the guided references. Regarding the guidance
module, the look-ahead-based line of sight (LOS) law has
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been traditionally used (Breivik and Fossen, 2005), but it
presents some limitations when facing ocean currents and
unknown disturbances, thus many improved LOS guidance
laws have been proposed in recent years. An integral LOS
guidance was first proposed for linear paths by Bgrhaug
et al. (2008) and then extended to curvilinear paths by
Lekkas and Fossen (2014). An adaptive LOS guidance
was proposed by Fossen et al. (2015) where the sideslip
is estimated by an adaptive term, while a compound
LOS guidance law was proposed by Miao et al. (2017)
based on the time-delay control method and the reduced-
order linear ESO technique. However, in these works the
surge reference is predefined (usually as a constant value),
regardless of the desired path, in such a way that the
path following is actually carried out by manipulating
the rudder torque, that increases the manoeuvring burden
and reduces the overall manoeuvrability. Given this issue,
the surge-guided LOS (SGLOS) proposed by Wang et al.
(2019) is applied in this work, ensuring that the surge
reference is also guided by the path following errors.

Concerning the control module, many methods including
deep learning, H.,, adaptive, sliding mode, backstepping,
fuzzy logic, neural network, optimal, and predictive control
have been proposed in the literature (Liu et al., 2016).
In this work, given the estimation on the lumped gener-
alised disturbances provided by the ESO, a novel simplified
robust-adaptive dynamic controller based on backstepping
is proposed. This non-linear strategy benefits from the fact
that only the inertia matrix of the vessel must be iden-
tified, since many non-linear terms of the ASV dynamic
model are lumped into the generalised disturbance term.
Therefore, the number of hydrodynamic parameters to be
identified is reduced, thus the experimental application of
this strategy is simplified. Moreover, the proposed dynamic
controller turns out to be much simpler than the fuzzy
unknown observer-based robust adaptive PFC proposed
by Wang et al. (2019), since the number of tuning param-
eters is much reduced and input-to-state stability can be
also ensured. To the authors’ knowledge, this is the first
work where the disturbance estimation given by the ESO
is effectively used within the dynamic controller, thus the
latter is the main theoretical contribution of this work.

The remainder of the work is organised as follows. Section
2 presents the ASV model and formulates the control
problem. Section 3 presents the proposed strategy, while
Section 4 describes the ESO. Section 5 details the SGLOS
guidance and the proposed controller, while Section 6 pro-
vides some illustrating simulation results. Finally, Section
7 summarises the conclusions and proposes future work.

2. ASV MODELLING AND PFC FORMULATION
2.1 ASV Modelling

The kinematics and dynamics of an ASV moving in a
horizontal plane can be modelled as follows (Fossen, 2011):

{ = R(n)v (1)
Mp=-C(v)v —Dw)v —g(v,n) +Tw + T,

where 7 = [z y |7 is the planar position/heading
vector expressed in the earth-fixed inertial frame {n},
v = [u v r]T is the surge-sway-yaw velocity vector in the
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Fig. 1. Path following control geometry

body-fixed frame {b}, 7w = [Fuu Fuw.v Tw’r]T refers to
the environmental disturbances due to wind, waves, and
currents, and 7 = [F,, 0 7] stands for the force/torque
vector to be designed (see Fig. 1). The effect of currents
is generally considered at the kinematic level by using
relative velocities with respect to the fluid (assumed to
be irrotational, Xia et al. (2019)). However, these velocity
measurement might not be available, and no observer
can provide an estimation for these relative velocities
without previous information about currents. Then, to
apply the non-linear ESO proposed by Liu et al. (2019),
the description of the dynamics in terms of absolute
velocities indicated in (1) has been held. The rotation
matrix R(¢) between {b} and {n} is:

cos(1)) —sin(¢)) 0
[sin(w) cos(1)) O] ,
0 0 1
while M = M7 is the inertia matrix,the unmodelled hy-
drodynamics C(v) is the Coriolis and centrifugal matrix,
and D(v) is the damping matrix, while g(n,v) refers to
the hydrostatic forces due to buoyancy and unmodelled
hydrodynamics. Notice that the dynamic model (1) has
three degrees of freedom, while the number of independent
control inputs is two (no actuator in the sway direction).
Hence, the ASV is a second-order underactuated system.

R(y) = (2)

2.2 PFC Problem Formulation

The reference curvilinear path (see Fig. 1) is considered to
be parametrised by a time-dependent variable w(t), whose
dynamics are also intended to be defined by the guidance
module. The Frenet-Serret frame {F} is related to point P,
which is a moving point (acting as a virtual target) on the
path (Lekkas and Fossen, 2014; Miao et al., 2017; Wang
et al., 2019). Then, the axes of {F'} are normal and tangent
to the desired path at point P. The dynamics of the virtual
target represent an extra design knob to enhance the PFC.
The virtual target velocity s, is computed as follows:

trar = (33 + 52 = &/ (D2 0w)? + (Dyp/0w)2 (3)
{F} is rotated with angle -, relative to {n}, defined by:
vp = atan2(y,, #,) = atan2(dy, /0w, Oz, /0w),  (4)

where atan2(y,z) is the four-quadrant version of the
trigonometric function arctan(y/x) € [—n/2,7/2].
The path following errors between the vessel position (z,
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y) and the virtual target point position (z,, y,) can be
expressed in {F} as indicated in (5):
Te| & pT T —zx
=R P 5
velerra|n ). &)
where x. and y. are known as the along- and cross-track
errors, respectively. The errors dynamics are:

.’i}e =U COS(’lp — Tp + 6) + ;Yp Ye — Utar, (6)
Ve = U sin(y) — v, + B) — ¥p e,

where U = +u? + 0?2 is the total linear velocity and
B = atan2(v,u) is the so-called sideslip angle.

3. ESTIMATION AND CONTROL STRATEGY

A combined estimation and control strategy is proposed
in this work. As shown in Fig. 2, a successive control
structure is intended, where the controller is divided into
2 subsystems: the kinematic control and the dynamic one.

In the kinematic subsystem, the SGLOS guidance law
proposed by Wang et al. (2019) is applied to compute the
references on the surge and heading/yaw, in addition to
the virtual target velocity, aiming to achieve asymptotic
stability of the path following errors. Only the measure-
ment of 1 is needed, which is assumed to be available by
using a GPS device and a gyrocompass.The second sub-
system addresses the dynamic control, namely the surge
and heading/yaw reference tracking, in the presence of
highly coupled non-linearities and unknown environmental
disturbances. Notice that the presence of currents has
been highlighted in Fig. 2, but their influence will be
treated as that of external disturbances. Here is where
the estimation on the velocities and lumped generalised
disturbances provided by the finite-time ESO developed by
Liu et al. (2019) comes handy. Given that the ESO makes
no assumptions on the control law or on the disturbances,
it can be designed regardless of the dynamic controller.
The ESO simplifies largely the control law, in such a way
that a novel robust-adaptive dynamic controller based on
backstepping is proposed in this work. The surge and head-
ing/yaw tracking error convergence to a neighbourhood of
zero defined by the upper bound of the estimation error
on & is theoretically shown.

4. EXTENDED STATE OBSERVER DESIGN

As stated by Liu et al. (2019), from (1), the lumped
generalised disturbance vector is defined as shown in (7):

o= M [-Cw)v - D) —gn,v) + ). (7)

.H.J

Surge-guided LOS Guidance

Law I:

Then, the system dynamics (1) can be rewritten as:
n=R)v,
{ﬁ:M_l‘r—&—o: (8)

From (8), Liu et al. (2019) propose the following non-linear
ESO with finite-time convergence:

fi= R(v) » -3¢ R() [RT(6)252] ",
b= 6+ M r—3 [RT(qp)’”';"rml, (9)
R L=

where []* = sign(-)| - |%, while € and « are positive and

constant estimation parameters. Notice that only ¢ and
« must be tuned. Both the input-to-state stability and
finite-time convergence of (9) are shown, provided that
Assumption 1 is valid.

Assumption 1. Zhao and Guo (2015); Liu et al. (2019)
The lumped generalised disturbance vector o satisfies
o] < 6*, being ¢* a positive constant.

Then, v and o can be estimated by applying (9) from
only the measured 7, regardless of the control law. The
estimation error could be reduced by decreasing e, but it
would make the observer vulnerable to measurement noise.
Parameter « allows to achieve finite-time convergence and
helps avoiding peaking value problem.

5. GUIDANCE AND DYNAMIC CONTROL LAWS
5.1 Guidance Module

The SGLOS guidance law proposed by Wang et al. (2019)
is applied, where the surge reference is:

Uref = kl V 3/3 + sz (10)

where k1 > 0 is a design parameter and A > 0 is the look-
ahead distance. Notice that u,ef min = k1 A, thus ki and
A can be tuned so that the surge reference ;. is always
greater than a given desired value.

The heading guidance law is given by (11):

Yres = = Bres —atam (). (11)

where ey = atan(v/u,er). The first term v, follows the
desired path curvature, the second one B,.y compensates
the potential sideslip caused by disturbances and currents,
while the last one is responsible for driving the cross-track
error ¥y, to zero. The virtual target velocity law is given
by:

Utar = ko Te + Uref COSW — Y+ ﬁref)a (12)
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Fig. 2. Proposed estimation and control strategy for PFC of underactuated ASVs
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where k» > 0 is a tuning parameter and U,y =

A /ufef + v2. Using (10)—(12), the path following errors (5)
with dynamics (6) are shown to be globally asymptotically
stable (Wang et al., 2019).

Furthermore, given the heading set point (11), a kinematic
controller can be designed so that the desired tracking
error dynamics (13) are achieved (Miao et al., 2017):

ed, = 1/) — wref; é¢, = — kw ew, (13)
where ky > 0 is a control gain. The virtual command for
the yaw dynamic controller is then computed as follows:

Tref :'lbref_kw (w_wref)v (14)

where low-pass derivative filters are used to compute the
successive time derivatives of ¥,¢;.

5.2 Dynamic Control Design

Regarding the surge dynamic control, the dynamics (8)
can be rearranged as follows:

U= gy Fy + oy, (15)
where g, = 1/my; and o, is the first component of
o. Given the surge reference (10), if the tracking error

dynamics indicated in (16) are desired:

€y = U — Upef, eu:_kueua

(16)
where k, > 0 is a control gain, the following control law is
proposed:

1
F,=—

u
Theorem 1. Under Assumption 1, the proposed control
law (17), and the extended disturbance observer (9), the
surge tracking error (16) converges to a neighbourhood of
zero, defined by the upper bound of the estimation error
on the lumped generalised disturbances.

[tres = Gu = Fu (@ = uref)] - (17)

Proof. The finite-time convergence of the estimations
U and & is shown in Theorem 4 in Liu et al. (2019),
where no assumptions about the control law are made.
Specifically, the finite-time convergence of the estimation
errors to a region around zero whose amplitude depends
on ¢* is ensured.

Consider the following Lyapunov function:

1
Vu:§€121>0 (18>
Differentiating V,, along (16) and (17) produces:
Vi, = eyéy = eu(t — Upey) = ey(—kyey + 0y —Gy) =
= —kuel, + eueo, < —leul(leulky —leo, ])-
(19)

According to Liu et al. (2019), the norm of the estimation
error on the lumped generalised disturbance e,, := 0, —6,
is bounded and its upper bound turns out to depend on
¢*. Therefore, the norm of e, is bounded:

e,

lew| < (20)

u
Concerning the heading/yaw dynamic control, the corre-
sponding dynamics (8) can be expressed as:
(21)
where g, = maa/(moamss — m3;) and o, is the third
component of o. Given the yaw reference (14), if the yaw

r:gi‘Tr"'Ura

tracking error dynamics (22) are desired:

ér = — kr ey, (22)
where k. > 0 is a control gain, the following control law is

proposed:

1 - . .
Tr = ; |:1;Z)ref - kr (7‘ - T'ref) - kw (T - ’l/)ref) - UT] .

(23)

Theorem 2. Under Assumption 1, the proposed control

law (23), the virtual reference for the yaw (14), and the

extended disturbance observer (9), the heading and yaw

tracking errors (13) and (22) converge to a neighbourhood

of zero, defined by the upper bound of the estimation error

on the lumped generalised disturbances.

Er =T — Tref,

Proof. The finite-time convergence of the estimation
errors of © and & to a region around zero whose amplitude
depends on ¢* is shown in Theorem 4 by Liu et al. (2019).

Consider the following Lyapunov function:
Lo 15,
V¢77»: 561/)+§€7‘ 20
Differentiating Vy, ,» along (13), (14), (22), and (23) yields:

(24)

Vipr = €yl + €rér = €(r — Upef) + €r(giTr + 0r — Freg)
=ey(er + Trep — Vres) + e wmf — k(1 —Tref)—

— kg (r —tref) — G+ Op — Frep] =

= ey(er + Yres — kypey — Yrep)+

ter | ~ho (1 = Treg) = k(1 = Vo) + €0, | =

= ey(er — kyey) + e [—krer —ky(er —kyey) +€5,] =
= —kyel, — krel — kyel + (1 + k) Jeyer + ereq, =

—[ey €] Lk'%} kw-l-lkr} [eelf] + ey €] [egr] ,

where 7.y is assumed to match 1])}6 ¢ If the tracking error

VECtor €y r = [€y er]” is defined, as well as the control

. . | ky -1 .
gain matrix Ky, , = {_ v?b ky + kr:| and the disturbance

error vector G, = [0 e,,T]T, Vi yields:

Vir =~ €y Ky ey tey, Go, < (26)
< —lley,rll (lew,r [l Kyl = 1Go, ) -
Ky, is positive definite provided that k, and k, are

positive. Since the norm of e, := o, — ¢, is bounded,
the norm of e, is bounded:
|Go. |l lea, |
ep,r|l < | = > (27)

Kyl = Anin(Ky,r)’
where Apin (Kyp,r) is the minimum eigenvalue of Ky, ..

6. SIMULATION RESULTS

Some simulation results are provided to verify the effec-
tiveness and robustness of the proposed strategy. The
CyberShip II (a 1:70 scale replica of a supply ship) has
been used as the test-bed (Skjetne et al., 2004). The es-
timation/control parameters have been gathered in Table
1, while the sampling time is set to 0.1 s.

The desired path is the parametrised curve given by (28):
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Table 1. Estimation and control parameters

Parameter A k1 ko ky ky ke € «
Value 8 0.125 2 2 1 4 015 1
Units m st st st gt gt s -

zp(w) =10 sin(0.1w) + w (28)
yp(w) =w,

where w(t) is the path variable presented in Section 2.2.
The initial kinematics and dynamics of the ASV are n(t =
0) = [0100]" and v(t = 0) = [000]". Challenging dis-
turbance profiles have been considered, where the models
regarding wind and wave disturbances provided by Fossen
(2011) have been applied. The environmental conditions
are those of Ypacarai lake, in Paraguay, where wind of
up to 17.5 km/h has been considered and its direction is
selected to further disturb the vessel, according to the de-
sired path. Moreover, a linear model for first- and second-
order wave-induced forces has been applied, following the
JONSWAP spectrum (Hasselmann et al., 1973). Moreover,
the vessel model in terms of relative velocities (Xia et al.,
2019) is simulated to explicitly consider the irrotational

currents V., = [V, V, 0]" (expressed in the inertial frame
{n}). The current speed and direction have been modelled
as first-order Gauss-Markov processes (Fossen, 2011).

Fig. 3 shows the path following under the disturbances
and current profiles shown in Fig. 4 and 5, while Fig. 6
shows the along- and cross-track errors. Fig. 7 represents
the behaviour of the controlled surge, while Fig. 8 depicts
the control actions, where saturation has been considered
(Fy €0, 2] N, 7. € [-1.5, 1.5] N m). Finally, Fig. 9 and
Fig. 10 show the performance of the ESO, specifically for
the sway velocity v and the yaw-related component of o.
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Fig. 4. Wind- and wave-related disturbance profiles

It is shown in Fig. 3 that the proposed strategy achieves
remarkable performance and the path following errors
shown in Fig. 6 converge smoothly to zero despite the
challenging disturbance and current profiles shown in
Fig. 4 and 5. The SGLOS guidance parameters have
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Fig. 5. Current profile expressed in the inertial frame {n}
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been tuned so that the minimum wu,ef is 0.15 m s,
as shown in Fig. 7. Notice in Fig. 8 that, in contrast
to the work by Wang et al. (2019), the control actions
F, and 7. are bounded. Then, the thrust force F, is
shown to be saturated at the beginning , since the surge
must be increased from the zero initial condition to the
reference provided by the SGLOS guidance law, that turns
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Fig. 10. Yaw-related generalised disturbance estimation

out to be higher than 0.15 m s! when the cross-track
error is significant. Regarding the control parameters,
higher values of A wusually drive to smoother control,
while a small A implies aggressive steering. Parameter
k1 affects the contribution of the surge reference when
the tracking errors are significant, in such a way that the
higher £y, the higher u,.s in the case that the cross-track
error 9. is not negligible, and thus the higher the initial
thrust force. Parameter ko defines the velocity with which
the along-track error z. is driven to zero. The control
gains k,, ky, and k, affect the corresponding reference
tracking, thus higher values of these parameters cause the
controller to be more aggressive. Concerning state recovery
and lumped generalised disturbance estimation, it can be
checked in Fig. 9 and 10 that the ESO provides an accurate
estimation of v and o, regardless of the control actions.

7. CONCLUSIONS AND FUTURE WORK

In this work accurate PFC of an ASV subject to multiple
disturbances and uncertainties has been achieved by ap-
plying a novel estimation and control approach. The ESO
allows to accurately recover the unmeasured velocities, as
well as estimate the lumped generalised disturbances, and
the dynamic control benefits from this estimation to derive
a simplified robust-adaptive strategy that makes the path
following tracking errors converge to a neighbourhood of
zero whose amplitude depends on the estimation error.
The SGLOS law provides simultaneous surge and head-
ing guidance, thereby enhancing the overall PFC perfor-
mance. Simulation results show that the proposed strategy
achieves remarkable performance despite being subjected
to challenging disturbances and time-varying currents. Fu-
ture work will consider the influence of input saturation on
the dynamic controller, as well as smoother differentiation
of the surge and heading references. Moreover, the exper-
imental application of the proposed strategy to a low-cost
in-house-designed ASV is intended in the near future.
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