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Abstract: A recently proposed Integral Line-of-Sight (ILOS) guidance law is applied to an
underactuated Unmanned Semi-Submersible Vehicle (USSV) for path following of straight lines.
Derived from the popular Line-of-Sight guidance, the ILOS methods adds integral action to
increase robustness with respect to environmental disturbances such as sea currents, wind and
waves that unavoidably affect maritime operations. Integral action makes the vehicle side-
slip and hence compensate for the disturbances acting in the underactuated sway direction.
Furthermore, the integrator of the ILOS implemented in this paper has embodied, analytically
derived, anti-windup properties. It is shown that even if an accurate model of the vessel dynamics
is not available, a simple kinematic model and a few test runs give enough information to
correctly choose the guidance law parameters. Data from sea trials are presented to verify the
ILOS theory and give an experimentally based understanding of the behavior of the USSV when
different look-ahead distances and integral gains are used.
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1. INTRODUCTION

Automation of operations at sea is a technological driving
factor in several aspects of the maritime industry and any
development in this field can significantly improve safety,
sustainability and effectiveness of such activities. Given
the world’s increasing demand for energy and food, the off-
shore oil and gas industry has positioned itself at the fore-
front of this trend (Nelson, 2010) but other activities, like
sea shipping, offshore wind power production, fishing, fish-
farming and coastal surveillance are following close. The
joint use of Unmanned Surface and Aerial Vehicles (USVs
and UAVs) and Autonomous Underwater Vehicles (AUVs)
shows very promising results and tools to successfully run
different integrated missions are available (Pinto et al.,
2006). Furthermore, Bruzzone et al. (2013) demonstrated
that cooperating USVs can perform emergency ship towing
operations in the open sea or in a confined harbor.

Path following is a motion control scenario where a vehicle
has to follow a predefined trajectory without any time
constraints (Fossen, 2011). It is indeed a very wide concept
and path following applications include wheeled mobile
robots, marine vehicles and aerial vehicles (Sordalen and
De Wit, 1993; Kaminer et al., 2006; Da Silva and Sousa,
2010). In particular, the field of marine control has deliv-
ered several linear as well as nonlinear control solutions
for path following of fully actuated and underactuated
ships. Nonlinear control techniques are applied in Indiveri
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et al. (2000) to control the yaw rate of an underactuated
ship and hold a desired course. Inspired by Hauser and
Hindman (1997), Encarnagéo and Pascoal (2001) propose
a backstepping solution for trajectory tracking and path
following of underactuated marine vehicles. Other relevant
backstepping and Lyapunov-based approaches are found
in Fossen and Berge (1997), Lapierre et al. (2003), Do
et al. (2002) and Li et al. (2009). The Line-of-Sight (LOS)
guidance is used in Papoulias (1991), Breivik and Fossen
(2004), Fredriksen and Pettersen (2004) and Lekkas and
Fossen (2012) to achieve path following of fully actuated as
well as underactuated ships. Observers and adaptive tech-
niques are introduced to compensate for ocean currents
and hence achieve different path following and navigation
tasks of marine vessels and underwater vehicles in An-
tonelli et al. (2003), Bibuli et al. (2008), Miskovi¢ et al.
(2009), Morgado et al. (2011) and Zereik et al. (2013).
To render the popular LOS guidance robust with respect
to ocean currents, Aguiar and Pascoal (1997) propose a
modification based on measurements of the vehicle veloc-
ity, while integral action is added to the LOS reference
generator in Bgrhaug et al. (2008), Breivik and Fossen
(2009), Caharija et al. (2012a) and Caharija et al. (2012Db).

In this paper the ILOS guidance developed in Caharija
et al. (2012a) is applied to the underactuated CART USSV
developed for emergency towing operations by CNR-ISSIA
in Italy in cooperation with other international partners
(Bruzzone et al., 2013). Since a model of the vehicle
dynamics is not available, a short theoretical analysis of
the ILOS method applied to a simple kinematic model is
first presented. This analysis is based on previous work
presented by the authors in Caharija et al. (2012c) and
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gives some simple but fundamental technical understand-
ing of the ILOS guidance. The analytic guidance law is
then discretized and converted into a suitable algorithm
for the CART vehicle. Sea trials are performed where
the vehicle is required to move along a desired straight-
line path. Different combinations of the guidance law pa-
rameters are tested for different speeds/thrust levels. The
results show that the vehicle converges and follows the
desired course despite the environmental disturbances. As
expected, side-slipping is performed by the guidance law
in order to compensate for the drift and thus hold the
vehicle on the path. The paper is organized as follows:
Section 2 presents the ILOS guidance law applied to a
kinematic model while Section 3 gives a brief description of
the CART USSV. The experimental results are presented
in Section 4. Conclusions are given in Section 5.

2. THE ILOS GUIDANCE

In this section the ILOS guidance is presented and applied
to a kinematic model. The relative velocity approach
from Caharija et al. (2012a) is used while the theoretical
analysis is derived from Caharija et al. (2012c).

2.1 The Environmental Disturbance Model

The effect of environmental disturbances is incorporated
into a kinematic ocean current model:

Assumption 1. The ocean current V, = [V,,V,]T is de-
fined in the inertial frame ¢ and is assumed constant, irro-

tational and bounded, i.e. IVipax > 0| Vipax > 4/ V2 + Vy2.
2.2 The Kinematic Model and the Control Objectives

The control system is required to make the vehicle follow a
given straight line P in the presence of unknown and con-
stant ocean currents. In addition, it should also maintain
a desired constant surge relative velocity U,q > 0. Notice
that the relative surge velocity U,.4 is the velocity of the
USV with respect to the water in the surge direction of
the body-fixed frame b. The state of the USV is given by
the vector n £ [z, y] and represents the coordinates of the
vehicle in the inertial frame 4. Following Caharija et al.
(2012¢), where the underactuated and actuated dynamics
are neglected, the kinematic model becomes:

& = Uypqcos(¥q) + Va, (1)

Y = Upgsin(ya) + V4. (2)
The term 1, is the control input and is the yaw angle
provided by the aft rudders. Notice that (1-2) does not
consider the kinetics since a model of the CART USSV is
not available, and hence the dynamics of the speed and yaw
controllers are neglected. Therefore, the vehicle described
in (1-2) is assumed to hold a desired relative surge velocity
U.,.q as well as a desired heading 14 (Caharija et al., 2012c¢).
The general underactuated case with a full dynamic model
is presented in Caharija et al. (2012a) and Caharija et al.
(2012D).

Remark 1. A detailed explanation of why it is possible to
neglect both the actuated and underactuated dynamics as
a first approximation is found in Caharija et al. (2012c).
This method is very valuable when designing new guidance
laws or when the model of the vessel is not available.

The following assumption is necessary to achieve path
following in presence of currents acting in any direction:

Assumption 2. The propulsion system is capable of deliv-
ering enough thrust so that U,4 satisfies U,q > Vinax.

Remark 2. For most vehicles Assumption 2 is easy to meet
since currents have usually intensities of less than 1 [m/s].

To simplify the analysis without any loss of generality, the
inertial reference frame i is placed such that its z-axis is
aligned with the desired path, giving P £ {(z,y) € R? :
y = 0}. The vessel y coordinate then corresponds to the
cross-track error and the control objective is:

lim y(¢) = 0. (3)

t—o0

2.8 The ILOS Reference Generator

The ILOS guidance presented in Bgrhaug et al. (2008) and
Caharija et al. (2012a) is used to set the desired heading
angle and make the vehicle follow the z-axis:

YrLos = —tan ! (y—xjymt> ;Ao >0, (4a)
Ay
(y + oyme)” + A%
where A is the look-ahead distance and o is the integral
gain. Both are constant design parameters. The integral
effect is meant to give a nonzero angle (4a) at equilibrium,
since the vehicle is underactuated and hence it cannot
compensate for disturbances in the sway direction. This
allows the vessel to side-slip while staying on the desired
course. Therefore, it is possible to write 4(t) — 1ss €
(=m/2,7/2). The value of ¢5; will be specified later. Notice

that the law (4b) gives less integral action when the vehicle
is far from P, reducing the risk of wind-up effects.

(4b)

Yint =

2.4 Stability of the Closed Loop Kinematic System

Theorem 1. Given a USV whose kinematics are defined by
(1-2), if Assumptions 1-2 hold and if the gain o satisfies:

O<o< Urd — Vmaxa (5)
then the guidance law (4) achieves (3). The reference signal

1q is defined by (4a) and ¢y, = — tan_l(Vy/m)

Proof. A brief presentation of the proof is presented here.
For more details see Caharija et al. (2012c¢). The dynamics
of the cross track error y are obtained from (2) and (4b),

where ¥4 £ ¢rr0s:
) + OYint

_Urd + Vi ’
V(Y + oy )? + A? !
Ay
(y + innt)2 + A? -
The equilibrium point of the system (6-7) is yin =

(AVy)/(U\/m), ¥4 = 0 and the error variables

A A .
€1 = Yint — Yinys €2 = Yy + oeq are introduced:

y:

Yint =

. AO’€1 Aez

T " D(e2)? " Dler)?’ 8)
S — Ac’e (UTdD(e ) - UA)e

== Dl Dz TVl
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where D(e2) £ \/(e2 + y;i)2 + A2 while f(ez) is given in

int
Caharija et al. (2012c) and satisfies the bound |f(e2)| <
lea|/+/ (€2 + oyit )2 + A2. Given the quadratic Lyapunov

int
function candidate V £ 1/20%¢? + 1/2¢3, it is shown in

Caharija et al. (2012c) that its time-derivative V satisfies:

V < —a?Aler* — A (Upg — Vinax — 0)|e2]> £ =W, (10)
where the notation &1 = e1/y/(e2 +oype)? + A2 and
2 = ea/+/(e2 + oypd)2 + A? is used. It is straightforward
to show that Assumptions 1-2 and (5) guarantee positive
definiteness of W. Hence, according to the same Lyapunov
arguments of Caharija et al. (2012c), the system (6-7) is
uniformly globally asymptotically stable (UGAS) and uni-
formly locally exponentially stable (ULES). a

Remark 3. Notice that the analysis above gives well de-
fined bounds upon the integral gain o but it does not
provide any criteria for how to choose the look ahead
distance A. The tuning of A is therefore made at the
experimental stage. As a rule of thumb, the USV length is
set as a lower bound for A (Caharija et al., 2012c).

Remark 4. The control system on the CART USSV does
not provide the option to directly control its relative
velocity. However, the thrust level (RPMs) can be set. This
is the closest available option to relative velocity control.

3. VEHICLE DESCRIPTION

The CART USSV, developed by CNR-ISSTA and shown in
Figure 1, is a 0.9 m long and 0.75 m wide robotic platform.
Thrust is provided by four DC brushless motors coupled
to 4-bladed propellers, capable to deliver a maximum
bollard pull of about 15 Kg. A central cylindric canister
contains all the electronics and sensors. In particular, the
USSV is equipped with a single board computer running
a GNU/Linux based real-time control application, a GPS
system providing absolute position measurements and an
Attitude and Heading Reference System (AHRS). Another
cylinder contains a set of lithium ions batteries. At full
charge the vehicle can operate continuously for 5—6 hours.
The communication between the vehicle and the remote
control station is provided by a 2.4 Ghz WiFi link.

Fig. 1. The CART USSV during operations.

For the purpose of exploiting the CART vehicle as a plat-
form for the development of advanced navigation, guidance
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and control techniques, as well as payload carrier in dif-
ferent experimental campaigns, the software control archi-
tecture has been upgraded and an extensively tested and
well known software system has been ported. In particular
the control architecture of the CNR-ISSIA Charlie USV
(Bibuli et al., 2008) has been customized and transferred
on the CART USSV as well. The porting operation in-
volved the development of a new driver layer, thus creating
the connection between the hardware and the software
architecture. No rearrangement of the architecture higher
levels was required, due to the complete decoupling from
hardware-related issues.

The CART USSV has a very high level of maneuverability.
This, together with its high power-to-weight ratio and
the smart placement of the motors, allows to choose the
thrust/torque mapping in such a way that all the engines
deliver thrust, but only the two rear ones contribute to
torque generation. This makes the motion of the vehicle
smoother and less subjected to yaw jerks. Since a validated
dynamic model of the employed vehicle is not yet available,
a simple Proportional-Derivative (PD) control scheme
has been implemented to provide the basic auto-heading
feature. The controller parameters have been set through
on the field tests, obtaining an overshoot-free response in
normal sea conditions.

4. EXPERIMENTAL RESULTS

With the aim of evaluating the performance of the pro-
posed guidance technique, an extensive set of sea trials
has been carried out. In these experiments the vehicle is
required to move along two geo-referenced parallel straight
lines in order to exhibit the transient response and the
steady-state behavior of the guidance system. At the be-
ginning, the first reference line is fed to the ILOS. After
a while, a command is sent to make the vehicle turn back
and converge to the second line. The procedure is repeated
for different parameter settings and speeds. In particular,
path following of the reference lines is executed at different
speed regimes, to highlight the response dependency on the
speed profile. The guidance module has been also tested
for different values of A and o, to separately analyze the
response as function of the two parameters. This allows
precise tuning and selection of the best setting for the prac-
tical exploitation of the proposed guidance. The reference
paths are the two parallel straight lines /; and l5 defined by
a point and an angular orientation on the local horizontal
Cartesian plane:

l: point ( 60m ; -50m ) , orientation — 130°
lo: point ( 70m ; -50m ) , orientation 50°

The first set of experiments focuses on the evaluation of
the ILOS for different speeds held by the vehicle in motion.
Figure 2 shows the comparison between different tests
where the guidance system, characterized by the same
parameter setting (A = 5.0 and ¢ = 0.1), is commanded
to track the two reference lines at different surge thrust
regimes. The commanded surge thrust values are 20%,
30%, 40% and 50% of the total available thrust provided
by the motors. These values correspond to average steady
state speeds of 0.6, 0.8, 0.9 and 1.0 m/s, respectively.
Notice that the values A = 5.0 and ¢ = 0.1 are selected
since they provide satisfactory path following performance.
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ILOS trial, A=5.0, 6=0.1,thrust=20% ILOS trial, A=5.0, 6=0.1,thrust=30%
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Fig. 2. Speed dependency evaluation - the upper plots show the motion of the vehicle (blue) along the reference lines
(red); the lower plots show the cross track error variation in time.

As shown in the plots of Figure 2, the vehicle converges and
tracks the reference lines. Notice how every change of the
reference line is followed by a peak in the cross track error.
The ILOS guidance quickly reacts and takes the vehicle
onto the new line. In particular, in the error plots of Figure
2 it can be noticed that during steady-state the cross-track
error is always less than 1 m, with no significant difference
with respect to the actual surge thrust setting. The statis-
tical analysis reported in Table 1 supports this argument,
indicating comparable standard deviation values during
steady-state response. The steady-state mean values are in
the order of 0.2+-0.3, m thus indicating a practical rejection
to constant external disturbances. It should be mentioned
that during the experiments the environmental conditions
were characterized by a light breeze and small waves. In

Table 1. Speed dependency evaluation statistics

[ thrust [%] | mean value [m| [ standard deviation [m| |

20 -0.1709 0.2762
30 -0.2193 0.3242
40 -0.2131 0.2546
50 -0.1847 0.3148

particular, a careful post mission analysis of the telemetry
data reveals a difference of about 5° between the reference
line orientation and the desired vehicle heading, generated
by the guidance system, when the vehicle is on path. This
side-slip is due to the integral part of the guidance (4) that
compensates for the drift caused by sea currents, wind and
waves. This is in accordance with the theoretical analysis
presented in Caharija et al. (2012a) and Caharija et al.
(2012D).

The second and third experiments analyze the sensitivity
of the guidance system with respect to the A and o param-

eters. Figure 3 shows the motion of the vehicle where the
parameter A is set to 2.0 m, 5.0 m and 10.0 m. Interpreting
the parameter A as the look-ahead distance, the effect of
increasing such value induces a slower convergence onto
the reference line, while A values approaching the size
of the vehicle indeed reduce the convergence time, but
introduce small oscillations during the on-path motion,
caused by overshooting. This oscillating behavior at short
A is simulated in Caharija et al. (2012c) and is foreseen
by the more detailed Lyapunov analysis of the complete
kinematic-dynamic system in Caharija et al. (2012a) where
a lower bound for A is analytically derived.

The results of the third experiment are shown in Figure 4.
In Figure 4 the vehicle behavior is assessed with respect to
different values of the integral gain . The guidance law is
tested for the following values of o: 0.05, 0.1 and 0.5. As
it can be observed, with lower integral gains the guidance
system loses its efficiency to reject constant disturbances,
i.e. the side-slipping of the vehicle is not enough to
completely compensate for the drift, while increasing the
value of o leads to overshoots in the transient response
during the convergence phase. Notice that the condition
(5), derived from the Lyapunov analysis of Section 2, gives
an upper bound upon the choice of 0. The experimental
results confirm what the theoretical analysis predicted: a
high o gain causes unstable behaviors.

5. CONCLUSIONS

In this paper the experimental validation of the ILOS
guidance law has been carried out, proving its reliability in
real applications at sea. The performance of the proposed
guidance technique has been analyzed at different speed
regimes and parameter settings, to observe the response of
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the system. The results are in accordance with the theory
developed by the authors. Future developments include
the introduction of a dynamic model of the USSV and the
comparison of the ILOS with other guidance methods.
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Fig. 4. Sensitivity of the ILOS guidance with respect to the integral gain o - the upper plots show the motion of the
vehicle (blue) along the reference lines (red); the lower plots show the cross track error variation in time.
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