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Abstract

This paper proposes a formation control method for two underactuated unmanned surface vessels (USVs) to follow curved paths in
the presence of ocean currents. By uniting a line-of-sight (LOS) guidance law and the null-space-based behavioral control (NSB)
framework, we achieve curved path following of the barycenter, while maintaining the desired vessel formation.

The closed-loop dynamics are investigated using cascaded systems theory, and it is shown that the closed-loop system is USGES
and UGAS, while the underactuated sway dynamics remain bounded. Simulations show that the barycenter task errors converge to
zero, validating the theoretical results, while a small cross-track error is observed in the experiments.
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1. Introduction

In recent years, the presence of autonomous vehicles has
become more prominent, with self-driving cars being one of
the most well-known fields. Another active area of research
is within the maritime field, with a focus on both autonomous
underwater and surface vessels. A significant advantage of au-
tonomous systems is their ability to plan and execute tasks with
reduced need for human interference. Current research areas
include path planning and following, collision avoidance, and
maneuvering in dynamic environments under the influence of
disturbances such as wind, ocean currents, and waves for ap-
plications such as transportation, seafloor mapping, and in the
oil and gas industry. Traditionally, these tasks have been per-
formed using a single vessel. Some tasks, however, may be too
complex to be solved by an individual system or be of such a na-
ture that multiple systems are required to cooperate. With this,
new challenges arise of how path following can be achieved
while maintaining a desired overall formation.

The path following control problem for single underactuated
marine vessels has been considered in several publications, see
for instance [1, 2, 3, 4, 5, 6, 7]. The line-of-sight (LOS) ap-
proach, by steering the vessel towards a point ahead on the
path, is widely used to solve the path following problem, due
to its intuitive structure and ability to counteract environmental
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disturbances, e.g. [2, 4]. When considering the control prob-
lem for formations of marine vessels, several leader-follower
approaches have been proposed where the follower adapts its
speed and position relative to the leader to obtain the desired
formation, e.g. [8, 9, 10, 11]. However, leader-follower meth-
ods suffer from the fact that communication is unidirectional,
meaning the leader will not adapt its speed to the follower.

The problem of straight-line path following formations of
marine vessels is studied in [12, 13, 14]. The case without
ocean currents is studied in [12, 13], where the desired forma-
tion is obtained through each vessel in the formation using a
LOS guidance law to follow the desired path, while the desired
along-path distance between each vessel is obtained with a non-
linear velocity control law. Similarly, in [14], the guidance law
is extended with an integral LOS (ILOS) controller to counter-
act constant irrotational ocean currents. However, all of these
methods are restricted to straight-line paths.

Another approach to the formation control problem is the
null-space-based (NSB) behavioral control scheme, e.g. [15,
16, 17]. This centralized guidance system decomposes the con-
trol objective into different prioritized tasks, which are solved
independently of each other using a closed loop inverse kine-
matics (CLIK) algorithm. The solutions of each task are then
combined by projecting the solution of one task into the null-
space of the higher-priority task. Expressing the control objec-
tives in terms of fundamental tasks simplifies the control system
design, as the tasks can be designed independently and then as-
sembled to compose a complex behavior which could be diffi-
cult to create with a single objective function.

This paper aims to propose a formation path following
method that may be realized using only traditional sensors for
estimating absolute velocities, such as an inertial measurement
unit (IMU) and a global navigation satellite system (GNSS),
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which are available for most vessels. This is achieved by ex-
tending and combining the results for curved LOS path follow-
ing for single USVs from [4] with the NSB framework pre-
sented in [15, 17]. By replacing the barycenter CLIK control
law with a LOS guidance law, we inherit the path following
properties of the well-studied LOS guidance law, while the
NSB control scheme is used to design the overall system be-
havior, utilizing the advantages of both methods. Contrary to
[4], where relative velocities are used, we will specify the LOS
guidance law in terms of absolute velocity, eliminating the need
for expensive sensors for measuring the relative velocities.

The closed-loop stability of the proposed LOS guidance law
for path following of the barycenter, combined with the surge
and heading autopilots from [18] is analyzed using a cascaded
system approach. Using the results from [19], we show that
the closed-loop system is USGES and UGAS, while the under-
actuated sway dynamics are bounded. The LOS guidance law
is then integrated into the NSB framework and the theoretical
results are verified through both simulations and experiments.

The paper is organized as follows. Section 2 gives a math-
ematical description of the unmanned surface vessel (USV)
model. The control objectives are formalized in Section 3,
while the control system is presented in Section 4. In Section 5
we show that the closed-loop barycenter path following system
is USGES, while the underactuated sway dynamics are proven
to be bounded. Section 6 and Section 7 present the results of the
guidance law from simulations and experiments respectively.
Finally, Section 8 presents the conclusions and future work.

2. Vessel Model

2.1. The Vessel Model

The state of a marine surface vessel is given by the vector £
[x,y,¥]" which describes the position and orientation w.r.t the
inertial frame i. The vector v £ [u, v, ] contains the linear and
angular velocities given in the body-fixed coordinate system b,
where u is the surge speed, v the sway speed and r the yaw rate.

The ocean current velocity, denoted V., expressed in the in-
ertial frame, satisfies the following assumption:

Assumption 1. The ocean current in the inertial frame is as-

. . . T
sumed to be constant and irrotational, i.e. V, £ [Vx, Vi, O] .
Furthermore, there exists a constant V,,,, > 0 such that ||V.|| =

\JVE+V? < Vi, i.e. the ocean current is bounded.

Moreover, v, £ v—v, is the relative velocity of the vessel, where
Ve £ [ue,ve,0]" is the ocean current velocity expressed in the
body-fixed frame b and obtained from v, = R(y¥)V,., where
R(y) is the rotation matrix from b to i, defined as:

cos(¥y) —sin(y) O
R(y) = |sin(y) cosy) 0]. ()
0 0 1

The kinematics and dynamics of the marine vessel are described

by the 3-DOF maneuvering model [20, 2, 18]:

n =Ry (2a)
MgpV + Crg(V)v = =Mav, — CA(v,)V,
- D(v,)v, + Bf. (2b)

The vector f £ [T, 5] is the control input vector, containing
the surge thrust 7 and the rudder angle 6, respectively. The
matrix Mgg = ML, > 0 is the rigid-body mass and inertia
matrix, Cgp is the rigid-body Coriolis and centripetal matrix,
M, = Mg > 0 is the hydrodynamic added mass matrix and Cx
is the added mass Coriolis and centripetal matrix. Furthermore,
D is the hydrodynamic damping matrix, and B € R3*? is the
actuator configuration matrix.

Assumption 2. The USV is port-starboard symmetric.

Assumption 3. The body-fixed coordinate system is located at
a distance (x,,0) from the USV’s center of gravity along the
center-line of the vessel.

The matrices can be defined as

m’l‘l 0 0 b11 0
Mx £ 0 m’z‘z m’2‘3 . B £ 0 bzz
0 m’2‘3 m§3 0 b23
0 0 —m},Za — M3;73
C.(z) = 0 0 mi121
my,20 + My23  —MpiZ 0

dy + délll u, 0 0
D(v,) & 0 dy, dii], 3)

0 dy,  di
for x € {RB, A}. The structure of M, and D follows from As-
sumptions 2—3 and the structure of C, is parametrized accord-
ingly to [20]. To separate the sway-yaw subsystem, such that
the yaw control does not affect the sway motion, the distance x,
from Assumption 3 is chosen such that M~ !'BM = [r,,0,7,]",
where M = Mgg+M,. Such a transformation does always exist

for port-starboard symmetric vessels [1].

2.2. Vessel Model in Component Form
The model can be written in component form as

X = cos(y¥)u — sin(¥)v (4a)
¥y = sin(¥)u + cos()v (4b)
J=r (40)
. di+dfju  (mypv +masr)
u=- u+ r
myy miy

+ @y, )8, + Ty (4d)
v =X, u)r+ Y(u,u)v, (4e)
= F(u,v,r) + ¢ (u,v, 1,40, + 1., (4f)

where mj; 2 + m and 6, = 6, = [V, V,, V2 V2, V.0,
and the expressions for ¢Z(w, r), X(u,u.), Y(u,u.), F.(u,v,r)
and (b,T(u, v, ) are given in Appendix A. The functions
X(u,u.) and Y(u, u.) are bounded for bounded inputs, and the
following condition holds true for Y (u, u.):
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Assumption 4. The function Y (u, u.) satisfies

Y(u,uc) < =Ypin <0, VYu€[0,Uq]. (&)

3. Control Objectives

The control objective is to make two underactuated USVs
perform curved path following while aligning themselves such
that the vector between them is perpendicular to the path with
a desired inter-vessel distance. We propose a method where
curved LOS path following is combined with the NSB frame-
work, as it is proven in [4] that underactuated UAVs are able
to counteract constant ocean currents with LOS guidance for
curved paths. Moreover, the NSB framework simplifies the
control system design by splitting the problem into fundamental
tasks.

Specifically, we choose the following three tasks, sorted by
priority: collision avoidance, vessel formation and barycenter
path following. The first task, running at the highest prior-
ity, aims to avoid collisions between the vessels to ensure their
integrity. The second task aims to control the vessels’ posi-
tions such that they maintain a desired cross-track distance from
the barycenter, perpendicular to the path. This task will have
the highest priority during regular operation when the collision
avoidance task is deactivated. The last task, running at the low-
est priority, aims to move the vessels’ barycenter along the de-
sired path. Consequently, this task will only take effect when
the task’s solution does not conflict with the solutions of the
higher-priority tasks.

The first two tasks are defined according to [17]. To solve
the third task, the objective of the control system is to make the
barycenter of the two vessels converge to and follow a given
smooth path P while maintaining a desired total speed U; =

A /uj + 2 tangential to the path in the presence of unknown con-
stant irrotational ocean currents. The path P is parametrized
using a path variable 6 € R with respect to the inertial frame.
Moreover, for each point on the path, (x,,(H), y,,(H)) € P, a path
tangential frame is introduced, see Figure 1. Using these def-
initions, the path following errors pﬁ . £ [xz " yZ b]T expressed
in the path tangential frame is found to be

[%} _ [cos (7,®)  —sin(,(0)

y;b sin (yp(e)) cos (7,,(9))

T
[xb — x,(6)
b — Yp(g)

}, (6)

where y,,(0) is the path tangential angle and p; = [x;, yu]" is the
barycenter position, to be defined later, expressed in the inertial
frame. Hence, the task errors xz , and y? , express the position of
the barycenter along the path frame tangential and orthogonal
axis respectively. The barycenter path following objective is
thus fulfilled if the trajectory of both vessels makes x”, and y”

pb pb
converge to zero.

4. Control System

In this section, we first present the surge and yaw autopi-
lots. Then, in Section 4.2, the NSB approach for generating

Ax n P
(%p(0),3,(®) 1

\ -
R

LY

Figure 1: Definition of the path and barycenter path following errors.

the references for the autopilots is presented. Specifically, the
high-priority NSB tasks of collision avoidance and vessel for-
mation, and the corresponding CLIK algorithm and transforma-
tion to autopilot references, are presented. In Sections 4.3-4.5,
the LOS guidance law for solving the third task, i.e. barycenter
path following, is presented. The solutions of the barycenter
path following task, v,3, are integrated into the NSB frame-
work by projecting the task solutions onto the null-spaces of
the higher-priority tasks, removing the components from lower-
priority tasks that would conflict with the higher-priority tasks.
The combined solutions from the NSB framework, vysg, are
then used to generate references for the autopilots, see Figure 2.

4.1. Surge and Yaw Controllers

To control the surge and yaw states to their desired refer-
ences, we will use the same autopilots as in [18] due to their
ocean current adaptation capabilities. Defining the error states

i=u-uy (7a)

)=y —a (7b)

U=0-iy (7¢)
~ 2T

£=wi.ul (7d)

the following adaptive feedback linearizing PD-controller with
sliding-mode is used to ensure tracking of the desired heading

T, = =F(u,v,1) = ¢] (v, 1,08, + g
— (ky + Akl = (ki + D — kgsign (¥ + ) (8a)
0, = 7,8 v, r,p) (§ + 49), (8b)

where the gains ky, k., 4,7, are constant and positive and the
function sign(x) returns 1,0 and —1 when x is positive, zero and
negative, respectively. Further, a combined feedback lineariz-
ing and sliding-mode P-controller is used to track the desired
surge speed

1 d b
Ty = ——— (mov + mo3r) r+ ——utg — G (Y, M8,
m mi
q
+ ity + —Lu? — ki~ k, sign() ()
miy
9;4 = yu¢17;(¢’ r)it. ©b)
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4.2. NSB Collision Avoidance and Vessel Formation Tasks
For each task, we define a task variable o € R™:

o =1f(p), (10)

where p = [p7, pJ1” € R* is the concatenated vector of system
configurations, p; € R? is the position of vessel i, expressed in
the inertial frame and f: R* — R™ is the task function which
maps the system configuration to the task variable, see [15]. To
track the desired task reference, o,(f), we use the CLIK algo-
rithm presented in [15]

vy =3 (04 + AG) € R?, (11)

where & = o, — o is the task error, J € R™* is the
configuration-dependent task Jacobian matrix, (-)" denotes the
Moore-Penrose pseudoinverse and A € R™ > 0 is a matrix
of proportional gains. Now, let v, denote the solution of the i
priority task, given by (11). The velocities of each task are then
combined by

vase = Vi + =) [vaz + A= I )vasl,  (12)

where I are the identity matrices of appropriate dimensions.
The desired NSB velocity is decomposed into surge and yaw
references by extending the method proposed in [15] with
sideslip compensation, omitting vessel subscripts:

1 + cos (ynsB — x)
2

Y4 = XnsB — arctan (1) (14)
Ug

ug = Unsp (13)

Ba

where Unspg and ynsp are the norm and direction of vnsg, re-
spectively, and y is the course of the vessel. The second term
of (14) is the desired sideslip angle for each vessel, to make
the vessel’s course parallel to the path when the vessel’s sway
speed is non-zero.

Specifically, the collision avoidance task for the i vessel is
defined as

Oca = “pt - pa” €R, (15)

where p;, p, € R? are the positions of the i" vessel and the
other vesssel, respectively, expressed in the inertial frame. The
task is only activated when the inter-vessel distance is below a
certain threshold, i.e. 0y < 0 q. As (15) is scalar, the colli-
sion avoidance gain in (11) is reduced to 4., € R. Moreover,
the vessel formation task is defined as

o;=p;—py € R (16)

where p; is the position of the first vessel. To fulfill the ves-
sel formation control objective, the desired task function value,
0'? > 18 expressed in the path tangential frame and transformed
to the inertial frame by:

o4 = Ry,O) o], (17)

To be able to specify the weighting for along- and cross-track
formation task errors independently, we express the vessel for-
mation gain in terms of A? which is transformed similarly to
(17) to obtain the vessel formation gain Ay.

l |

Autopilots
Ud,1,Ya, f

Vessel 1

n, "

04,04
———— NSB

Ud2,Yap .
Autopilots f

T

Figure 2: Block diagram of the control system.

1y, V2

Vessel 2

4.3. Barycenter Kinematics

The barycenter given the two vessel positions can be ex-
pressed as:

1
0'b=Pb=§(P1+P2)~ (18)

Next, as the position of the barycenter cannot be controlled di-
rectly, only through each of the vessels, the barycenter kinemat-
ics is expressed in terms of the kinematics of each vessel (2a)
by taking the time derivative of (18)

1
Xp = i[ulcoswl—vlsinzﬁl+u2cosw2—vzsinzﬁ2] (19a)

1
Vb = 5[14, sin Y| +v;cos ¥ +upsin ifp +v,cos lpz]. (19b)

The path following error dynamics is then computed by substi-
tuting (19) into the time derivative of (6)

) 1 1 , )
be = EUI cos(,\(l —y,,)-i—zUz cos(/\(z—yp)—f)(l —K(G))y;)b (20a)

p Lo 1. ;
y‘pb =3 U, sm(/\(l —y,,)—i— 3 U, sm(/\/z —)/p)—K(O)Qbe, (20b)
where k() is the curvature of P at 6 and y; the course of vessel

L.

4.4. Path Parametrization

As the path is parametrized by the path variable 6, it is possi-
ble to use the update law of the path variable as an extra degree
of freedom when designing the controller [21]. As in [4], where
the update law is chosen to obtain a desirable behavior of the
xZ , dynamic, a similar approach will be used here where the up-
date law is chosen such that the propagation speed of the path
tangential frame cancel the undesirable terms of (20a):

o= %Ul cos(/\/l —yp)+ % U, COS(XZ—Vp)+k9f@(x2b’yﬁb)’ @D

where kg € R is a control gain and fy: R? - R is a function
satisfying fg(}CZ - yZ b)xﬁ , > 0 that we use to ensure a desirable
along-track error dynamics. Specifically, we choose:

xP

Jo (be’yZb) = o > (22)
1+ (x7,)
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Inserting (21) into (20a) we obtain the following along-track
error dynamics

p
X
. b ;
Ko = ~ho = + bx(Oy,, (23)
1+( Q
P!

where the choice of f introduces a stabilizing term in the along-
track error dynamics.

4.5. Guidance Law

To obtain path following for the barycenter, we choose the
following LOS guidance law:

o ]
. (24)
A (Pﬁb)

The guidance law consists of two terms. The first term is a feed-
forward term of the path tangential angle and the last term is a
traditional line-of-sight term for steering the barycenter towards
the desired path, see Fig. 3. Contrary to the LOS guidance law
of [4], the ocean current observer and the ocean current depen-
dent term g used to compensate for the ocean current is not
present in (24) as the ocean current compensation is instead
handled by the adaptive autopilots (8)—(9). The solutions of the
LOS guidance law are then integrated into the NSB framework
by defining the desired barycenter task velocity

_ COS Xb.d
Va3 = Ud [sin)(;,,d] . (25)

Xbd = Vp(0) — arctan{

Inspired by [4], the lookahead term A(p‘; ,) 1s chosen to have
one constant part and one part depending on the path following

€ITrors
A(#) = i+ () + 05 20

where u € R, is a constant. Contrary to [4], the lookahead
distance is not required to depend on yZ , for the conditions of
lemma 3 to hold; the proof is given in Appendix C. However,
we still choose to include the dependence on the cross-track
error to obtain a greater lookahead distance when the barycenter
is far away from the desired path.

Substituting (24) in (20b) we obtain the following cross-track
error dynamics

P :
Vb = sz,l sin (ll'd,l + Y1+ Bay —Yp)
1 . =
+ 5 Uazsin (Wd,z +a+Par - 717)
—K(G)éxib
1 1
+ Eﬁ] sin (lﬁ] - ’yp) + Eﬁz sin (lﬁz - ’}/p) (27)
Yob .
= —= (Udl + Udz) 5 - K(G)ngb
A+ ( pb)

+ G (lZl, i, Wa s Ui, o, o, Yo, Ud,z,yib) . (28)

where Uy; = fuj, + v}, Bq; are the total desired speed and

desired sideslip angle of vessel i, respectively, and G,(-) is a
perturbing term of the vessels autopilots’ error states:

2
Gi() = Z

'7017 ui, wdu Uduy ) (29)
with
GZ(IZ’ ﬁ? lpd, Ud? yl};b) = jisin (lﬁ - ’)/P)
Yo
- . »
+ Uy (1 — cos l//) sin (arctan (T]J
yp
+ U, cos (arctan ( A ]\] sin . (30)

Note that G (-) satisfy

G (0, 0,%4a1,Ua1,0,0,42, Ud,2,)’£b) =0
IGION < & (Uar, Ua2) |91, v, 02, ]|,

(31a)
(31b)

where 1 (Ug1,Ug2) > 0. This shows that the perturbing term
G (+) is zero when the perturbing states are zero, and has at most
linear growth in the perturbing states.

The desired yaw rate is found by substituting (24) into (14)
and taking the time-derivative:
\'/ud - I;tdv

rg =Yg = k(0)0 —
a = Wa = «k(0) A

1 l AA dA
-—— (A, -y [ i+ —y'"b]]. (32)
A% + (yib)2 ’ Oy " O

Substituting the along-track and cross-track error dynamics
(23) and (28) along with the sway dynamics (4e) we obtain

rq = k(6)0 — zud X(u, u)r + Y(u, u.)v
u? + 2

d
ith
2 2
ud+v

0A
A- Gi(-
( y aypb][ 1)
p
L - K(@)ngb]
/A2+ p 2
[ =+ OK(G)yZbH. (33)
\/1+ pb

Remark 1. Looking at (33) it is clear how the expression of
4 contains terms depending on v, which depends on the un-
known ocean current u, and the relative surge and sway speeds
u, and v,. Interestingly, contrary to [4] where ¢/, was also de-
pendent on unknown variables and could not be realised, this is
not an issue in (33). Specifically, in [4], the terms depending

=Y, u)ve) +

1
A+ (yﬁb)2

1
5 (Ug1 + Ugp)

¥ OA
b 6x
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on the unknown ocean currents appeared through the along-
and cross-track error dynamics. As these states could not be
measured directly, they had to be calculated, requiring knowl-
edge about the unknown ocean current. However, in (33), the
terms depending on the unknown variables appear only through
the sway dynamics v of the vessel, which can be measured us-
ing e.g. a IMU, and is therefore available for feedback. This,
comes from our choice of defining the LOS guidance law in
terms of absolute velocities, contrary to [4] where relative ve-
locities are used. Although this apparently is a small difference,
an important implication is that this allows (33) to be realised
by obtaining v through available sensor measurement instead of
requiring knowledge about the unknown ocean current as 74 in
[4, Eq. (35)].

PLos ...

LOS vector

Figure 3: Illustration of the LOS guidance law for path following for the
barycenter. The subscripts for the lower vessel’s states are omitted for sim-
plicity.

5. Closed-loop Analysis

In this section, we will analyse the closed-loop error dy-
namics of the barycenter path following task, described in Sec-
tions 4.3-4.5

The closed-loop error variables are defined as follows:

~ T

X, 2 [xfjb, ygb] (34a)
~ AT # T
X0 = |, i, Si] (34b)
X, & [X].XL,]" (340)

where ng,-, contains the autopilot error states of each vessel,
that converge independent of X, and the coordinate transfor-
mation s; = ¥; + /ltZi is applied motivated by [18]. Moreover,
we define the estimation errors 8, = 9x —0,, where x € {u,r},
for each vessel respectively.

Thus, the error dynamics of the closed-loop barycenter path
following system consisting of the vessels, given by (4), and the

control laws (8)—(9) with the guidance laws (24) may be written
as

xt

[k » + Ok(O)y”
| ey e 0 (35a)
1= ‘%(Ut’J’fUé’lzyﬁb — k(O)0x, Gi(v)
L VA2+(yZb) g
[ k) s — BL (B — ke sign(i)
XZ,[ = _/lilzi + s (35b)
| —kyitli — kyisi — @) ()0, — ka;i sign(s;)
g’,,i = yr¢,T(u, v, 1 )S; (35¢)
bui = Yudl (0, )i (35d)
Vi = X(ug; + iy, uo)rg, + X(ug, + g, uc)F;
+ Y(ua; + i, uc)vi — Y(ua; + i, ue)ve. (35¢)

To solve the barycenter control objective defined in Section 3,
the error states X; and X, should converge to zero, while the
estimation errors ér,,-, 9,4,,' and the sway velocity v; should remain
bounded.

Lemma 1 (Forward Completeness). The trajectories of the
closed-loop system (35) are forward complete

Proor. The proof of this lemma is given in Appendix B.1.
Lemma 2 (Boundedness near (X;,X,) = 0). The system

(35e) is bounded near the manifold (X,,X,) = 0 if and only if
the curvature of P satisfies the following condition:

Y .
Kmax £ max k()| < L s Xiax £ X (u, )| oo (36)
0eP Xnax

Proor. The proof of this lemma is given in Appendix B.2.

Lemma 3 (Boundedness near X, = 0). The system (35e) is
bounded near the manifold X, = 0, independently of X, if
the conditions of lemma 2 is satisfied, and the constant term of
the lookahead distance is chosen accordingly to

4X nax

Ymin - mecKmax

M> ; (37

where Xmax £ |X(Lt, uc)|oo and Kimax £ maXgep |K(9)|
Proor. The proof of this lemma is given in Appendix B.3.

Theorem 1. Consider a 0-parametrized path denoted by
P = (xp(G),y,,(G)), with the update law (21) and a system
given by two vessels, each described by (4), giving the barycen-
ter kinematics (19). Furthermore, let the adaptive controllers
(8) and (9) be used as autopilots for each of the vessels, with the
guidance law (24). Then, under the conditions of Lemmas 1—
3, the barycenter follows the path P at the desired along-path
speed Uy(t) with bounded estimation errors and sway velocity,
and the origin of the closed-loop system (35a)—(35b) is an US-
GES equilibrium point.
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Proor. The proof follows along the lines of [4, Proof of Theo-
rem 1] for single vessel control but extended to two vessels and
making use of the results in [19] to prove USGES.

First, consider the unactuated sway-dynamics (35e). From
[18, Proposition 1] the origin of (35b) is UGES. Moreover,
by lemma 1 the closed-loop system (35) is forward complete
and thus the sway-dynamics (35e) is bounded near the mani-
fold X, = 0. Thus, we can conclude that there exists a finite
time 7 > #( such that the solutions of (35b) will be sufficiently
close to X, = 0to guarantee boundedness of v;.

Having established that the sway dynamics are bounded,
we will now utilize cascaded theory to analyze the cascade
(35a)-(35b), where (35b) perturbs the nominal dynamics (35a)
through the interconnection term G (-). Note that the estimation
errors, and also the sway velocity which affects (35a)—(35b)
through Uy, can be treated as time-varying signals in the follow-
ing analysis since the system is forward complete by lemma 1.

First, consider the nominal dynamics given by the first term
of (35a). Taking the derivatives of the positive definite C' Lya-
punov function candidate

V(%)= 5 () 3 0) o)

along the trajectories of (35a) gives

V=-X QX <o, (39)
for which
ko
1+(x?
Q = +(() [’b) l Udyl+U‘112 > 0 (40)

”*(xzpzb)2 +2(-"£b)z

is a positive definite matrix as kg, Ug1, Uz > 0, implying that
Vis negative definite, and that the nominal system is UGAS.
Furthermore, to investigate USGES, the following bound can
be verified to hold VX, € B,

V < —gminll X0, (41)
with

N 0

Gmin = Amin 1 Uai+Uan (42)
o
k, 1U;,+ U
_ i ( 0 4.1 dz] 3)
Vit 2 v+ 312

for any ball B, £ {max{lf(”l, X0} < r}, r > 0, where Ayin(A)
is defined as the minimum eigenvalue of A. Thus, the condi-
tions of [19, Theorem 5] is fulfilled with k; = k, = 5, a = 2
and k3 = ¢min, and USGES can be concluded for the orlgln of
the nominal system given by the first term of (35a).

The perturbing system (35b) is proven UGES in [18], imply-
ing both UGAS and USGES. The conditions of [19, Theorem
5] are therefore trivially satisfied for the perturbing system.

The existence of positive constants ¢y, cp, 7 > 0 satisfying
[19, Assumption 1] is clearly satisfied by V in (38):

[ l= D I =2v () vl
” H K| < V%] <n )

i.e. with ¢; = 2 and ¢, = 7 for any choice > 0. Finally, the
conditions of [19, Assumption 2] must be investigated, i.e. the
assumption that the interconnection terms, the second vector
of (35a), has at most linear growth in X,. From (31b) it can
be seen that the interconnection term does not grow with the
states X; as it can be bounded by linear functions of X,. All
conditions of [19, Proposition 9] are therefore satisfied, and the
origin of the closed-loop system (35a)—(35b) (Xl, Xz) =(0,0),
is USGES and UGAS.

Boundedness of Egs. (35¢)—(35d) is established in the proof
of [18, Proposition 1] where it is shown that both 0, and 0, are
bounded. Il

Remark 2. UGES cannot be achieved for the LOS guidance
law (24). This is an inherent limitation for all LOS guidance
laws due to the kinematic representation which introduces sat-
uration through the trigonometric functions, see [22].

6. Simulations

In this section, we present the results from numerical sim-
ulations of two identical underactuated USVs modeled by
(4), subject to a constant irrotational ocean current V., =
[-0.707,-0.707,0]". The simulations were performed using
the ODE4 solver in MATLAB/Simulink with a step size of
10ms. The NSB collision avoidance and vessel formation
task objectives (15)—(16) are specified by o,y = 20m and
ora = [0,20m]”, with the control gains 1., = 1 and A? =
diag(2.5,0.3), respectively. The desired surge speed is chosen
constant as u; = 3ms~! and the desired path to follow is de-

fined as
P é Xp(g) =0 . (46)
¥p(8) = 3005sin (0.0056),

which satisfies the condition of lemma 2 as maXgep |k(0)] =
0.0075 < Ypin/Xmax = 0.0882. Furthermore, the required
bound for u to satisfy the condition of lemma 3 can be cal-
culated to be u > 49.5704 m, which is satisfied by choosing
# = 50m. The controller gains are chosen as ky, = 1.2, k, = 1.3,
A =100, k; = 10, k, = 0.1 and k, = 0.1, with the adaptive gains
chosenasy, =5and vy, = 1.

The simulations present an ideal situation, and the simula-
tion results can thus be expected to comply with and thus val-
idate the theoretical results. The experiments which are per-
formed at sea, on the other hand, will inherently include mea-
surement noise, model parameter errors and unmodeled dynam-
ics and disturbances, and can thus not be expected to demon-
strate convergence to the equilibrium point. Instead, the exper-
iments were performed to investigate the performance of the
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Figure 4: Path following of the desired sinusiodal path.

method for full-scale USVs under real conditions, and in par-
ticular the robustness of the method. The exponential stability
of the system, as stated in Theorem 1, should provide some ro-
bustness. Specifically, the exponential stability result predicts
that the system will converge to a neighborhood of the equi-
librium point with radius dependent on the magnitude of the
system perturbation [24, Lemma 9.2]

The resulting trajectories of both vessels and the barycenter
trajectory are shown in Fig. 4. It can be observed that the ves-
sels maintain their desired formation while making the barycen-
ter follow the desired path. It can also be seen that the curved
path and the ocean currents make both vessels operate with a
non-zero sideslip angle. The path following errors of the three
tasks can be seen in Fig. 5 which shows the barycenter task er-
rors converging to zero. The collision task can be observed to
be initially active, when the inter-vessel distance is below the
safe-distance o, 4, driving the vessels away from each other to
maintain their integrity. Once the inter-vessel distance becomes
above the activation threshold, the task is deactivated. More-
over, it can be observed that the vessel formation task errors
grow during the turns while converging towards zero elsewhere.

Thus, we can conclude that the barycenter task errors con-
verge to zero in an ideal situation, as expected from theory, and
consequently validates Theorem 1.

7. Experiments

In this section, results from experiments at sea are presented.
The experiments were performed using the Odin and Frigg
USVs which are under development by FFI. They are 11 m long
and 3.5 m wide and propelled by a dual waterjet system. How-
ever, at maneuvering speeds, the waterjets are linked together,
rendering the system underactuated. On the day of the experi-
ments, the sea state was calm, i.e. only ripples. There will at
any time be ocean currents in the sea where the experiments
were performed, but knowledge about the ocean current’s mag-
nitude and direction was unavailable.

We did not have the opportunity to implement new autopilots
at Odin and Frigg, so the adaptive autopilots (8)—(9) could not
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Figure 5: NSB errors of the desired sinusiodal path.

be implemented. Instead, the existing surge and heading autopi-
lots had to be used. These are PI and PD controllers for surge
and heading, respectively, which are tuned to give asymptotic
stability.

The desired along-path speed was chosen constant as u; =
3ms~!, while the lookahead distance was chosen as u=100m.
The NSB task objectives of the collision avoidance and vessel
formation tasks were chosen according to Section 6, with the
NSB task gains chosen as 4., = 1 and A? = diag(0.3,0.1),
respectively.
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Figure 6: The vessels positions along with desired and actual barycenter path.

The resulting motion of the vessels is shown in Fig. 6. The
vessels maintained the desired formation on the straight-line
path segments, while the error was bounded during turns, as
shown in Fig. 7. For the barycenter task, a small cross-track
error of 1 —2 m can be observed. We believe that the reason for
this deviation is the lack of ocean current adaptation in the ex-
isting autopilots, and that the adaptation of (8)—(9) could signif-
icantly reduce the cross-track error as predicted by theory and
illustrated in the simulations. Moreover, rather large vessel for-
mation task errors can be observed, especially during the sec-
ond turn. We believe that these errors are caused by sub-optimal
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NSB task gains caused by the limited timespan in which the ex-
periments had to be executed, and that these errors could be
significantly reduced in a well-tuned system.

As previously noted, demonstrating robustness against fac-
tors not described in the mathematical model is a primary role
of the experimental study. The experiments showed that the
barycenter converged to within a neighborhood of the origin,
and thus demonstrate that the proposed method provides some
robustness as predicted by theory.
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Figure 7: NSB task errors. The collision avoidance task is deactivated through-
out the whole experiment since the inter-vessel distance is never below the ac-
tivation threshold o¢, 4, and thus omitted from the figure.

8. Conclusions and Future Work

In this paper we have proposed a formation control method
for two underactuated USVs to follow curved paths in the pres-
ence of ocean currents. This is achieved by integrating a LOS
guidance law for curved path following of the barycenter into
the NSB framework together with the additional two tasks: col-
lision avoidance and vessel formation. We prove that the pro-
posed LOS guidance law combined with adaptive feedback lin-
earizing controllers with sliding mode for the surge and yaw au-
topilots, achieves convergence to the desired path, and that the
closed-loop system is USGES and UGAS while the underac-
tuated sway dynamics remains bounded. The resulting control
system requires only traditional sensors for estimating absolute
velocities, such as IMU and GNSS, removing the need of ex-
pensive sensors for measuring relative velocities.

Simulations show that the barycenter task errors converge to
zero in an ideal situation, confirming our expectations and val-
idating the theoretical results. In the experimental results, per-
formed at sea, the barycenter task errors converge to within a
neighbourhood of the origin with a small steady-state cross-
track error, demonstrating that the proposed method provides
some robustness against measurement noise, model parameter
errors and unmodeled dynamics and disturbances.

Future work may include extending the proposed method to
beyond two vessels, and perform experiments with the ocean
current adapting autopilots.
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Appendix A.

d11+2d“u

. cos(y) — m” m22 —L—2rsin(y)
. d11+2d u n(l,l’)+ “ mzzl"COS(l//)
¢u (‘7[’9 r) = _dq Cosz(lﬁ) (Al)
—d{fl sinz(a,l.r)
—2d{, cos(y) sin(y))
- l e — . N_ . RB
X(u,u.) = (m33 ( doz — myy(u — uc) — my ”c‘)
+H123d33 + M3 (m23(u - MC) + m23 U, + m22uc)) (AZ)
1
Y(u,u) = I:( — m33doy + mozds
+ma3 (my = mf ) (u = ) (A3)
F.(u,v,r) = —% (=myru — dpv — dyr) + %(
- (mzzv - m23r)u + mpuy — d32V — d33r) (A4)

where, I' = myms; — m3; > 0. Further, the function

&L (u,v,r, ) = [pr1, ..., ¢,5] is given by

bl | IS
b = =72 (il —mb)cos)sin@)  (A6)
b = T2 (= my) cos@) sin(w) (A7)
s = % (mfl‘l mzz)(l —2sin (1//)) (A.8)
where
a, = % ((m?l - mgz) v+ (mgs - mgz) r) - %mﬁr (A9)
a = mlf (d32 - (mu méz) “> - @dﬂ (A-10)
where
a; = %((m?l —mgz)v+(m*2‘3 —mg‘z)r)— 133m‘?1r (A.1D)
ar = % (d32 - (mﬁ - m?z) ”) %dﬁ' (A-12)
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Appendix B.

Appendix B.1. Proof of Lemma 1

The proof follows along the lines of [23, Lemma 1] but is
extended to two vessels described by (4) expressed in terms of
absolute velocities, with the adaptive controllers (8) - (9).

First, consider forward completeness of the underactuated
sway dynamics (35e). From the boundedness of the vector
(X7, k(6), i tta > e, ve]” there exist some scalar By € Rsg
such that ||[Xy.;, k(0), ug, it tie, ve]'|| < Bo. Moreover, from
(33) we can concluded the existence of some positive functions
ay,(-) and b, (-) such that

|rd(’)| < ard(:u7ﬁ0)|v| + br,,(;u’ﬁ())

Then, choosing the Lyapunov function candidate (LFC), omit-
ting subscripts for simplicity

(B.1)

1
Vi(v) = Ev2, (B.2)
whose time derivative along the solutions of (35¢) is:
Vi(v) = X(ug + it, u)rgv + X(ug + it, u)vv
+ Y(ug + i, u )V — Y(ug + i, ug)vev. (B.3)

Using Young’s inequality, we conclude that the following
bound holds:
Vi) < Y(ug + ity uo)v* + X(uq + it, u) (7 + v%)
+ X(ug + it uc)(rg +v?)
- Y(uy + 1, uc)(vg +17)
<aV+p

(B.4)
(B.5)

where @ € Ry, 8 € Ry are positive scalars. As (B.5) is a
scalar system, the comparison lemma [24, Lemma 3.4] may be
used to bound the solutions of (B.5) by the scalar linear system

i=ax+p (B.6)

whose solution is equal to

oy 2 B sy B
a a

B.7)
Hence, by the comparison lemma, the solutions of (B.5) must
be upper bounded by

Viov) < IxCtolla +8 ooy _ B
@ @

(B.8)

As V(v) is defined for all # up to fax = o0, it follows that v must
also be defined up to tx = oo. In the same way as [23], the
solutions of (35e) thus fulfills the definition of forward com-
pleteness in [25] and forward completeness of the solution of
(35e) can be concluded.

Forward completeness of the closed-loop system (35b) -
(35d) is established in [18, Proposition 1]. Having established
forward completeness of (35b) - (35¢e), only the forward com-
pleteness of (35a) remains before forward completeness may

be concluded for the whole closed-loop system (35). To show
forward completeness of the along- and cross-track error dy-
namics, consider the LFC

1 2 1 2
_ p P
Va= 5 (x0,) + 3 (0n,) (B.9)
whose derivative along the solutions of (35a) is
2
: (xﬁb) P
V2 = —kg—=L— + Gi (Y,
A1+ (be)
2
p
1 Yob
= 5 War + Us2) ( 2 ) - (B.10)
2 P
A%+ (ypb)
2
<Gi(Wh, + () (B.11)

Using Young’s inequality, along with the (31) we obtain the
following bound

. 1 - -
Vo<Vt 5512 (Uaa,Uaz) l|[l//1,171,!//2,ﬁ2]T||2

<V +0'2(V1,V2,l//1,ﬁ1,!//2,172),

(B.12)
(B.13)

where 0,(-) € K. By viewing the arguments of o,(-) as in-
puts to the along- and cross-track error dynamics, [25, Corol-
lary 2.11] is satisfied by (B.12) and forward completeness of
the solutions of (35a) can be concluded. Similarly to [23], the
arguments of o(-) are all forward complete, and are therefore
valid input signals according to [25]. Forward completeness
for the whole closed-loop system (35) is therefore established,
concluding the proof of lemma 1. O

Appendix B.2. Proof of Lemma 2

This proof follows along the lines of [23, Lemma 2] but is
extended to two vessels described by (4) expressed in terms of
absolute velocities, with the adaptive controllers (8) - (9).

To prove boundedness of v near the manifold (Xl, X5) =0,
recall the sway dynamics (35e):

Vi = X(ug; + b, uc)rg, + X(ug; + i, uc)¥;

+ Y(ug; + i, uc)vi — Y(ug; + iy, uc)ve. (B.14)
We then consider the Lyapunov function candidate V(v;) = lvi2

2
whose time derivative along the solutions of (35e) is:

s

V=vivi = X(ug,; + iy, u)rg,vi + X(ug,; + i, ue)7;v;

+ Y(ua; + gy v — Y(ug; + i, 4 )vevi (B.15)
< X(ugi, uc)ravi + aydiirg;vi + X(ug i, uc)Fiv;

+ a,iiivi + Y(ua,, uc)vi2 + ayﬁivl-z

= Y(uai, u)vevi — ayiivev;. (B.16)

Here, we have used the following properties of X(u,u.) and
Y(u, u.) from (A.2) - (A.3):

X(u,u.) = ax + byue + ¢y B.17)
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Y(u,u;) = ayu + byu, + cy. (B.18)

Next, to find an upper bound of the term r,;v; in (B.16), we
substitute the expression for r,; from (33), omitting subscripts
for simplicity:

. ud 2 v -P
rqv = k(6)6v + 5V~ 3 [Ayph
u; +v A2 + (yib)
OA O0A Ugvv
Y =& + =—y" |- B.19
7o [axgb "oy, ypb]] g+ 2 B

= K(G)V(% U, cos <)(| - yp) + %Uz cos ()(2 - 7,,)

P
N kg.pr N ity 2
D 2 utzi + Vzv
1+ (xph)
Uuqgv

e (X o) + Y, uey = Y, ue)ve)

yf)bv [ OA ( kgxﬁb
2 6 P - P

A+ () P ()

OA (—% (Ua1 + Ud,Z)yzb

R,

+ QK(G)yﬁ b) +

- K(G)é’xzb + Gl(-))}

~ Av (—% (Uaq + Ud,2)Y§b
A2+ (yﬁb)z 2, (yﬁhf

- K(G)zeb + Gl(-)). (B.20)
Now, we introduce a term F(Xy,Xo, A, 0, ug, ity, v, Ve, U, 1) t0
collect all terms that grows linearly with v and the terms that
grow quadratically with v but vanish when X and X, are zero:

Axﬁb 1
rgv =v 1+ ﬁ K(@) zU] COS()(] —’yp>
A2+(ypb)
1 Ug 2
SU -¥) |- 5 Y e
+ > zcos(Xz 7,,)) u§+v2 (u, uc)v

+F(X1’X2’ A’ 9’ ud? I/.ld’ V’ vc? MC? r)’ (B'21)

where the expression for @ has been inserted in the first term
on the last line in (B.20) to extract the second term in the first
parenthesis on the first line of (B.21) and F(-) is given by

kgpr i
F() = V[K(e) o
1+ (xﬁb) ¢
- zudv (X(u, uc)r — Y(u, uc)vc)
us + V2

A (_%(Ud,l + Ud,z))’ib

() ()

2
ko (be) + Gl('))
2

1+ (be)

yﬁhv [ oA kexﬁb

- 2 P
e A
oA (—% (Uay + Ud,2))’§b

o AZ+ (yib)z

— k(0)

+ Gl(-))” (B.22)

Note how all terms with partial derivatives of A and é are can-
celled due to skew-symmetry from the definition of the looka-
head distance (26):

A . A,
XTQK(H)yzb - TGK(Q))C;, =
pb Vb
14
pb ; p
Ok (0)y
2 2 pb
VI () + (%)
Yo

(B.23)

- - 2€K(6)x§b =0.
\/1 + (xﬁb) + (yﬁ;,)

Furthermore, from (B.22) it can be seen that the function F(-)
may be upper bounded by the following inequality

|F()| < F2(X17 Xz’ A’ 0’ Ud, I:ld, V, Ve, Ue,s r)vz

+F1(X1’X2aAa 9’ Ud, I;td’ V, Ve, Ues r)|V|, (B24)
where F »(-) are positive functions with
F2(09 09 A» 09 Md: l/'ld, va Vcs MV) = 0' (B'25)
Consequently, the term r,v may be upper bounded as:
AxP 1
b
ravi < il 1+ —”2] k@)l (U + 1U5)
w1
pb
FIFO = o Y (g, ) (B.26)
Ugi TVi
Abe 1
< ill| 1+ ———— |[IK@I5 (ul + [vil + |u]
v g
pb
Udi
+vj) +1FO) - — LY iy ue)V? (B.27)
di Vi
1 Axﬁb R
<t |wOW; +IFC)
A + (ypb)
1 Axﬁb
+ 5|1+ ———— ||K@)I(uil + lujl
2 2 P \?
A% + (ypb
Ugi )
+viDvil = 2 Y(ui, uc)v; (B.28)
di Vi

2 Ud,i 2
< k@OW; = 5 Y(u;, uc)v;
Ui TVi
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FIFO)+ O (Il + Ll + 1) i, (B.29)

where we have used the following boundedness property:

Ax;’ ,

1+ ———|| <2 (B.30)

H: A2 + (y‘” )2 ]'
pb

Remark 3. To be able to have |F(-)| be upper bounded by a
quadratic function of v, it is necessary to choose A dependent
on xz , in (26), but it is not required to be dependent on yﬁ .
for the conditions of lemma 2 to hold, which differs from [4],
where the lookahead distance had to depend on both xz , and
yf) »- Lhis, comes from our choice of defining the LOS guidance
law in terms of absolute velocities, contrary to [4] where rela-
tive velocities are used. Thus, the LOS guidance law (24) does
not include the ocean current observer and the ocean current
dependent term g from [4], as the ocean current compensation
is instead handled by the adaptive autopilots (8)-(9). Conse-
quently, the term in [23] that could grow unbounded in y;,, near
the manifold where g = —(y,, + 1) is not present in (B.20), re-
moving the dependency on yZ ,» in (26). The proof can be found
in Appendix C.

Having established an upper bound of the term r,v, we sub-
stitute (B.29) into (B.16) to obtain the following bound for V:

V < [IKOIX ta s ue) + Y (i ue)| v + axitirg v

+ X(Ua s ue)Fivi + axitiiivi + Y (Ua s, ue)v?
+ X(ta s )| IF O+ KO (Il + Ll + 1) |1

+ a),itivl-z = Y(uqi, uc)vevi — ayflivev;. (B.31)
On the manifold where (X;,X5) = 0, the bound (B.31) simpli-
fies to:

V < [k(6) Ximax + Yanin] v}
+ X(“d,i’ uc)[Fl (0’ 0’ A’ 9’ ud5 ud’ V7 vCa uv)

O (ll +1u + 1v,1) [l (B32)
For sufficiently large v;, we observe that the quadratic term is
dominant. Consequently, boundedness of (B.32) is guaranteed,
since V is negative definite for sufficiently large v;, that is:
|K(9)|Xmax + Ymin < 0, (B33)
which is satisfied whenever the maximum curvature satisfies
(36). As V is negative definite for sufficiently large v;, we can
conclude that V decreases for sufficiently large v;. Furthermore,
by extension, a decrease in V implies a decrease in vl.2 and again
in v;. Consequently, v; cannot increase above a certain threshold
because this will make the quadratic term of (B.32) dominant
preventing further increase of v;. Hence, v; is bounded near the

manifold where (Xl s Xz) = 0, concluding the proof of lemma 2.
O

Appendix B.3. Proof of Lemma 3

This proof follows along the lines of [23, Lemma 3] but is
extended to two vessels described by (4) expressed in terms of
absolute velocities, with the adaptive controllers (8) - (9).

To prove boundedness of v near the manifold X; = 0, recall
the sway dynamics (35e):

Vi = X(ug; + i, u)rg, + X(ug; + i, ue)F;
+ Y(ug; + iy, uc)vi — Y(ug + ity uc)ve. (B.34)

s

We then consider the Lyapunov function candidate V(v;) = %vlz

whose time derivative along the solutions of (35¢) is:

V= vivi = X(ug; + b, uc)rg,vi + X(ug; + b, uc)iiv;

+ Y(ua; + gy u)v? =Yg + i, e )vevi (B.35)
< X(ug,is u)rgvi + axitirg ;v + X(ug i, u)Fiv;

+ a,iiivi + Y(ug,, uc)vi2 + ayitiviz

= Y(uai, u)vevi — ayiivev;. (B.36)

Here, we have used the following properties of X(u,u.) and
Y(u, u.) from (A.2) - (A.3):

(B.37)
(B.38)

X(u,u.) = ayu+ beue. + ¢,

Y(u,uc) = ayu + byue + cy.

Next, to find an upper bound of the term r,,;v; in (B.36), we
substitute the expression for r,; from (33), omitting subscripts
for simplicity:
rav = k(0)0v + zud 2v2 - d
+
u,+v A2 + (yﬁb
0A 0A

p : P
e b( S b]]

P 5% P aylp . p

Ay,
e

Ugvv

- B.39
ufl +2 ( )

= K(Q)V(%U] cos (/\{1 - y,,) + %Uz cos (Xz - Yp)

P .
kgpr ity 5
+ > 3 2V
u;+v
1+ (x” ) d
pb
Uugv

(X, ) + Y, ue)v = Y(u, ue)ve)
Md +v

Av (—%(Ud,l + Ud,z))’ﬁb

) A2 + (yZb)2 A2 + (yib)2

- K(G)éxib +Gy ('))
kexzb
7
1+ (xﬁb)
oA (—% (Ugy + Ud,2))’£b

Pl e o

Yop¥ [ oA (
> \2 | 44P
82+ (v, ) L%

+ 9K(6’)y§ b) +

— K(O)0x", + G (.))}. (B.40)
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Now, introduce a term H(Xl X0, A, 0, ug, itg, v, Ve, e, F) to col-
lect all terms that have less than quadratic growth in v and/or
vanish when X, = 0.
x’ 1
pb
+ —)2](5 U cos (Xl - y,,)

rqv = k(O)v|1
A? + (yi ,

+ lUg cos (Xz - 7p)
2
-3 (Ua + Ua2) Yy,
2
A+ (v7;)
1 (Uar + Ud,z)YZb

A+ (yib)z

my(u, Mc)V2 + H(),
d

Av

_ A+ (ygb)z(

+ Gl('))

Gl('))

(B.41)

A aa (
2 p
A2+ (y7) Yy,

where

P
prb

2 +
1+ (pr> a
(X(u u)r —Y(u, uC)vc)
k"( pb)2
1+ (xp )2
% T
8x

1+ pb

Zldv

+ 2

H() = V[K(Q)

ugv

Lt+2
A

A+ (yﬁb)z

yP

«(0)

(B.42)

Similarly as in the proof of lemma 2, all terms with partial
derivatives of A and 6 are cancelled due to skew-symmetry.
Consequently, the term r;v may be upper bounded as:

ragvi < il [1+ @3 (i +10,)

A + (pb)
|| 5 (Vi + 01+ 1G1)
et | (0 10+ 1610)
A2+( ) 2

Y(u,, uc)v + [H()I. (B.43)

2
udl

To further restrict the upper bound on r,v, we will utilize the
following inequalities:
Yo . ‘ 1 '
——|=|x
A+ (1)
[Uail < 4wl + |vil + lia;]).

Substituting (B.44) - (B.45) into (B.43) we obtain:
p

(B.44)

(B.45)

1 V2

v,_2 1+

k(O]

A2+(y )}

13

xl’
+ = vill[1 + ] |k(O)|ut;|
2 A2 + (y )
1 X,
+ Elvil 1+ ] kOIU |
)

- —ZY(u,,uav +HE)
udl + v

+ il

2 1
E' (2 + i) + St + 2 (he + Iv)

1
+ 5l +1G1O) (B.46)
Then, we substitute (B.30) into (B.46) and introduce the func-
tion @(-) to collect the remaining terms that have less than
quadratic growth in v; and/or vanish when X, = 0:

1 . 4
raivi < V2 §|K(e)|‘ 1+ —””2] + K]

A+ ()

— Y (i, u v} + OC) (B.47)
UgitVi
2 4 ! 2

<V KO+~ | = 525 Y(ui, u)V? + OC).  (B.4Y)

Al ug, +v;

From the definitions of ®(-) and H(-) we can conclude the exis-
tence of some positive bounded functions
Fo2(X1,Xa, A, 6,1, 1tg, v, Ve, e, ), such that:
D() < Fa( W} + F2()lvil + Fo(-)
FZ(XI’ 07 Aa 9, Md7 I/ld, V, V€7 uC? r) = 0

(B.49)
(B.50)

Having established an upper bound of the term r,;v, we substi-
tute (B.48) into (B.36) to obtain the following bound for V:

V < Xugs ) ([|K<9>| +2

vi2 + <I)(-)) + a,ilirg;vi

~ - 2
+ X(ug i, uc)¥ivi + axiliFvi + Y (ug i, uc)v;

+ ayii; v = Y(ua, u)vevi — ayiivev;
- —ZY(u,,uc)v (B.51)
udt TV z
4 2
< (X(uai uc) | k(@) + Al Y(ugi, uc)|v;
+ axﬁ,-rd,ivi + X(ud,i, uc)?,-vi + axﬁi?ivi + ayﬁ,-viz
= Y(uai, uc)vevi — ayitivevi + X(ug i, uc)O0().  (B.52)

On the manifold where X, = 0, the bound (B.52) simplifies to:

V< il R IF-
max Kmax ~ Imin]VY;
A i

+ X(”d,is uC)(Fl (Xb 0, A, 95 Uq, uda V, Ve, U, r)|vi|

+ FO(X],O, Aa 0’ Ud, l;ld, Vy Ve, Ue,s I")) (B53)

For sufficiently large v;, we observe that the quadratic term is
dominant. Consequently, boundedness of (B.53) is guaranteed,
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since V is negative definite for sufficiently large v;, whenever
the following condition holds:
— Ymin < 0.

4
Xmax [Kmax + K (B54)

Using the lookahead distance definition in (26), we conclude
that this condition is fulfilled whenever the conditions of
lemma 3 is fulfilled:

> 4X$ (B.55)
Yinin — KmaxXmax

Note how this is well defined as the denominator is nonzero and
positive whenever the condition from lemma 2 is satisfied. As
V is negative definite for sufficiently large magnitudes of v; near
the manifold X, = 0, the Lyapunov function candidate V(v;) =
%viz must decrease for sufficiently large v;, and by extension, the
magnitude of v; must decrease for sufficiently large v;. Hence,
v; is bounded near the manifold where X, = 0 if the constant
part of the lookahead distance u is chosen accordingly to the
condition in lemma 3. O

Appendix C.

In this section we will prove that the lookahead distance A
in (26) is required to be dependent on xﬁ ,» but that it can be
chosen independently of y§ ,- Lhis is in contrast to [4] where
the lookahead distance was required to be a function of both
Xb/p and Yb/p-

First, we will investigate the consequences of choosing the
lookahead distance in (26) independently of both xg , and y§ -
In this case, the expression for r,;v in (B.20) reduce to

rqv = K(@)V(%Ul cos ()(1 - y,,) + le cos ()(2 - ?’p)

2
kg.xib l;‘d 5
- 2] ut 42 Y
1+ (xi)h) d
Uuqgv
— = (X wr + Y, uy = Y, uyve)
ul +v?

~ Av (—% (Uaq + Ud,2)Y§b
A2 4 (yﬁb)z 2, (yﬁh)z

— K(O)0xh, + Gl(-)), (C.1)

as the partial derivatives of A with respect to xZ , and yﬁ , will be
zero. Now, we want to take a closer look at the term:

, AK(H)Oxi .,
2 2 ’
A%+ (yi)b)

Focusing on the i" vessel. Inserting the expression for 8, and
isolating the part independent of xZ , and depending on the part
Ugi we get:

(C2)

A P
K(e)pr lUi Ccos (Xi - Vp) ’

; A2 + (yp )2 2 ©3)

From the definition U; = /u? +v?, the growth of U; is pro-

portional with v;. Thus, the growth of (C.3) can be represented
by:

Ak(O)xP
—" (C.4)
A+ (o7,)

If A is chosen independently of xﬁ , it is clear how this term will
go to infinity for large values of xﬁ ,- However, if A is chosen to
grow at least linearly with xﬁ »» then (C.4) will not diverge as

x(6) (xﬁb)z
plm ﬁ
L (XZb) +(yﬁb)

or converge to zero if A grows more than linear in xﬁ ,- Lhus,

=1, (C.5)

if A is chosen independently of xz »» Tav could grow unbounded

with xg , making it impossible to show boundedness of the sway
dynamics.

Next, we will show that the lookahead distance can be chosen
independently of yﬁ »» Which is in contrast to [23] where it was
shown that the lookahead distance also needed to be chosen
dependent on y,,. Lets consider the case where the lookahead
distance in (26) depend on xﬁ ,» but is independent of yZ .- Then,
the expression for r,v in (B.20) reduces to:

1 1
rgv = K(Q)V(E U, cos (Xl - yp) + EUZ cos (Xz - Yp)

p
kgpr

Ug
+ = |+ 5
u;+v
1+<xp) d
pb
uqgv

2

(X ue)r + Yt ue)y = Y, uve)
ud+v

Av (—% (Uqy + Ud,2)ygb

Ay (0, : 2, (YZ,)Z

— k(O)0x], + Gl(-))
kgxﬁb

1+ (xib)2

YopV [6A (
82+ (y7, ) 195

+ QK(H)y’;b)]. (C.6)

Using the same approach as earlier, we isolate the term
2
p
on . (%)
v(9 - x(6)0 5
xph A2 + (yib)

which with the same reasoning as before reduces to:

2

P
(y pb)

A2 + (yib)z.

(C7

, A

i q.p
6pr

v k(0) (C.8)
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It is clear how this term is bounded for all values of yﬁ , EVEN
when A depends only on xz - When comparing this to the term

from [23, Eq. (83)]:
V2 A

r

[T

Ayp;pOpsp + 8)
32’
(AZ + (yb/p + g) )

it is clear how (C.9) can grow unbounded in y;,, near the man-

k(6) (C.9)

ifold where g = —(y;;, + 1) as the term, near the manifold,
reduces to )
oA A
Y o2 Sl (C.10)
Cr axb/p (A2 + 1) /

which can only be bounded by choosing A dependent on ;.
However, from our choice of expressing the LOS guidance law
in terms of absolute velocities, combined with a set of adaptive
autopilots for ocean current compensation, the ocean current
dependent term g is not present in (24). Consequently, there is
no manifold where (C.8) can grow unbounded in yﬁ »» iImplying

the lookahead distance (26) can be chosen independently of yZ b
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