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Line-of-sight path-following along regularly parametrized curves solved
as a generic maneuvering problem

Roger Skjetne, Ulrik Jgrgensen, and Andrew R. Teel

Abstract—1In the traditional maneuvering problem, the ob-
jective has been to solve a geometric task and a dynamic task,
where the former is to converge to and follow a 1-dimensional
manifold, a path, in the output space of the system, and
the latter is to satisfy a desired dynamic behavior along the
path. In this paper the objective is to generalize this problem
statement, by rather stabilizing more general manifolds of
higher dimension. With the system output constrained to
the desired manifold, the dynamic task becomes to satisfy a
dynamic assignment that ensures that the underlying control
objective is solved with sufficient performance.

In order to exemplify the theory, a case study is performed
where a line-of-sight (LOS) algorithm is used to steer a
simplified vessel to and along a desired parametrized path.
In this case the desired manifold, which is of dimension 3, is
defined as the set in which the LOS method is effectuated.
The LOS algorithm then ensures, as the dynamic task, that the
vessel steers correctly towards and along the path. A simulation
study is provided to illustrate the effectiveness and properties
of the resulting dynamic control law.

I. INTRODUCTION

Controlling a dynamic system to a path is a standard con-
trol problem, especially within vehicle control and robotics;
see for instance [1], [2], [3], and references therein. This has
further been refined in the specification of the maneuvering
problem, which is to control the dynamical system under
consideration according to desired maneuvers in the output
space [4]. In [5] and more generally in [1], the maneuvering
problem was broken down into two tasks: the Geometric
Task, which was to converge to and follow a desired path
parametrized by a scalar variable 6, and the Dynamic Task,
which was to satisfy a dynamic assignment along the path.
The dynamic assignment was further specified typically as a
speed assignment for 0, but it could also be a time assignment
for O(t) or an acceleration assignment for 6.

While the geometric task is equivalent to stabilizing a
desired 1-dimensional manifold, the dynamic task specifies
the reduced dynamics, the desired motion of the system,
when the states are constrained to this manifold. Since the
manifold was parametrized by a sufficiently smooth map
6 + hq(6), and the dynamic assignment was typically given
by a speed assignment 6 = wv4(6,t), an interpretation is
that this 1-dimensional system forms a guidance or reference
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system, .
0 =v(6,1)
Ya = ha(0)

for the dynamical system under consideration. Moreover, in
the presented control designs it was shown how this reference
system was allowed to be corrected by feedback from the
states of the plant in order to reduce transients and achieve
a favorable overall behavior.

An obvious applications for this theory is position control
of vehicles and robotic manipulators, and especially fully
actuated systems as exemplified in various cases in [1].
Control of underactuated systems has also been addressed
in the same framework, but with customized modifications
according to the application at hand; see [6], [2], [7], and [8].
Even though maneuvering as presented is typically solved by
tracking a point that traces the desired path, it can also, as
elaborated in this paper, achieve the inherent properties of a
path-following design where set stability of the desired path
is directly aimed for [9]. Other challenges have also been
addressed, for instance systems with unstable zero dynamics
[10], where the extra degrees of freedom introduced in a
maneuvering control problem are used to stabilize the zero
dynamics.

In this paper, the objective is to make the maneuvering
problem statement more generic such that it can be used to
solve a wider class of control problems, while still retaining
the constructive methodology of breaking the design problem
down into the geometric and dynamic tasks.

Notation: In GS, LAS, LES, UGAS, UGES, etc., stands
G for Global, L for Local, S for Stable, U for Uni-
form, A for Asymptotic, and E for Exponential. Total time
derivatives of x(t) are denoted &, #, (3, ... ("), while
a superscript denotes partial differentiation: of(z,0,t) =
%—‘2‘,049”2 (z,0,t) = ‘g%‘;, and o (z,0,t) = ‘g;%ff, etc.
The Euclidean vector norm is |z| := (z"z)'/2, and the
distance to a set M is |z],, := inf{|z —y|: y € M}.
Stacking several vectors into one is denoted col(zx,y, z) :=
[T, y",2"]", similarly row(z,y,2) is a row vector, and
whenever convenient, |(z,y,z)| = |col(z,y, z)|. See also
[11] for definitions of class-/C, K, and L functions.

II. THE MANEUVERING PROBLEM

In some control problems the task may be to control the
output of the system to a manifold of higher dimension
than 1, and then on the manifold satisfy some behavior
defining desired maneuvers for the system. Consequently, the
maneuvering problem can be generalized by consider as the
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geometric task to converge to a g-dimensional manifold, ¢ >
1. The reduced dynamics for the system when constrained to
this manifold should then be further specified by a dynamic
assignment.

An example is the design in [12], where a formation
of r vessels was controlled to an r-dimensional manifold,
parametrized by the scalar path parameters for the individual
vessels. On this manifold each vessel satisfied its individual
path-following objective, while the assigned dynamics on the
manifold ensured that all path variables were asymptotically
synchronized in order to achieve group coordination.

A. Generic maneuvering problem statement

For a system output y = h(z) where h : R” — R™, the
desired manifold is all points represented by the set

Q:={reR": I cRys.t h(x) =hqe(§)} (1)

where ¢ < m and the map £ — hg(§) is sufficiently
smooth. Given the parametrization h4(&) of the manifold and
a dynamics assignment on the manifold, the Maneuvering
Problem is comprised of the two tasks:

1) Geometric task: For some absolutely continuous func-
tion £(t), force the output y to converge to the desired
manifold hg4(&),

Tim Jy (1) — ha (£(2))] = 0. @

2) Dynamic task: Force f to converge to a desired
dynamic assignment f4(&,y,1),

Jim (€ (1) = fa(€(t), y(8),0)| = 0. 3)

The main generalization in this problem statement is
to consider a g¢-dimensional manifold instead of a 1-
dimensional path. In addition, we allow the dynamic as-
signment f,; to incorporate feedback from the system output
directly.

When addressing the geometric task, this is solved by
stabilizing the noncompact set

A={( 2,7) e R" X R" xR : h(z) = ha(§)}  (4)

where as proposed by [11] and [1], 7 is included to represent
a possible time-variation in f4(&, y, t) with dynamics 7 = 1,
7(0) = to. Typically, this task is solved by tracking control
or extensions of this, for instance those presented in [1].
For the dynamic assignment, giving the dynamic behavior
of the solutions of the closed-loop system when constrained
to the noncompact set .4, there is an underlying assumption
that € = f4(€,y(t),t) is well-behaved and satisfies necessary
stability and performance properties. Thus, it is perhaps in
the design of the dynamic task that the engineering skills are
most important. An example of this is shown later in this
paper where the line-of-sight algorithm is specified as the
dynamic task to steer an underactuated vessel to and along
a desired path.

B. Maneuvering control design

Consider the nonlinear system
&= f(z,u,t), y=h(z) (&)

where for each ¢t > ty, z(t) € R" is the state vector, u(t) €
RP is the control, y(t) € R™ is the output, and f : R™ x
R? x R>9 — R™ and h : R™ — R™ are smooth functions.
There are many techniques for control design of various
classes of nonlinear systems, such as backstepping, feedback
linearization, sliding-mode, linear control, CLF-based meth-
ods, etc. If by some appropriate method a control law for (5)
can be constructed for our problem, then we have the result:
Proposition 1: Suppose there exist a control law

u=a,t), 6)

a smooth Lyapunov function V' : R? x R" x R>g — R,
Koo-functions «1,as, and a continuous positive definite
function a3, such that for all (§,z,7) € R? x R™ x Rx,

ar ([(§2,7)|a) S V(€ 2,7) <az (|(§2,7)][a)  (Ta)
VE(E 2, 7) fa(& h(x), 7) + V(& 2, 7) f(m,a(é, 2, 7),7)
+VT(€7:L"7—) < —as (|(£axa T)|A) . (7b)

Then, under the assumption that the closed-loop system

€= fal& hl(x),t) ©)
T = f(vaé(gam?t)’t) (9)

is forward complete, the noncompact set (4) is UGAS, and
this solves the maneuvering problem. ¢

The proof follows from standard Lyapunov arguments for
noncompact sets; see [13] and [1]. In particular, let By be a
class-ICL function such that

V(&(t),x(t),t) < Bv (V(&o, o, t0), t —to)

which follows from (7), where z¢p = x(tg) and & = &(to).
Letting 34(s,t) := o' (By (aa(s), t)) this gives Vt > t,

[(&(t), x(t),t)]a < Bal(|(Co, o, t0)|a, t —to). (11

In Proposition 1, the dynamic assignment (3) is satisfied
identically. However, since the dynamic assignment needs to
be satisfied only in the limit, more possibilities exist. One
option is to use the gradient tuning function first reported in
[14] for the scalar case. In general we have:

Proposition 2: Suppose the conditions of Proposition 1
are satisfied. Every continuous tuning function w : R? X
R™ x R>q +— R? that for all ({,z,7) € R? x R” x R>q
satisfies:

(10)

1) there exists a class-KC function o4 such that

w(& z,7)[ < g (|(§,2,7)]a), and
2) V§<£7aja7->w(§am77-) > Oa

and under the assumption that the closed-loop system (9)

M ¢ e b)) — (€ o, t), (12)

is forward complete, renders the set (4) UGAS and solves
the maneuvering problem. ¢

u=0
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This proof also follows from standard Lyapunov argu-
ments for noncompact sets where it is noticed that the bound
on w(§,x,7) by ay ensures that the dynamic task (3) is
satisfied in the limit.

The above tuning function design enables a dynamic
assignment for ¢ corrected by feedback to give improved
overall performance of the system, for instance by a rapid
minimization of the distance to the desired manifold O
through a gradient algorithm. Another option, not explored
here, is to use a filtered version of the gradient feedback
as presented in [1]. In this case w becomes the output of
a filter that can be used to improve performance due to,
for instance, noise or disturbances in the measurements. A
further extension is presented in [15] where passivity-based
techniques are used to construct such filters.

C. Gradient tuning function

In this section we will show that by choosing w(¢, x, 7)
as a gradient tuning function, we will achieve set stability
of the desired manifold Q x R, within the accuracy of
an arbitrarily small offset § > 0, despite the fact that the
maneuvering problem is solved as a tracking problem of
the point hg(&(t)). To this end, assume that o(£)VE(€, z,7)
satisfies the conditions for w(¢, x, 7) in Proposition 2, where
o(€) > 0 is a bounded correction gain chosen by design.
Then

w(£7 1’7 T) = 0(£)V€(£7 x’ T)?

called the gradient tuning function, is one design alternative.
The performance of the gradient tuning function follows
from the results in [14] where it is shown for the 1-
dimensional case that by choosing ;1 > 1, a separation of
time-scales is induced. In the fast time-scale, the dynam-
ics (12) and (13) will make the solution hgy(£(t)) rapidly
converge to a favorable position on the manifold, while the
control law u = «(&, z,t) in the slow time-scale will drive
the output y(t) towards yq(t) = ha(£(t)).

To make this precise, we define Q; := Q X R>( and make
the assumption:

Assumption 3: The set Q in (1) is compact and Jp > 0
such that for every fixed pair (z,7) in the set H,(p) x R>q,
with H,(p) : ={z : |z|g < p}, the function & — V (&, z,7)
has a global minimizer denoted &y (x,7) which, for (x,7)
fixed, is a LAS equilibrium for

é = 70’(5)‘/5(55 ‘T7T)7

with region of convergence H,..(x,7), where the function
(z,7) — &y (z,7) is locally Lipschitz on H,(p), uniformly
in 7. It is further assumed that 3k > 0 such that H,,.(x, 7)
contains the ball Be(k) := {{: [€ — &y (x,7)| < k} for all
(.’E,T) S Ha;(p) X Rzo. O

A rapid minimization of the distance |(§,xz,7)|4 is of
interest. A measure of this minimum distance is

()],

where >(z) is a minimizer for (15), and for which the

13)

(14)

|z — (15)

(7)o, = lalg i= inf o — x| =

following bound holds,

‘(aj7 t)‘Qt = inf{%: Jz:h(sc)=ha(z)} |$ - %‘

= inf{)»t: 3(z71):(z,5,7)EA} |‘r - %|

. 16
< 1nf{(z,;f,7')€.»4} ‘(§7$,t) - (27%5 T)| ( )
:|(£ax7t>|_,4v VfERq.

Moreover, for s € Q let
P(x) :={z€R?: |h(s3) —hq(z)|=0}. (A7)

Then for each pair (£,,,) such that £, € P(s,) the
following bound also holds,

‘(505 Ivt)‘A = inf{(z,%,T)E.A} |(507x7t) - (Zv 7, T)| (18)
=1nf{(z 0:2eP(0)} [(€o: @) — (2, 2)] < |7 — 55].
For the closed loop system (9) and (12) we get Vi > t,
[(z(t), )lg, < 1(€(t),2(),t)| 4
< /B.A(|(§Oaz0at0)|_,47t —to),

which for each r > 0 shows attractivity of = to Q that is uni-
form over sets of initial conditions having |(£o, zo,%0)| 4 < 7
Define the set

H(kvp) = {(571',’7') HE S Hr(p)a g € Bﬁ(k)}

in which we are guaranteed by Assumption 3 that there

exists a global minimizer with a non-vanishing region of
1

19)

(20)

convergence. Letting ¢ := m then in the fast time scale
ty = 1t we get with 2/ := jTZ = €z that the motion of

¢ is approximately described by the boundary layer system
in the limit as € = 0,

(I/v T/) = (07 O)v gl = 70(5)‘/5(5’ €z, T)
for which it follows from Assumption 3 that the set
{(& z,7): £ =&y (z,7)} is LAS for (£(0),2(0),7(0)) €
H(k, p). The fast state £ will therefore rapidly converge to a
small neighborhood of the manifold defined by V¢ (¢, z,7) =
0 where V (&, z, 7) is minimized. With § = £y (z, 7) we get
the reduced system

T = f(x7a(§v(:c,t),x,t),t)

for which we consider the Lyapunov function W (z,7) :=
V(&v(z,7),z,7). Since (7) holds for all (£, x,7) and
VE&(&v(z,t),x, ) = 0 by the first order optimality condition,
the time derivative of W (x,7) along the solutions of the
reduced system becomes

W(x,7) < —az (a3 " (W(z,7))). (23)

This implies there exists Sy € KL such that W (x(t),t) <
Bw (W (zo,to), t — to), which gives

[(z(t), )] g, < 1(§v(2(t),t),z(t), 1) 4
<apt (W(a(t),t))
S% (BW(W(x07tO) t—to))
T (Bw (V(E( ), %o, t0), t—to))
(BW( ( ) $0,t0)|_,4) 7t7t0))
0)l) .t —to))

vt > th

2L

(22)

1
1

041_ (Bw (042(|900— 7(
Bi (|(wo,t0)la,, t —to),

I IA I/\ I/\

(24)
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where f3 (s,t) = a;' (Bw(az(s),t), and (18) with
€(3(z0)) € P(3(z0)) was used. This shows that the set Q,
is UGAS for the reduced system. By the derivation above
and the results in [16], the following theorem follows:

Theorem 4: Suppose the conditions of Proposition 2 are
satisfied with w(&,x,7) 1= o(§)VE(&, 2, 7). Then by (19)
the set Q; is uniformly globally attractive. By Assumption 3
there exists a class-CL function 8 such that for each § > 0
there exist p* > 0 for which y > u* and (&o,w0,t0) €
H(k, p), then

[(z(t),)]o, < B ([(zo,to)|a,, t—t0) +5. O

This theorem shows that output invariance of the desired
manifold is “nearly” achieved with a maximum offset bound
0. The disadvantage of not achieving perfect output invari-
ance is, on the other hand, compensated by other advantages
of the design, such as the ability to follow curves not being
regularly parametrized or even self-intersecting curves [17].
Perhaps the most practical advantage, however, is that the
desired parametrized manifold and the desired dynamics
on the manifold can typically be constructed in a separate
guidance system without redesign of the control law. This
will be illustrated in the following example.

(25)

III. MANEUVERING A VESSEL BY THE LOS METHOD

Path-following problems for vessels are often addressed by
using so-called Line-Of-Sight (LOS) algorithms. Contrary to
direct position control, where the vessel may be driven both
in the longitudinal and transversal directions to converge to
the path, the LOS methods give more natural motions in the
longitudinal direction by using the heading to steer the vessel
to the path. An advantage is that the LOS algorithms work
both in the fully actuated case and for underactuated vessels
that only possess steering capability during forward motion.

A. Problem setup

In this case we consider the LOS methodology for control-
ling a vessel to a path being a regular curve in R? according
to the design presented by [3]. where we approach the control
problem as a maneuvering problem.

For the sake of illustration, consider a vessel represented
simply by the kinematic equation

=R

where 17 = col(x,y,1) is the position and heading with
respect to an inertial reference frame, v = col(u, v, r) is the
velocity vector in the vessel’s body frame, and R(%)) is the
corresponding 3 x 3 rotation matrix; see [18] for details. We
assume the vessel has no sideslip and set correspondingly
v = 0. Similarly, we assume the vessel moves forward at
a desired speed u(t) = Uq4(t) > Uy > 0. The underlying
maneuvering problem, according to [1], is then to steer the
vessel onto and along a path given by the set

P={neR>xS": I eRs.t.n=nq0)}

(26)

27

where 6 — 1,(0) is a continuous parametrization of the path.
Accordingly, let p = col(z,y) be the vessel’s position and

pa(0) the parametrized path in R? such that 7 = col(p, 1)
and 14(0) = col(pa(8), 1a(6)), where

q(0) := arctan (Z%EZ;)

is in the direction of the tangent vector along the path. The
dynamic task is lim;_, ‘G(t) —vg(0(t),t)| = 0, where the
speed assignment v corresponds to the desired surge speed,
that is,
v(6,1) = 020
‘pd(‘g)‘

The following assumption is made to the path.

Assumption 5: The parametrization 8 — py(6) is abso-
lutely continuous, bounded, and 3(p1,p2) > 0 such that
V0 € R, pr < [p§(0)| < p2. O

If the objective was direct position control to converge
to P, the traditional maneuvering design would continue by
directly stabilizing the set

A= {(7770) = nd(e)}v (30)

which is a subset of P xIR. However, since the vessel in this
case has steering capability only by using the yaw rate r as
control input, the dynamic system is redefined into a SISO
system where the vessel heading ¢ will be controlled to a
desired heading ;,s given by the LOS algorithm, which
in turn will steer the vessel towards the path. The LOS
algorithm is generally given by a map ;s = Qos(2, )
where a;,, : R2 — S!. Different methods for constructing
this map exist in the literature; see for instance [6], [19],
[71, [8] for straight-line paths. In this example we adopt the
algorithm by [3] for path-following of regularly parametrized
curves.

(28)

(29)
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s / pat™
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Fig. 1. Reference frames for the LOS path following setup.

1) LOS algorithm: Given a value 6, then pg(f) is an
auxiliary point on the path. Similarly, let ¢ € R? be a virtual
point representing the position of a vessel. Define a moving
path reference frame centered at p;(6) with its z-axis along
the tangent vector at py(f) and y-axis in the orthogonal
direction according to the right-hand-rule. Then

e(q,0) = Rg(?/}d(e))—r (g — pa(0)) =: col(s,e) 31
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is the position offset of the virtual point g relative to the path
reference frame, where

cos(a)  —sin(q)
sin(¢q)  cos(a)

is the rotation matrix, s(g,6) is the along-track error, and
e(q,0) is the cross-track error. In the path reference frame,
the LOS algorithm is constructed to point the vessel at a
lookahead distance A along the tangent vector to the path;
see Figure 1.

With the definitions

Ro(Ya) =

V(g.0) = 5el0,0) e(0,0), ()
r(0.0) = 0 (4.0) = =2~ (o)
s\4q, Ca |p§(9)| q, - M‘pg(e)‘ q — Pd

(33)
¥.(q,0) := — arctan (e(z&)) , (34)

where 1 > 0 is a constant gain, the LOS heading for the
vessel is given by the dynamic algorithm

. A
0 = fo(q,0,1) := WUS(97IJ;) —ws(q,0)
(35a)
wlos = alos(Qa 9) = wd(e) + lﬁr(% 9) (35b)

The update law for 0 consists of two terms. The first
term is the feedforward speed assignment term corresponding
to the surge speed, but modified by a gain dependent on
the cross-track error. The second term, ws, is a gradient
algorithm that according to Section II makes p,(6) converge
rapidly to a point that minimizes 6 — V(q,8) for p > 1.
Assuming the path is constructed such that for a given
position ¢, this map has a global minimum and that 6(0)
is within the region of convergence of this minimum, then
Figure 1 indicates that V' (g, #) is minimum where the along-
track error is zero and the cross-track error is minimized.
It follows that w; is a stabilizing term for s(gq,6) = 0. The
following proposition shows the effectiveness of the method.

Proposition 6: For (26) with motion constrained to u(t) =
Ua(t), v(t) = 0, ¢ := p, and ¢Y(t) = auos(p(t),0(t)),
with py(6) satisfying Assumption 5, then the dynamic LOS
algorithm (35) with v,(6,t) assigned as in (29), renders the
set (30) UGAS and ULES. ¢

Proof: The proof is sketched in [3] but stated here in
detail for completeness. Let V (p, §) be a Lyapunov function
and note the equivalence relations

|(1,0)] 4 < [n = na(6)] < V2max {1, L} |(n,
1

(I1+1/A)
where L > 0 is the global Lipschitz constant that follows

from the absolute continuity property and boundedness of
|p%(6)]. The result is the bounds

0)| 4 (36a)
[ —na(0)] < |e(p,0)| < In—na(0)], (36b)

e |(m0))% < V(p,0) < e2|(n,0))

) (37

where ¢ = m and c; = max {1 L2} Notice also
the relationships

V= gTe= 50— pal0) 0-pu®) G
Ao=wol[Say ] e
=t { o | @
Ra(va(9)) " pi(0) = [pi(9)| col(1,0) (41

where col (cos(¢4(0)), sin(¥4(9))) is the unit tangent vector
along the path at p,;(0). Differentiating V" along the solutions
of (40) and (35a), this gives
_ Ua(t) e2
JeErar
Uat) o T o000y
S P R iy o —
\/m |p9| (p pd) Pq (pd> (p pd)
T
~ Ua(®) eQ_:“T’ W }{1} AR
Verar gt ™ 0] IPd

U
< —7ﬁ62 — up1s® =: —p3(le]) (42)

where 3 (+) is

E VO (p,0)?

a class-K, function and we used

sin( arctan (x)) = — 74— and cos (— arctan (z)) =
«/T Using (36), this implies that there exists a class-

KL function 8 such that for all ¢ in the maximal interval of
existence [0,7"),

[(n(), 0(t))| 4 < B (1(1(0),0(0))] 4, 1) -

From this and Assumption 5 it follows that the right-hand
side of (p,0) is bounded on [0,T), which rules out finite
escape time giving 7' = oo, and thus A is UGAS. To show
ULES, notice for |¢] < M < oo, then Jez > 0 such that

(43)

N R B S ©| BRI R
JeEraz M =T aEr A T
< —czlel?, (44)

which for each M > 0 such that |(n,0)| 4 < (1 +1/A)M
gives the necessary quadratic bound on V. [ ]

2) Problem statement: Having shown the effectiveness of
the LOS algorithm, the control problem becomes to stabilize
the set in which the LOS algorithm is activated. For the
vessel (26), this set is given by

Q= {(p,lb,@) 1) = alos(pae)}

which due to the constraint 1) = «,s is a 3-dimensional
manifold in the state-space R? x S! x R. At this point it
would be straightforward to develop a control law for r to
stabilize {¢) — ayos(p, 0) = 0} with 0 = fp(p, 0,t). However,
in order to exemplify the maneuvering methodology, we
propose to parametrize the 3-dimensional manifold by the
variables (g, ) € R? x 8! according to

Q={(p,v,0):3Iq,a) st. p=gq, ¥ =0, a=0os(q,0)}
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Next, we include (g, «) as dynamic variables for (p,) to
track and propose as the geometric task to stabilize the set

B = {(p,Z[J,CLOZ,e) tp=q, Y =aq, a:alos(qve)}v
(45)
which is a subset of OxR? x S'. In doing so the result
becomes a reference filter that we later will show to have
certain optimizing properties, taking the vessel states as input
and providing the LOS heading as output.

The dynamic task should represent the desired behavior
of the system when constrained to the set B. First of all,
using the parametrization variable ¢ as a position state, the
dynamics of 6 should be governed by 6 = fy(q,0,t), as
defined in (35a), and 1,5 = s(q, #) according to (35b). In
addition, for ¢(t) = p(t) and «(t) = ¢(t) in B, the dynamic
tasks become

(46)
(47)

Jim () = v, (9(2),8)] = 0
lim [6(r) — va (a(t), $(1), (), 6, )] =0,

t—o00

where the dynamic assignments v, and v, are designed as

vy (Y1) = [ 2?5(%) } Ua(t), (48)
Va (g, ¥, a,0,t) = = K4 (a0 — ays(q, 0)) (49)

+af (0,0)vg (1,) + afoy(q,0) fola. 0, 1),

K, > 0, adhering to the motion of p and the desired motion
of (s (including a stabilizing feedback term).

A remark is here necessary on the choice of the dynamic
assignment for ¢. In the fully actuated case, meaning that
there are enough control inputs for the vessel (26) such
that the vector v = col(u,v,r) can be assigned a control
law in all degrees-of-freedom, then the preferable dynamic
assignments would be ¢ = v, (a,t) and & = vo(q, @, 0,t)
making (g, o) behave like a virtual vessel, and then use v to
control p to ¢ and ¥ to «, identically. In the underactuated
case, on the other hand, the motion of p is constrained and
only the steering control input r is available. In this case,
we must rather control ¢ to p, identically, and consequently
vq (1, t) must adhere to the motion of p.

B. Control design

For the task of stabilizing B, let ¢ = vq (¢,t) — wy and
& = vo(q, ¥, @, 0,t) — wy, wWhere w, and w, will be used
as design variables. Define the control Lyapunov function
(1=

2

+ L2)\) (w — a)2 + % (Ol - alos(Qv 9))2

where A\ € (0, 1) is a tuning weight. Differentiating W gives
W=01-Np-a v+ (1N —a)@r—va)
— Ko (@ = ai05(g,6))?
+(1=2) (P =) " + A — aos(g,0)) af, (4, 0) | wg
FI1 =X @ —a) = Aa - aos(g, 0))] wa- (5D

W(p,¥,q,a,0) = p—a) (p—q) (50)

Since p = v, (¢¥,t), the first term vanishes. The second
term is made negative definite by selecting a proper con-
trol law for r. The third term is already negative def-
inite by the feedback term in wv,. The fourth term is
recognized as —W9(p, v, q,a,0)w, and the fifth term as
—We(p,¢,q,a,0)w,, and according to the maneuvering
design methodology in Section II-C we select w, and w, to
make these terms negative by gradient feedbacks. The result
is summarized in the following theorem.

Theorem 7: For (26) with motion constrained to u(t) =
Uq4(t) and v(t) = 0, and pu(@) satisfying Assumption 5,
define the error coordinates p := p — g, z/? = Y — q,
& = a — aqos(q,0) and apply the global diffeomorphism
(p,,q,c,0) — (ﬁ,d;, q,@,0). Then the control law

G =0y (¥,t) — ¥ Wi(p,1b,q,0,0) ", v, >0 (52a)
&= Uoz(QawaO‘797t) - ’YaWa(p7’(/J7q,Oé,9), Yo > 0 (52b)

r= *Kw (”(/J *OZ) JFUa(Qa'L/)aoat)a

with v, and v, as defined in (48) and (49), renders the set

Ky>0 (53)

B ={(.9,0,6.6): p=0, 9 =0, a=0}

UGES. In this set the dynamic tasks (46) and (47) are
satisfied, and with (35) it follows from Proposition 6 that
the original path-following objective (27) is solved. ¢
Proof: For the noncompact set (54) we have
(b a.6,0)]
x1 = col(p, ¥, @), xg := col(q,d), and (uy,us) = 0. For
‘([), 0, 02)‘ bounded, it follows from the fact that o} (¢,6) =

_Mﬁ row (—sin(4(0)), cos(14(0))) is bounded by
% and Assumption 5 that the right-hand sides of (52a)
and (35a) satisfy the sector growth condition in Lemma
8 and the system is finite escape-time detectable through

‘(]5, ¥, q,a, 9)’8,. For (50) we have the following bounds

(54)

= ‘(pjzﬁ,d)‘. According to Lemma 8, let

- 2 - 2
dl ‘(ﬁa¢7&)‘ S W(p7¢7Q7aa9) S d2 ‘(]57%&)’
where d; = min{%7 Q} and dy = % With the control
law (52) and (53) inserted in (51), we get
W < —Ky(1 = \Y? — K, a2

~ 12
— % | =Np" +Aaf (q,0)d]

= gz H(g,0)z1 <0 (55)
where
H(q,0) =
(1 — A)QI 0 /\(1 - )‘) (a?os)T
0 &(1 _ )\> 0
'Y‘I T
A(L = A)al, 0 TENH N (af,) (af,)

is a symmetric positive definite matrix. Since aj (g, 0)

is bounded by %, it follows that there exists d3 > 0,
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dz < vginf ¢ oy Amin (H (¢, 7)) such that 'yqxlTH(q, 0)x, >
dsz{ 1, V(q,0), and hence

. 2

W < ~ds | (5., )| (56)

By application of Theorem 9, UGES of (54) follows. [ ]

C. Simulations

Investigation of the closed-loop equations shows that (35)
and (52) form a dynamic guidance filter, taking the vessel
states (p,1) as input and providing the signals («,v,) as
outputs to the feedback control law (53) that correspondingly
steers the vessel towards and along the path. This filter
possesses three gradient tuning functions. The first for 9
ensures for p > 1 that 6(¢) rapidly minimizes (32) by
driving the along-track error rapidly to zero with respect
to the virtual position g. The second for ¢ and third for &
ensures for 74,7, > 1 a rapid minimization of (50) with
respect to ¢ and «, respectively. With A chosen small, this
typically ensures that q(t) rapidly approaches p(t) and a(t)
rapidly approaches 1 (t). The dynamics for 6 should be the
fastest, since this needs to rapidly respond to the motion
of ¢(t). Then the convergence ¢(t) — p(t) ensures that the
LOS angle becomes correctly calculated. Finally, we see that
the minimization of (a(t) — t(t))? quickly eliminates the
feedback term in the control law (53) such that the control
signal r(¢) is mainly governed by the feedforward signal

Ve (t).
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Fig. 2. Ship voyage, showing convergence to and along the path.

A simulation has been conducted to emulate a vessel
with length L = 80 m, forward speed U; = 10 m/s, and
maximum speed of rotation |r| < ryax = 2 deg/s. The path
is parametrized as

xq(0) = x. + karctan((i) , ya@)=y.+06, (7

where x = 100, £ = 200, x. = 1007, y. = 1000, and
the LOS parameter A = 50. The feedback gains are K, =
Ky = 0.025, and the gradient gains are j1 = 10, 74 = Yo =
2, and A = 0.05. The vessel is initialized at pg = (150, 100)
and ’(/)0 = 900, while (90, qo, Oé()) = (0, 0, O, 0)

Figures 2 and 3 show the overall response in position and
heading, where the heading slowly converges to the LOS
heading and the ship moves correspondingly to and along
the track. In Figure 4 the transients in the dynamic guidance
states are shown. In the fast time scale it is seen how the
vessel position and heading remains fairly constant, while

(0,4, ) rapidly responds in accordance to their gradient
tuning functions.

Actual and reference headings

Angle [deg]

L L L 1 T
i il Pl 50 &0 100 120 140 160 180 200
Time (5]

Fig. 3. The desired heading «(¢) converges rapidly to 1 (¢) and then slowly
to aros(t).
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Fig. 4. Transients during first 4 sec. Upper plot shows the rapid transient
of 6(t) resulting in s(¢) — 0. The middle plot and lower plot show the
rapid transients of ¢(¢) and «(t) to p(t) and v (t), respectively.

IV. CONCLUSION

In this paper the maneuvering problem, as previously
defined for stabilizing 1-dimensional manifolds, have been
generalized by considering ¢-dimensional manifolds to be
rendered UGAS in the geometric task of the control problem.
The other task, termed the dynamic task, was to assign a
desired dynamic behavior to the closed-loop system when
constrained to the manifold. As in earlier works, parametriz-
ing the desired manifold by a variable £ € RY gives an
extra degree of freedom for design that can be utilized to
achieve other objectives in addition to the dynamic behavior
on the manifold. In particular, the dynamics of € was allowed
to take feedback from the system states in order to shape
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the transients. It was shown that the gradient update law, as
earlier reported for the 1-dimensional case, could be utilized
with success also in this case of higher order manifolds in
order to rapidly minimize the distance of the state = to the
manifold. However, also other tuning functions are allowed
if properly designed according to Proposition 2.

A case study was conducted for a simplified vessel, where
the objective was to control the vessel to and along a path
by using only the steering input and the LOS method. The
geometric task was then to control the vessel position and
heading to the 3-dimensional manifold in the state space
where the LOS method becomes activated. Once on this
manifold, then the LOS method ensures as a dynamic task
that the vessel converges to and follows the path as intended.
Simulation have been done to illustrate the effectiveness and
properties of the resulting dynamic control law.

V. APPENDIX

For the interconnected system

&1 = fi(z1, 2, u1)

Ty = fo(1, 22, u2) %)

where x1(t) € R™ and x2(t) € R™ are the states, u;(t) €
U; C R™ and ug(t) € Us C R™2 are inputs where Uy, Us
are compact sets, and the vector fields f;, fo are smooth, let
the set of interest be

A= {(x17x2) €R™ x R"™ : |z1|u41 = 0}7 (59)

where A; C R™ is compact. This gives |(z1,22)[a =
|z1|4,. The following lemma and theorem are given in [1,
Appendix A.5]:

Lemma 8: If for each compact set X C R™ there exist
L > 0 and ¢ > 0 such that:

|f2(§,$27v)| < Ll(EQl—f—C, VZL'Q Eana (60)

uniformly for all (§,v) € X X Uy, that is, fo satisfies a
sector growth condition in x9, then the system (58) is finite
escape-time detectable through | - | 4.

The following theorem shows stability of (59) in the sense
of Lyapunov with respect to (58):

Theorem 9: Assume that the sector bound (60) in Lemma
8 holds for (58). If, in addition, there exist a smooth function
V:R™ x R"™ — R>g and K-functions «;, ¢ =1,...,4,
such that

ar (|r1]a,) < V(wr, 22) < a (|71]4,) (61)

and

VL (zy, w2) fi (w1, 22, u1) + V2 (21, 22) f2 (21, T2, u2)

< —az (|1|a,) + aa (Ju])

(62)
hold, where u := col(ui,us) € Uy X Us, then the system
(58) is ISS with respect to the closed, O-invariant set (59).
In the case when u; = 0 and us = 0 then the closed,
forward invariant set (59) is UGAS with respect to (58), and
if ai(lz] 4,) = ci|zf)y, fori=1,2,3, where c1,co, 3,7 are

strictly positive reals with » > 1, then (59) is UGES with
respect to (58).
See [1, Appendix A.5] or [13] for the proof.
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