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Abstract—1In this paper coordinated path following for formations
of under-actuated agents in three dimensional space is considered.
The agents are controlled to follow a straight-line path whilst being
affected by an unknown environmental disturbance. The problem
is solved using a twofold approach. In particular, the agents are
controlled to the desired path using a guidance law that rejects an
unknown, but constant, disturbance. Simultaneously each agent utilises
a decentralised nonlinear coordination law to achieve the desired
formation. The closed-loop system of path-following and coordination
dynamics is analysed using theory for feedback-interconnected systems.
In particular, a technique from [1] is used that allows us to analyse a
feedback-interconnected systems as a cascaded system. The origin of
the closed-loop error dynamics is shown to be globally asymptotically
stable. A case study with simulation results is presented to validate the
control strategy.

I. INTRODUCTION

In this paper the coordinated path following problem for multi-
agent systems with under-actuated agents moving in three dimen-
sional space whilst being affected by an unknown environmental
disturbance is considered. Multi-agent systems have attracted a
lot of attention from the research community, see for instance
[2]-[4] and the references therein. Multi-agent systems can offer
several advantages over operations with single robot systems. They
can cover a larger area, which is particularly useful in spatially
distributed tasks, and which can save time and thus costs. Moreover,
they can take over tasks of more complex and costly single
robots and can introduce some redundancy for operations in harsh
environments.

A lot of the research effort within multi-agent systems has
been concentrated on solving the consensus problem, see for
instance the seminal work [5], and the flocking/rendezvous problem.
The coordinated path-following problem for under-actuated robotic
systems, with or without disturbances, has received significantly
less attention while it is a problem often occurring in practice.
Examples of works that have focused on this problem include [6]-
[8] for aircraft and spacecraft, [9]-[10] for land robots, and [11]—
[13] for marine vehicles. A framework for information sharing
is presented in [6] that is illustrated with an example for space
craft. Coordinated control for aerial vehicles is considered in [7],
[8], [10] for the disturbance-less case and for kinematic models.
Collision avoidance and time constraints are considered in [7] and
both [7] and [8] allow for non-straight-line paths. In [9], [11]-
[13] dynamic models are considered, however disturbances are not
considered in these works. Time delays and communication losses
are considered in [11], and [9] combines formation control with
an estimator for unknown velocities. The focus of this presented
here is on solving the coordinated path following problem in a
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framework that takes into account the dynamic model of an under-
actuated vehicle and an environmental disturbance affecting the
vehicle, which is a combination of properties not investigated in the
above literature. However, the control strategy is limited to straight-
line path following and constant disturbances and does not consider
communication losses or time delays as [11].

In particular, this paper aims to extend the framework developed
in [14] and [15] to motion in three dimensional space. This requires
rejection of a three dimensional environmental disturbance using
integral LOS [16]. The three dimensional guidance is combined
with a three dimensional extension of the two dimensional coor-
dination control strategy developed in [13] that was extended to
include disturbance rejection in [14] and [15]. The derivation of
the formation dynamics for the three dimensional case, which now
depend on both a horizontal and vertical guidance subsystem, and
the subsequent analysis of the new closed-loop system is the main
contribution of the paper.

Each vehicle is guided to a desired straight-line path using
integral LOS guidance [17]. The path-following error dynamics can
then be placed in cascade with the coordination error dynamics that
are used to achieve the formation. However, the combination of the
adaptive properties of the integral LOS guidance together with the
coordination controller creates a feedback in the cascade formed by
the full closed-loop dynamics. Therefore classical cascaded systems
theory cannot be applied and it is necessary to ‘break the loop’ [1].
Using this technique we prove that the origin of the full closed-loop
error dynamics is uniformly globally asymptotically stable (UGAS).

The paper is organised as follows. The model for the agents
and the communication topology are presented in Section |lI} The
controllers and guidance scheme are given in Section The
closed-loop system is derived in Section and stability of the
closed-loop system is shown in Section[V] Section [VI] presents the
results of a case study. Section presents the conclusions.

II. THE AGENTS

This section describes the model of the agents and the environ-
mental disturbance, the control objectives, and the communication
topology for the network of agents. To describe the motion of the
agents a five degrees of freedom (DOF) manoeuvring model is
chosen, which describes an autonomous underwater vehicle (AUV).
Therefore the unknown environmental disturbance is modelled as
a three dimensional ocean current in this work. The framework
developed in this work can be expanded to other systems by choice
of a suitable dynamic model, disturbance, and control strategy for
that type of system.

A. AUV Model

The model considered in this work is a 5-DOF model for an
AUV which describes the motion of the AUV in surge, sway, heave,
pitch and yaw. The state of the vehicle 7 2 [x,y, z,6,9]T w.rt.
the inertial frame ¢ is expressed in three spatial coordinates z, y,
and z and two angles 6 and v which are the pitch and yaw angle
respectively.



Assumption 1: The roll motion is assumed to be passively sta-

bilised by fins or by gravity and can therefore be neglected when
modelling the vessel.
The vector of linear and angular velocities of the vehicle v £
[u,v,w, q, T]T is expressed in a body-fixed frame b and contains
the surge velocity u, the sway velocity v, the heave velocity w, the
pitch rate g, and the yaw rate r. The vehicles are affected by an
ocean current satisfying the following assumption

Assumption 2: The ocean current, V. 2 [Vi,V,, Vi]¥, ex-

pressed in the inertial frame ¢, is assumed to be constant, irro-
tational and upper-bounded, i.e. IVnax > 0 such that ||V.| =
VVE+VZ+ V2 < Viax.
The ocean current velocities in the body-fixed frame b are given
by ve 2 [uc, ve, we, 0,0]7, and are obtained from [ue, ve, we]” =
RT(0,4)V . where R(6,1)) is the rotation matrix from b to 4
defined as

cos(y) cos(0) — sin(vp) cos(v)) sin(0)
R(0,9) £

sin(y) cos(9) cos(y) sin(y)sin(0) 1
— sin(0) 0 cos(0)

Using the ocean current velocity we can define the relative velocity

in the body-fixed frame as v, £ v — v, = [u,, vr, wy, q, 7|7 [18].

It is shown in [18] that if the current satisfies Assumption |Z| an

underwater vehicle can be described using the 5-DOF manoeuvring

model:

77 J( ) [V$7Vy7vz70 0]

2
Mv, 4+ C(v,)vr + Dv,. +g(n) =Bf @

The matrix J(n) is the velocity transformation matrix defined as
J(n) £ bdiag(R(6,v), T(6)), with T(9) = diag(1,1/cos(d)),
|6] # +m/2. The matrix M = M™ > 0 is the mass and inertia
matrix, matrix D > 0 is the hydrodynamic damping matrix, and B
is the actuator configuration matrix. The matrix C'is the coriolis and
centripetal matrix and can be derived from M (see [18]). The grav-
ity vector in CG is given as g(n) £ [0,0,0, BG.W sin(d),0]%,
with BG, the vertical distance between CG and CB, and W is
the weight of the vehicle. The control input vector f is defined
as f 2 [T, T,, T.]" and contains the surge thrust T, the pitch
rudder angle T}, and the yaw rudder angle 7.

Assumption 3: The vehicles are neutrally buoyant and the center
of gravity (CG) and the center of buoyancy (CB) are located along
the same vertical axis in the body-fixed frame.

Assumption 4: The vehicles are assumed to be zz plane sym-
metric and have a large length to width ratio.

Assumption 5: The surge mode is decoupled from the other
degrees of freedom and consider only the dominating interconnec-
tions, i.e. the interconnections between sway and yaw and between
heave and pitch.

Assumption 6: Damping is considered linear.

Remark 1: Assumptions [I] and B}ff] are common assumptions in
manoeuvring control of slender-body AUVs [18].

Considering Assumptions [3}jg] matrices M, D, and B have the
following structure

mi1 0 0O 0 0

3
=

0 moz O 0 mags
ML 0 0 mg3z m3q O s 3)
0 0 my3 maa O
0 mss 0 0 mss
di; 0 0 0 0 b1 0 0
A 0 dog O O das A 0 0 bas
D= 0 0 dgzdzg O B = 0 bzx O . “4)
O O dgz dgqa O 0 bgo O
0 dsa 0 0 dss 0 0 bs3

The location of the body-fixed frame is chosen to be at (x,0,0)
such that M~'Bf = [r4,0,0,7,,7]". Note that the model is
under-actuated in sway and heave. The point (z, 0, 0) always exists

for AUVs of cylindrical shape employing symmetric steering and
diving control surfaces [19] and the body-fixed frame can always
be translated to this location [18].

The model can be expanded into component form as

= ur cos(?) cos(0) — vy sin())

2 (5a)

+ wy cos(¢) sin(0) + Vi
¥ = ur sin(v) cos(0) + v cos(v) (5b)
+ wyrsin(y) sin(0) + Vy,
2 = —u, sin(f) + wy cos(0) + V- (50)
6=q (5d)
Y =r/cos(f) (5e)
Upr = Fu, (0r, wr,q,7) — (d11/Mm11)Ur + Tu (59)
Op = Xo, (ur)q + Yo, (ur)vr (52)
Wy = Xuw, (Ur)q + Y, (Ur)w, + Zy, sin() (5h)
q=Fy(0,ur,wr,q) + 74 (51)
7= Fr(ur,vr,7) + 7 §1))

The definitions of Fi,., Xu,, Yo,., Xw,> Yw,, Zw,, Fg, and F, are
given in Appendix
Assumption 7: The functions Y, (ur) and Y, (ur) satisfy
YvT (UT) <
YwT (UT) <

—Y,M <0, Yu,
—Y <0, Yu,

S [_meq U7‘d + a},
S [_VmaX7 U'r‘d + a},

where a is a parameter of the formation control law to be defined
later, Vimax the bound on the current from Assumption IZL and U,q
the desired relative surge velocity.

Remark 2: Assumption [7] is satisfied for commercial vessels by
design, since the converse would imply an undamped or nominally
unstable vessel in sway and heave.

B. The Control Objectives

The goal is coordinating the motion of n AUVs along a straight-
line path P in 3D space to achieve a given formation. Without loss
of generality the inertial frame is chosen such that its z-axis is
aligned with the desired path, and consequently P £ {(z,vy,z2) €
R® : y, z = 0}. For the jth AUV in the formation the goal can be
characterised by the following control objectives

lim y;(t) — Dy; =0, (6a)
t—o0
lim z;(t) — D.; =0, (6b)
t—o0

tli;néolo ¢j(t) = w857 wss € (_%7 %)7 (60)
tli>ngo 6] (t) = 9357 053 S ( % %)7 (6d)
lim ., (t) = Urqg = 0, (6e)
t— o0
Jm z;(t) —@i(t) — dji = 0. (6f)

Control objectives (6a) and (6b) express the path-following control
objectives, where D,; and D.; are offsets to the path P that
are given by the desired formation structure. Control objectives
and (6d) describe the desired side-slipping motion in steady-
state, which is necessary for disturbance rejection in the transversal
direction of the path despite the absence of actuation in sway and
heave. Control objective assures that all vehicles achieve the
same desired velocity. Control objective (6I) specifies that the inter
vehicle distance along the path should converge to a pre-defined
value dj; given by the desired formation structure.



Fig. 1. Geometry of the 3D-ILOS path-following for Ay, = A, = A

C. Communication Topology

To synchronise the along-path distance, communication of the
along-path distance between the vehicles is required. This infor-
mation can then be used in local synchronisation laws resulting in
a decentralised approach. Graph theory [20] is used to model the
communication.

The communication network is represented by a directed graph
or digraph G(V, E), where V is a set of vertices representing the
vessels and E is a set of edges representing the communication
flow. The neighbourhood A; of v; is the set of vertices v; € V
such that there is an edge from v; to v;. Hence, when controlling
vessel j only the along-path position x; of the vessels where ¢ € A;
may be used. The above allows us to give some definitions, based
on [21], that are used in the analysis of the formation dynamics. A
vertex vy € V reachable from vertex v; € V if there is a path from
v; to vg. A vertex is globally reachable if it can be reached from
every vertex in G(V, F). The graph is said to be strongly connected,
if all vertices of G(V, E) are globally reachable.

III. CONTROL SYSTEM

In this section the control system is proposed. In the first
subsection the path-following control strategy is introduced. The
second subsection describes the controller used to achieve along-
path coordination.

A. Path-Following Control

Path-following is achieved using integral line-of-sight (LOS)
guidance combined with feedback linearising controllers for the
yaw and pitch angle (see Fig. [I).

1) Yaw Control: The desired yaw angle is calculated using an
integral LOS guidance law, first introduced in [22], based on the y
distance to the path which results in

Yq £

Ay

—tan~! (m) . A, >0, (7a)

o A-Dy)
Yint = ((y_Dyj)+f’yyim)2+A§7 (70)

with o, > 0 the integral gain and A, the look-ahead distance.
The desired yaw angle is tracked using the following feedback
linearising yaw rate controller

Tr = — Fr(ur,vmr) - QSID(QW'
+ cos(0) |:1Ld — ky (Y — ta) — kv(w - Qf'hi)} )

with £y > 0 and &, > 0 the proportional and derivative controller
gains respectively.

2) Pitch Control: The desired pitch angle is calculated using an
integral LOS guidance based on the z distance to the path, resulting
in

®)

0a 2 tant (C=Pate=mn) oA S0, o)

P Az (2—Dj)
T (D) Fozzing) AL

(9b)

with o, > 0 the integral gain and A, the look-ahead distance.
The desired pitch angle is tracked using the following feedback
linearising pitch rate controller

Tq = —Fy(0,tr,wy, q) + 0a — ke(0 — 0a) — kqe(0 — 0a), (10)

with kg > 0 and k, > O the proportional and derivative controller
gains respectively.
B. Coordination Control

The coordination controller consists of a velocity assignment
proportional to the coordination error combined with a feedback
linearising surge controller. The velocity assignment is chosen as

e, £ Ura—g( > (w5 — wi — dyy)), (an
iEAj

with U,q the desired constant relative surge velocity and g(x)
proportional to the along-path coordination error. The function
g(z) : R — R should be a continuously differentiable saturation-
like function satisfying

—a S g(x) S a,
0<g(z)<p, VreR,

vz e R, g¢(0)=0,
g'(x) £ dg/dx
where a is the parameter from Assumption [7} and p > 0 is an
arbitrary constant. This also implies that the function g(x) should

be a sector function belonging to the sector [0, u]. A suitable choice
for g(x) is for example

12)

g(x) &2 tan™" (z). (13)

Assumption 8: The desired relative surge velocity u. satisfies the
Znw, Zw,

following condition:
er (uﬁ) er (uC) }

and consequently U,q > u. + a to allow for the necessary velocity
manipulation by the coordination law.

To track uc, the following feedback linearising P controller is
applied to each vessel

Ue > Max {Vmax + %

72Vmax +2‘

Tu = —Fu,,.(’l}m 7") + %lllucj + 1.1/51' - k’u,,.(u'r - UCj)7 (14)
with k., > 0 a constant gain. Note that part of the surge

damping is not cancelled to guarantee some robustness w.r.t. model
uncertainties.
Using the notation

X9 A Xo (e, 15
e E[&fﬁ%nax ‘ J (u 7)| (15)
Yo' A min [Ya,j (e, ) (16)

Uej €[Umin,Umax]

with a € {vr, wr}, Umin = Urqd — a, and Umax = Uyq + a Where
the main result can then be formulated as follows.

Theorem 1: Consider a formation of n vessels described by ().
Suppose that ug is continuously differentiable, Assumptions 2}fg]
are satisfied, and the communication graph contains at least one
globally reachable vertex. If the look-ahead distances A, and A,

and the integral gains o, and o, satisfy the conditions

_ X521 [ 5 Cimax+Vinax+oy
By = [Yapin| | 4 Toin—Vimax—0y +1], (17a)
| X max | . v
— wr 1 2 lmaxT Vmax Tz
Az = i p(0:) [4 praxdymetss 4 1] , (17b)
0 < Oy < Finf - Vmax, (170)



Zuw,

O<Uz<Umin_Vmax_g ymin | (17d)

with p(Uz) A Umax—Vmax—Sasz (17e)
Umin_Vmax_gz_ﬁ YmiTn

for 5 = 1,...,n, then the controllers (7I0), ([4) guar-

antee achievement of the control goals @ with s =
—tan™"(V,/\/T(s)2 — V) and 6,5 = tan™"(s).

Remark 3: The constant s and the function I'(s) are defined in
the next section when the closed-loop dynamics are derived.
The proof of Theorem [I]is given in Section [V] which considers the
closed-loop stability of the error dynamics.

IV. CLOSED-LOOP SYSTEM

In this section the closed-loop dynamics are formulated. The
closed-loop path-following error and tracking error dynamics are
derived first. The coordination error dynamics are derived second
and finally the full closed-loop system is presented.

A. Path-following and Tracking Error Dynamics

In this subsection the tracking and path-following error dynamics
are considered. The derivation of these dynamics follow those in
[16] and [17], in which the same path-following dynamics are
investigated for single vehicles. The tracking errors are analysed
by substituting the controllers (8), (T0), and (T4) into the dy-
namical system . For analysis we mtroduce the Vector =

[ur,w,r 9 q] w1th tracking errors ur = ur Ue, ¢ Y — a,
FAr—qg 02 0—0, and § £ q— 04. The tracking error
dynamlcs are given by
—kw—illll 0 0 0 o0
&= 0 R,k 0 0 |E=3& (18
0 o 0 0 1
0 0 0 —ky —k

q

The system is linear and time-invariant and k.., di1/m11, kv,
ko, kq, and k, are all strictly positive. Therefore, > is Hurwitz and
the origin of the tracking error dynamics @) is uniformly globally
exponentially stable (UGES).

The first part of the path-following dynamics consists of the z —
w, subsystem given by

. A.(3-Ds;)
Zint = ((Z_Dzj)+0zzijt)2+A§’ (19a)

2= —u, sin(0 + 0q) + wy cos(0 + 04) + V2, (19b)
Wy = X, (ur)q + Y, (ur)w, + Zu, sin(0 4 04).  (19c)

In [17] it is shown that the equilibrium of (T9) satisfies

Oz OzZz
Zeq — Dzj, A:\t ‘/z ( ZAmt> + 1

e
qu = Uc

where 2% is the unique solution of:

svVs2+1= %52 — uf;T s+ Vz (20)

with s £ 0,2 Zi A
The second part of the path-following dynamics is formed by the
Yy — v, subsystem given by

mt

Ay(y*Dyﬁ

Yint = ((y—Dyj)+tfyyint)2+A§’ (21a)
§ = u, sin(¢) + 1ha) cos(0 + 0a) + vy cos( 4 1q)

+ wysin(y + ¥a) sin(0 4 04) + Vi, (21b)

Or = X, () (P + 1)) cos(0 + 04) + Y, (ur)vr, (21c¢)

for which it is shown in [17] that the equilibrium is given by

eq _ Ay Vy ed _ ) eq _
Yint = 7, T2V’ Yy =Dy;, v =0,
A Z 2
where T'(s) £ ue—m—e — S%r ¢

Yo s2+1°

RV4 s2 +1
The equilibrium point of the (I9) and (ZI) can be moved to the
origin using the introduction of the following error variables

Dzj) — 0z€zy, €25 £ Wy — w?r?t
£ (y — Dy;) —

and including the tracking error dynamics (I8), the system can be
written in the cascaded form

eq A
Zints €20 = (2 —

L eq
€y1 = Yint = Ying>  Cy2

A
€z = Zint —

Oy€yy,

‘?m €y1
€yy | = Az(ey,) |€ys | + Ba(ey,)p(ey,) + Hax,
Op vy (22)
Aile, H; B (e
A e BT
with x £ e, €2y, €25, &7 |7 . Hence, the tracking errors are placed

in cascade with the z — w, subsystem and this cascade is placed
in cascade with the y — v, subsystem. The matrices A1(e.,)
and As(ey,) can be found in and (30), matrices B (ez,),
Bs(ey,), f(ex,), and p(ey,) are defined as

T
s AZXGe Vs,
B, = |:0 V., (ergtorst)Z4AZ — Zw, \/ﬁ] (23)
—A2xucy, T
£ 10,V,, y_vy Y
B |: ! Vs?+1(ey, +‘77/ymc)2+A2 24
_ _ v (o2 Zler?t)z"rAg
flez) =1 Vieroiaiat (25)
oy d)2 2
pleg,) =1 — YT F20 (26)

vV (eyz +oy yier?t )2+A12J ’

The interconnection matrices H1(z, Zint, 04, wr,¢) and
H>(y, Yint, 0a, a, vr, x) contain the terms perturbing terms for
the cascade from control tracking errors to the z — w, subsystem
and the perturbing terms van z — w, to the y — v, subsystem
respectively. The interconnection term H £ goes to zero when £
goes to zero and H2x goes to zero when x goes to zero. The
interconnection matrices are given by

0 0] s
s 1 ol | P=
Hl Ay pr(ur‘f'uc) 1 |:h5r:| (27)
| (e2p+ozze)2+A2
i 0 0 r
h
H;2 1 O | 28
2 _AvaT,(ﬁr+uc)cos(6~+9d) 1 h;z,l (28)
L (eys +oyyi )2 +A7

where the expressions for AL, hT hT and th can be found in
Appendix [l

In [17] it is shown that the path-following cascaded system
@) has a UGAS equilibrium at the origin for a constant velocity
satisfying Assumption [8] and constants satisfying (T7).

Remark 4: Note that for the case of a constant velocity u. we
have Umax = Unin = Ue, X™ = X™" = X" and Y™™ =
y™in = YU for the constants in (17).

Remark 5: Note that the proof in [17] applies only for a constant
velocity u.. However in the case considered here the velocity is not
constant, and therefore the proof cannot be directly applied to the
coordinated path-following scenario. However it will be shown that
when analysing the closed-loop in Section [V] we can still utilise



this proof when the velocity satisfies uc € [Ura — a,Urq + a] as
defined in (TI).

Remark 6: Despite the singularity in 6 in the open loop system
(@), this singularity does not appear in the closed-loop path-
following error dynamics (22). Therefore, global results can be
achieved for the path-following error. However, for the AUV model
0o = +m/2 should be excluded as an initial condition.

B. Coordination Error Dynamics
The coordination error dynamics are expressed in the z-direction
of the inertial frame and therefore we consider (3a)
& = (e + ) cos(P + 1ha) cos(0 + 0a) — vy sin(P + 1hq)
+ wy cos(P + 1a) sin(0 + 0a) + Vi
= T'(s) cos(1ha) + g(z) cos(tss) cos(Bss) + Vi + hL ¢
where hT ¢ is the interconnection term between the coordination

error dynamics and path-following error dynamics with { =
[€yy s €ys, vr, X]T. The elements of h” are given by

€1V

hz1 = hga = hag = hz11 =0

hz2 = g(x) cos(Oss) [% cos(ss) + % sin(wss)]
Y Y

hes = —sin(Y + ¥a)

has = ue cos(Pq) [7005(62)_1 cos(0ss) + 7512(2”) sin(@ss)}

+ we% cos(vq) [% cos(0ss) + % sin(Gss)]
hao = cos(ih + Pa) sin(0 + 04) (32)
hat = cos(y) + ¥q) cos(d + 04)
hag = [wqu sin(d + 604) + ue cos(f + Gd)]

cos(9h)—1 _ sin(¢) .
[ s cos(¢q) 3 Sln(wd)]
hz1o = [wif cos(¥q) + uc cos(a)]
[L"éw) cos(0q) + 7@8(2)71 sin(Gd)] .

Using that the steady-state path-following velocity U, is given
by U, = T(s)cos(thss) + Vi, we can introduce the change of
coordinates ¥; 2 z; —d; — f:ﬂ Ugds for j =1,...,n where d; is
such that d; — d; = dj;. The path-following dynamics can be
transformed into the coordination error dynamics using this changes
of coordinates

79j = —g( Z (9; — 191)> cos(thss) cos(0ss) + hf(.

1€A;

(33)

Remark 7: Note that ¥; —¥; = 0,Vi,j = 1,...,n implies that
(61) is satisfied and along-path coordination is achieved. Moreover,
since 4, converges exponentially to zero satisfaction of @ also
implies that is satisfied.

To consider all vessels we write the system in vector form
by defining 9 2 [91,...,9.]%, g(¥) £ [g(th),...,9(%)]",
A £ [diag{cos(tss, ) c0s(0ss, ), - - ., c0s(tss,, ) cos(0ss, )}, ¢ 2
€T, .., ¢E)", and H, 2 [hay,. .., he,]", such that (33) can be
written as

9 = —Ag(LY) + H,(¢,9)¢ (34)

where L is the Laplacian matrix of the graph G with elements:

6; ifj=1
I 2 —1, ifj#i A (4,9)€E, ji=1,....,n (35
0, otherwise

with §; the number of outgoing edges from v;. By definition the
Laplacian has one or more eigenvalues at zero with the vector of all

ones as eigenvector. If the graph is strongly connected, i.e. it has n
globally reachable vertices, then the zero eigenvalue is simple and
L is symmetric and positive semi-definite (see [20], [21]).

As stated in [13] the consensus properties of the coordination-
error dynamics cannot be determined by simply analysing its
stability properties, since it can have multiple equilibria depending
on the network topology. Therefore, a coordinate transform is
proposed in [13, Lemma 2] which can also be derived for system
equation (34).

Lemma 1 ( [13, Lemma 2]): Consider system @) Under the
condition of Theorem [] there exists a coordinate transformation
¢ 2 TY, T e R VX" such that the following holds:

1) ¢ = 0 implies that ¥; = ... = Jp;

2) the dynamics of ¢ are of the form

= f(¢)+G(¢ d)¢

with G (¢, @) globally bounded, uniformly in ¢ and ¢;
3) @ = f(¢) is UGAS with positive definite and radially
unbounded Lyapunov function V = V(¢) satisfying

(36)

ov

%(@f((ﬁ) < —W(¢) <0, V¢ e R" '\ {0}

ov

(37

(MkchMGW*. (38)

Proof: The proof for the case considered here is equivalent

to that in [14] and therefore omitted in favour of the resulting

transformation. The transformation is based on a partitioning of
the Laplacian:

L=[" wnr] (39)

0 MzMm7T
resulting in the coordinate transformation:

Ly Ly

¢é[0 Mg]aé:m.

Applying this coordinate transform results in

(40)

d') _ [*L1A191(¢1)*L2A292<H)] +TH,(¢,9)¢

~MT Asgy(k)
(@) +G((,9)¢

where ¢ = [¢],p2]", with ¢, € R"™" and ¢ € R", and we

defined k 2 M3¢, to simplify notation. Moreover, using it

is straightforward to verify that G(¢, ¢) £ TH (¢, ¢) is globally

bounded in its arguments. |
The total closed-loop system can now be formulated as:

(41)
(42)

1>

¢ = f(d) +G(C ¢)¢ (43)
] Ag(ey,) | Hy B (eyy)p(ey,)
= 0 ‘ Ay (822) H; ¢+ | Bi(ezy)f(ez) (43b)
0 b 0

By splitting u. in the constant desired velocity U,q and the
adaptive part g(x) the coupling between the coordination dynamics
and path-following error dynamics becomes evident

¢ = f(¢)+G(C ¢)¢ (44a)
) Ag(ey,, Ura) | H,
C = 0 Ay (ezszrd) H;y ¢
0 b
(44b)
Ba(ey,)p(ey,) Ca(ey,)
Ci(ez,) g(m)

+ | Bilez)flez) | +
0 0

where Cg(x) is the feedback from coordination dynamics in path-
following dynamics.
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Ay (ezgtozz )2 +AZ <<622+Uzzint) +AZ \/(622+azzfjt)2+ag> 1/(eZ2+ozz?§t)2+A§ (29)
—o2aZxuc o2A2X e N Zuw, ue Az Xie yue AZxue
€q € - - G
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V. CLOSED-LOOP STABILITY

Note that the coupling term seen in (@4B) is a result of the
combination of having a multi-agent system and having disturbance
rejection. With only one of these, the system would be in a cascaded
form. Now instead the system has a feedback-interconnected form.
However, feedback-interconnected systems can be analysed as
cascade-interconnected system using a technique called ‘breaking
the loop’, as introduced in [1]. In [1] it is shown how a system of
the form:

T = f1 (t, 1'1) =+ g(t7 1‘1,1‘2) (452)
i’z = f2 (t, 1, .%'2) (451’))
can be analysed as a cascaded system of the form
& = [t &)+ 9(t, &1, &)é (46a)
& = fat,1(1), &) = fa(t, &2) (46b)

where f2(t,x1(t),&2) depends on the parameter x1, with x1(t)
denoting solutions of (@5a)), under the conditions that

1) z1 =0 is a UGAS equilibrium for &1 = f1 (¢, z1).

2) The solutions of (#3) are uniformly globally bounded.

Condition 1) translates to the closed-loop system (@3) satisfying
the following condition:

Condition 1: ¢ = 0 is a UGAS equilibrium for ¢» = f ().

Condition [T] is verified by claim 3) from Lemma [T}

Verifying condition 2) requires satisfying the following subcon-
ditions

Condition 2a: There exists a C' positive definite radially un-
bounded function V : R x R™ — Rxq, a1 € Koo and continuous
non-decreasing functions au, o R>p x R = R>¢ such that

V(t,z1) > ai(|z1]) 47
Ve (1 21) < aa(lza])ad(|a2); (48)
i do
— =00 49)
/a (o 1(”))
Condition [2a] can be verified using the function
Vs (¢) = 5¢° (50)

which is clearly Koo, satisfying @7). From (30) it follows that

VEm (6) 2 G + 55 (F(@) + GG o) = 676, 6D
Using (@T)) and (32) it can be verified that functions
ai(|gl) £ " (52)
Sartliiy |[+|vry [+lezg, [+31wSd | +3Uq, |
ai(l¢l) = |T| (53)

S5a+|tpy, [+|vr, [+lezg, [+3|wid [43|Urq, |

Tn

satisfy the inequality

Vi (@) < aallo))ai(C)

with o, oy : R>o x R = R>o continuous and non-decreasing
w.r.t. their arguments.
To verify that holds, note that o' (%) = v/2% and conse-
quently it holds that
 do

/ o do

— 1, = ==
o aua(ag 1(v)) o V20

Condition 2b: We dispose of a C! function V : RxR"™ — R>o,
a1, a2 € Ko, and a positive semidefinite function W such that

ar(|z1]) S V(t, 1) < az(|z1]) (54)
% + %f1(t,l‘1) S —W(xl) (55)

for all ¢ € [to, tmax) and all z1 € R™*.

Condition [2b] holds as a direct consequence of Condition [T being
satisfied.

Condition 2c: There exists 8 € KL such that the solutions
x2(t, o, 20, T1) Of o = fo(t, x2) satisfy

‘Iz(t,tmwzo, $1)| < ﬁ(|l‘2o|, t— to) vVt € [to,tmax). (56)

To show that Condition [2c| holds the stability proof of the path-
following strategy from [17] is utilised. It should be noted that
|z2 (¢, to, T20, x1)| represents the solutions of for fixed values
of the parameter zi, i.e. solutions of the path-following error
dynamics (@4D) for fixed values of the coordination error ¢ and
hence fixed values of the velocity. Consequently, the stability proof
from [17] for UGAS and ULES of the origin of (#4b) implies that
inequality (56) holds. However UGAS of the origin of (#4b) cannot
be claimed since (56) only holds for the existence of the solutions
[1].

Condition 2) is now verified with the following theorem:

Theorem 2: Consider system (@3) under the following condi-
tions:

as(|g|) & Ch (57)
as(I¢]) £ a4 (I¢) (58)

with C1 from (38). Then, the solutions of @3) are uniformly
globally bounded.

Proof: Theorem [2] holds, since using (38) and (7) it can be
verified that [1, Theorem 2], which is given as Theorem in
Appendix [[I} holds for system (@3). ]

Theorem 3: The origin of {@3) is UGAS if Condition [T] and the
conditions of Theorem [2] hold.

Proof: 1t is shown that both Condition [I] and Theorem [2] hold
and hence we can invoke [1, Proposition 2], given as Proposition

[AT]in Appendix [[I] for system (@3). ]



TABLE I
SIMULATION PARAMETERS.

Variable Value Unit \ Variable Value Unit
Ay 10 m Oy, Oz 0.2 -
Az 20 m d12, d13 50 m
Va -0.11028 m/s Vy 0.08854 m/s
V. -0.05 m/s D, -20 m
Dy, D,y -10 m Dy, 0 m
Dy, -50 m | Dy, 50 m
Urq 2 m/s a 0.2 m/s

This implies that the control goals (6 are achieved and thus the
proof of Theorem [T]is complete. The results are illustrated with a
case study in the next section.

VI. CASE STUDY

This case study considers three AUVs moving in three dimen-
sional space affected by a constant three dimensional ocean current.
The parameters for the model (]ZI) are obtained from [23]. The
simulation parameters to describe the formation, the ocean current,
the tuning of the integral line-of-sight guidance, and the formation
control strategy are given in Table [[} It can be verified that these
parameters satisfy all conditions of Theoremm The initial position
for the AUVs is given by

Tlo 0 T20 0 T30 0
Ylo —100 Y20 50 Y30 —50
Zlo = —50 |, 220 = —50 s 230 = —50
010 0 020 0 030 0
Yo ™ Y20 /2 Y30 —m/2

The communication topology is as follows: AUV-1 communi-
cates it position to both AUV-2 and AUV-3, and AUV-3 com-
municates its position to AUV-1. Note that this makes AUV-1 a
globally reachable vertex in the Laplacion of the communication
graph. Hence, the conditions in Subsection and Section |IV]|are
satisfied.

The motion of the vehicles in three dimensional space can be
seen in Figure [2] From Figure [2] it can be seen that the vehicles
converge to their assigned path. This is confirmed by the error plots
in Figure 3] From which is it can be seen that the y- and z-direction
path-following errors converge to zero. Figure [] shows that the
along-path formation errors go to zero and the desired formation
is achieved. The actuation signals required by the control strategy
can be seen in Figure [3]

— AUV 1
— AUV 2

1000

-500 -100

x [m] y [m]

Fig. 2. AUV trajectories in 3-D space

VII. CONCLUSIONS

In this paper a control strategy for straight-line coordinated path-
following of under-actuated vehicles moving in three dimensional
space has been presented. It has been shown that using integral LOS
guidance the vehicles are able to reject an unknown, but constant,
environmental disturbance, whilst simultaneously coordinating their
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Fig.z%. Path following errors y (solid) and z (dashed)
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Fig. 4. Along-path formation errors
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motion along a desired path with a nonlinear decentralised co-
ordination law to achieve a desired formation. The origin of the
combined coordination and path-following error dynamics is shown
to be UGAS by showing that our feedback-interconnected system
can be analysed as a cascaded system and satisfies the conditions
to prove UGAS. Simulation results were presented that validate the
theoretical results.
APPENDIX I
FUNCTION DEFINITIONS

Fu, (vr,wr, 7, q) & 2 [(magvr + masr)r — (mazwr + m34q)ql,

mi1
2
A Mas—M11M55 dssmas —dasmss
Xo,. (ur) = 3 Ur PR
Ma2ms55—M3y M22ms55—Mm3y
A (mogs—mi1)m doomss —dgam
Yvr(u'r):( 22—m11) 25, d22miss —dspmaos

ma2mss —myy Mm22ms5 —May

+ daam3q—dzgmayg
mgagmgq—m3,

(ur) & —m2, +miimay
- 2

m3zmaq—m3z, ’

_ dzzmaq—dagmsa

A (m11—m33)maq
Yo, (ur) = Sayoes
mg3gmaqa—miy

mazmas—m3,
A BG,Wmay
oS —
m3gzmgq—m3, "’

Ur )

A m34d3zz—m33(daz—(maz—mi1)ur)
Fy(0,ur,wr,q) = 72 Wy
(I( s Ur, 77Q) m33m44—m§4 r

+ m34(d3za—m11ur)—m33(dsa —m3qur) q
m33mas—ma,
_ _BG,Wmaga3 sin(@),
m33maq—m3,

A doo— d — .
Fr(ur, vy, r) & m25d22 ma(dsst(mag—may)ur)
m22ms55 —Myy

4 m2s (d2s+m11ur)—maa(dss+masur),.
M22ms5 —May

Vectors h. = [ha1,hea, hos, hea, hes]”
[hw, 1y P2, w3y Ba,a, hwr5]T are defined as:

ho1 = —sin(0 + 64);

haa = wy [7‘:05(?71 cos(04) —

and hy, £

hz2 = hzz =hy5 =0

sin(0) .
== sm(@d)]

¢ [Lné(é) cos(0q) + 7605(2)_1 sin(Bd)]

wa- (ﬂr"!‘uc)_X:L;C
hw,1 = #’er (#int, 2, wr)

Yw, (@rtuc) =Y ¢
+ wr%

)



hw,a = Zw, [% cos(0q) + w sin(Gd)] ,

thS = Xw.,. ('a'r + uc)§ hwr2 = hwr3 =0.

The vectors hy, 2 [hy1, hy2, hys, By, hys, hye, hy7, hys]® and
h'Ur £ [hvrl, h'Ur2’ hvr37 hvr47 hvr57 hera hvr77 hvrs]T are de-
fined as:

By = Uc A 1
Y
€292 \/(ezg+0'zzi?t)2+A§ V241

s Zw, 1 €zg +Uzzu\t _ S
241 Yur €= | fea, toa253)2 +A2 241 |7
hyz = sin(é +04) sin(?ﬂ + a), hys = cos(0~ +604) sin(¢) + Yq)
hys = |:uC cos(0 + 04) — \/7 Yﬂtﬁz sin(4 + Od)]

. sin(1) cos(p—1) .
[ s C?S(Wd) + s Slfl(l/’d)]
+ vy [ cos(yg) — B sin(ypy) |

hy7 = ucsin(tg) [% cos(0q) — Sm(G) sm(Hd)}

e sin(ba) [ 24 cos(0,) + <P sin(6,)]

hyl = hy6 - hy8 - 0»

XUc
hon2 = 2* Bz — ——=— | Yo, (Yint, ¥, vr)
r €zo \/(622+Jzziel?t)2+Ag /52+1’ r\Yint, Y, 5
Xy, (Uptuc)—Xte
h71T4 = N ﬂqt o COS(e + Gd)’}/’vr (ymtvyav'r)
4oy Do (Ertue) 7Yy

U

Rone = Xo,. (G +uc) cos(0 +04), ho,1 = ho,3 = ho,5 = hy,g =0

ho,7 = [% cos(0q) — bm(g) bm(ed)} XoYor (Yint, Y, vr).-

Functions ~uw, (Zint, 2, wr) and Yo, (Yint, y, vr) are defined as

2

A Azuc(2+022int) 4

Yw, = a2 A213/2 sqe T A 372 Wr
’ ((z+0220%)2+A2)3/ ((z+02200)2+A2)
UZAZ ALV,
+ ((rto-200)21Az)2 ? + (z+Uzzmt)2+A2)
~ Y AyT(8)(Y+oyying A2
U T (Yo )2 +A2)3/2 ((y+0yymt)2+A2)3/2
U-‘/Az AyVy
T oyt )? 1822 Y T to, vt )21 AZ)

APPENDIX II
REFERENCE THEOREMS

This appendix presents Theorem 2 and Proposition 2 from [1]
which are used in the stability proof of the closed-loop system in
Section [V]

Theorem A.1 ( [1, Theorem 2]): Consider system @) under the
following conditions:

1) Condition [2a] 2B} and [2¢| hold;
2) there exist as, a5 € K such that

Ly V]| < as(|a1])as(|22]) (59)
and for each r > 0 there exist A, 7, > 0 such that
t>0, |z1] > nr = as(|z1]) < AW (x1) (60)

Then, the solutions of @3) are uniformly globally bounded.
Proposition A.1 ( [1, Proposition 2]): Under Condition |I| and
the conditions of Theorem [2] the origin of [@3) is UGAS.
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