S

IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, VOL. 00, NO. 0, 2022

A General Safety-Certified Cooperative Control
Architecture for Interconnected Intelligent Surface
Vehicles With Applications to Vessel Train

Wentao Wu
and Dan Wang

Abstract—This paper considers cooperative control of intercon-
nected intelligent surface vehicles (ISV) moving in a complex water
surface containing multiple static/dynamic obstacles. Each ISV is
subject to control force and moment constraints, in addition to
internal model uncertainties and external disturbances induced
by wind, waves and currents. A general safety-certified cooper-
ative control architecture capable of achieving various collective
behaviors such as consensus, containment, enclosing, and flock-
ing, is proposed. Specifically, a distributed motion generator is
used to generate desired reference signals for each ISV. Robust-
exact-differentiators-based (RED-based) extended state observers
(ESOs) are designed for recovering unknown total disturbances
in finite time. With the aid of control Lyapunov functions, input-
to-state safe high order control barrier functions and RED-based
ESOs, constrained quadratic optimization problems are formu-
lated to generate optimal surge force and yaw moment without
violating the input, stability, safety constraints. In order to facilitate
real-time implementations, a one-layer recurrent neural network is
employed to solve the constrained quadratic optimization problem
on board. It is proved that all tracking errors of the closed-loop
system are uniformly ultimately bounded and the multi-ISV sys-
tem is input-to-state safe. An example is given to substantiate the
effectiveness of the proposed general safety-certified cooperative
control architecture.

Index Terms—Distributed motion generator, intelligent surface
vehicles, input-to-state safe high-order control barrier function,
one-layer recurrent neural networks.
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1. INTRODUCTION

ITH the rapid advancements in communication and
W computer technologies, cooperative operations of
multiple intelligent vehicles has aroused plentiful interest
worldwide [1]-[5]. Intelligent surface vehicles (ISV) is a
marine transportation platform with numerous applications such
as carriage of goods, conveying of passengers and waterway
transportation [6]-[8]. A number of cooperative control ap-
proaches are proposed such as virtual structure mechanisms [9],
behavioral methods [10], artificial potential fields [11], graph-
based methods [12], and leader-follower approaches [13].

Various cooperative control approaches for multiple ISVs
are proposed; see the references and therein [14]-[27]. Specif-
ically, in [14], [15], leader-follower formation control methods
with predefined transient properties are devised for ISVs with
the ability of collision avoidance. In [16], an output-feedback
consensus maneuvering control method is investigated for a
fleet of ISVs, which addresses a cooperative time-varying for-
mation maneuvering problem with connectivity preservation
and collision avoidance. In [17], an output-feedback flocking
control method is developed for marine vehicles based on data-
driven adaptive extended state observers (ESOs). In [18], an
observer-based finite-time containment control method is pro-
posed to achieve a path-guided formation capable of avoidance
collision and connectivity preservation. In [19], a distributed
robust collision-free formation control scheme based on the
super-twisting control and persistent excitation is developed for
underactuated vessels, which may possess completely different
dynamic models. In [20], an improved real-time attitude guid-
ance scheme with the dynamical virtual ship is initially devel-
oped for the waypoints-based path-following of ISVs subject to
multi-static or slow time-varying obstacles. In [21], a model-
reference collision-free tracking control method is presented for
surface vehicles to enhance control accuracy and intelligence
by using the reinforcement learning technique. In [22], a new
nonlinearly transformed formation error is constructed for ISV's
to achieve the connectivity preservation, the collision avoidance,
and the distributed formation without switching the desired
formation pattern and using any additional potential functions.
In [23], a robust leader-follower formation tracking algorithm
is presented by using connectivity-maintaining and collision-
avoiding performance functions for vessels with range-limited
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communication and completely unknown nonlinearities. In [24],
the local path replanning-based repulsive potential function
technique is designed to achieve the collision-free distributed
formation control with the distributed fixed-time estimator.
In [25], a target region tracking control strategy based on the
adaptive neural network (NN) is proposed for ocean vessels
without no intra-group collisions. In [26], a distributed synchro-
nization controller based on p-times differentiable step functions
is designed for multiple ISVs while ensuring no collisions
among neighboring ships. In [27], an intent inference-based
probabilistic velocity obstacle method is developed to avoid
COLREG-violating vessels by combining the marine traffic
rules with the proactive evasive actions. However, the formation
control methods presented in [7]-[9], [12]-[27] are designed for
specific formation scenarios with different control architectures,
which may be inflexible in practice one one hand. On the other
hand, the collision avoidance methods presented in [14]-[27]
cannot avoid collisions with static obstacles, dynamic obstacles,
and the neighboring vehicles, simultaneously.

In this paper, we present a general collision-free safety-
certified cooperative control architecture for multiple intercon-
nected ISVs subject to input constraints, model uncertainties and
environmental disturbances. The cooperative control architec-
ture includes a high-level distributed motion generator and a low-
level trajectory tracking controller. Specifically, the distributed
motion generator prescribes the reference trajectories for achiev-
ing desired swarm behaviors including consensus, containment,
enclosing, flocking, etc. At the low level control, by using robust-
exact-differentiator-based (RED-based) ESOs for estimating the
total disturbances in finite time, control Lyapunov functions
(CLF) for assuring stability, and input-to-state safe high order
control barrier functions (ISSf-HOCBF) for guaranteeing safety,
constrained quadratic programs (QPs) are formulated to obtain
optimal surge force and yaw moment. To facilitate real-time
implementations, one-layer recurrent neural networks (RNNs)
are employed to solve the constrained quadratic optimization
problem on board. The tracking errors of the closed-loop system
are proved to be uniformly ultimately bounded and the safety of
the multi-ISV system is guaranteed. An application to the vessel
train is given to substantiate the effectiveness of the proposed
general safety-certified cooperative control architecture.

Compared with contributions in [7]-[9], [12]-[48], the main
features of the proposed general safety-certified cooperative
control architecture with control method are summarized into
three-folds:

1) In contrast to the formation controllers in [7]-[9], [12]-
[44] with specific coordinated control scenarios, this pa-
per presents a general safety-certified cooperative control
architecture consisting of a high-level distributed motion
generator and a low-level tracking controller. The pro-
posed cooperative control architecture is universal and
takes the capabilities to be compatible with various co-
ordinated control scenarios and achieve various collective
behaviors.

2) In contrast to the collision avoidance strategies in [14]—
[27], [45], [46], ISSf-HOCBF:s are designed to construct
the safety constraints from static/dynamic obstacles and
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neighboring vehicles. Within safety, stability, and input
constraints, the optimal control force and moment are ob-
tained in realtime by the designed RNNs without resorting
to optimization tools.

3) In contrast to the disturbance observers in [16], [17], [26],
[34],[47], the proposed RED-based ESOs can estimate the
unknown total disturbances in finite time. Different from
the fuzzy/NN approximation approaches in [14], [15],
[20], [21], [24], [25], [28], [33], [35], [48], RED-based
ESOs takes a simpler estimation structure and fewer tuning
parameters.

This paper is organized as follows. Section II states pre-
liminaries and problem formulation. Section III designs the
controller. Section IV analyzes the stability and the safety of
the closed-loop system. Section V gives simulation results.
Section VI concludes this paper.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Notation

For a vector a = [aj,...,a,]7 € R™ and a constant b €
(0,1), we define the symbol [a|® = [[a1]®, ..., [a|*]T with
[a;]® = sgn(a;)|a;|’, i = 1,...,n, where sgn(-) is a signum
function. A continuous function (-) : (¢,d) — R is named as
an extended class K function (k(-) € K.) with ¢,d > 0, iff x(+)
is strictly monotonically increasing and x(0) = 0. It is called as
an extended class K function (k(-) € K ) when ¢, d — o0
and lim, ;o £(¢) = 00, lim,, o k() = —00. ess sup (-) de-
notes the essential supremum of (-).

B. Input-to-State Safe High Order Control Barrier Function

Consider an affine control system with disturbances w € R"
in this form

&= f(x) + g(x)u +w, (1)

where x € R" is the system state. v € R™ is the control input.
f(z) € R™ and g(z) € R™*™ are locally Lipschitz continu-
ous functions. w is assumed to be bounded and satisfied with
o]l 2 esssupysg [l

Definition 1 ([49]): Forasystem (1) withw = 0, a super-level
set C C R™ with a continuously differentiable function h(z) :
R™ — R is defined as

C={zeR": h(x) >0},
9C ={x e R" : h(z) = 0},
Int(C) = {z € R" : h(x) > 0}. ()
Then, the set C is forward invariant if there is z:(¢) € C for any
x(tg) € C, V't > to. The forward invariance of C indicates that
the system (1) with w = 0 is safe on C.

Definition 2 ( [49]): Forasystem (1), an extended setC,, O C
with the continuous functions h(z) is defined as follows

Co = {z € R™ : h(2) + ki (||w]ls) > 0},

aC, = {x eR™: h(x) + “w(HWHDO) = 0}, (3)
Int(C,,) = {x € R" : h(z) + Ky (||wlla) > 0}.
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The set C,, is forward invariant for all ||w||, < @ € R*, if
there exist a control input v and a function x,,(-) € K. Then,
the system (1) is input-to-state safe (ISSf) on C as in (2) if the
forward invariant set C,, is existed.

For a continuously differentiable function i () with a relative
degree d > 1, we define a series of functions y; : R" — R and
corresponding sets C;,, as follows

{ Xi(z) = Xi—1(x) + /i (xi-1(2)), (4)
Ciw ={z € R" : x;-1(%) > —kiw(|lwlleo)}

where xo(z) = h(z),i=1,...d,and k;(-) € Kxe.

Definition 3 ([49]): Given functions x1(x), ..., xa(z) and
sets Cyw, - - -, Cqy, defined by (4), the continuously differentiable
function h(z) with relative degree d > 1 is called as an ISSf-
HOCBEF for system (1) on the set C, if there exist a constant
@ > 0 and functions £4(-) € Kuoe, Fdw(+) € K such that for
all z € R™ and w € R™ with |jw|lw <@

3Xd71($)w

sup L?h(x) + LgL;lflh(x)u + 92T

ueR™

+ kd (Xa-1(7)) | 2 —kKaw(|wllx),  (5)
where L;lch and LgL‘fflh represent the Lie derivatives of h(z).

Lemma 1 ([49]): Given an ISSf-HOCBF h(x) defined by
Def. 3 for system (1) on C, any Lipschitz continuous controller
u € U(x) for all z € R™ satisfying

U(z) = {u eER™: lech(x) + LgL;lflh(x)u

Oxa_1(x
+ P (a2 () 2 o)}
(6)
yields that the set C1,, N CauM, ..., NCq, is forward invariant,

which means that the system (1) is ISSf on C.

Noting that the term w may be unavailable for a practical
system. Hereby, the following theorem is given.

Theorem 1: Given a series of functions x1 (z), . . ., x4(x) and
sets Cy, - - -, Cq., defined by (4), the continuously differentiable
function h(x) of relative degree d > 1 is called as ISSf-HOCBF
for the system (1) on the set C, if there exist a constant & > 0 and
a function r4(-) € K . such that for all z € R"” and w € R™
with ||w|| <@

. OXd-1 (33) 3Xd71($)
ozxT or

sup
ueR™

{L‘fih(az) + LgLfflh(a:)u

+ kq (xa-1(x)) | > 0. (N

any Lipschitz continuous controller u € U*(x) satisfying
U*(x) = {u € R™: L¢h(z) + Ly L " h(z)u

o Ixd-1(x) Oxa-1(x)
OxT ox

devises the system ISSf on the set C.

+ ra (i (@) > o}. ®)

Communication Network

(P2d, G2q) @<~ ~e(pid; gid)

A P
Xg S S e
SR  aud
(p1d, q1a) .‘(_ : (pN;,";Nd) p—ir(t,0)
Oy Y >
[0 > Inter ISVs O @ Distributed motion generators
@  Predefined leaders
Fig. 1. Cooperative control scenario of ISVs subject to static/dynamic obsta-

cles.

Proof: From (4), taking the derivative of x4(z) yields

OXd-1
oxT

Xd = L‘Jich(x) + LgLfflh(x)u + w+ K£q(xa-1). 9)

For u € U*(x), one has

2 2 2
s ([P @ | I\l el
ox 2 4 4

Obviously, the inequality (10) is in the form of (5). Itis concluded
that the function h(x) is ISSf-HOCBF of system (1) and the set
U* () satisfies U*(z) C U(x). It means that Theorem 1 holds.
The proof is completed.

(10)

C. Problem Formulation

Consider a networked system with N underactuated ISVs
shown in Fig. 1. It is assumed that each ISV has a plane of
symmetry; heave, pitch, and roll modes are neglected. The
kinematic and kinetic dynamics of the ith ISV are described
as follows [26]

{ﬁi = Ri(Yi)vi, an
M = fi(vi) + 75 + Tiw,
where i = 1,...,N. n; = [p}, ;] denotes the position and

yaw angular with p; = [2;,9;]7 € R? and ; € (-, 7).
vi = [ui,vi,75)7 € R® represents the body-fixed velocity
vector along the surge, sway and yaw direction. M; =
diag{m¥, m?, ml'} € R?is the inertia mass matrix. f;(v;) € R3
is the unknown function including Coriolis terms, damping
terms and unmodeled dynamics. 7; = [7*,0,7/]7 is a bounded
control input satisfying 0 < 7 < 7 and -7 < 777 < 7] with
7 € R* and 77 € R being bounds of input signals. 7;,, € R3
presents the unknown environmental disturbances due to wind,
wave and current. R;(v);) = diag{ R (¢;), 1} is a rotation ma-

trix with RY (;) = [cos(v;), — sin(1);); sin(e);), cos(¢;)].
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To design the safety-certified controllers, the model dynamics
(11) is rewritten as

Pi = i, (12a)
¢ = ol + 7 /m¥, (12b)
77bi = T4, (12C)
7= o] + 7] /mj, (124d)

where ¢; = RP(¢;)[ui, v;]T and [097, 071" = Ri(¢i)vi +
Ri(i) M (fi(vi) + Tiw) witho! = [07,07]7 € R?ando? €
R being unknown earth-fixed disturbances. 7/ = [, 77| €
R? stands for the earth-fixed control input satisfying 7&¥ =
7 cos(vp;) and 77/ = 71 sin(1);).

This paper aims to present a general safety-certified coop-
erative control architecture for underactuated ISVs subject to
static/dynamic obstacles to achieve the following objectives:

1) Geometric Objective: Force each ISV to track the reference

trajectory piq = [%4, yiq)” such that

[pi — piall < g, 13)

wherei =1,...,Nand p € R™.

2) Safety Objective: To guarantee the safety of multi-ISV
system, the following distance constraints are required to be
satisfied:

1) Inter-ISV collision avoidance:

lpi — pjll > Re, (14)

where i, j =1,...,N,i # j. R. € RT is the minimum
collision-free distance among neighboring ISVs.
2) Obstacle collision avoidance:

Hpi ‘poH > Ry + po, (15)

where i = 1,...,N,o=1,..., N, with N, € R being
the total number of obstacles. p, € R? presents the posi-
tion of obstacle. R, € R is the minimum collision-free
distance from obstacles. p, € R is the radius of the oth
obstacle.

III. GENERAL COOPERATIVE CONTROL ARCHITECTURE

A. High Level Distributed Motion Generator

Based on the vehicle model in (11), a series of distributed
cooperative control schemes are presented to achieve various
collective behaviors such as consensus [16], containment [18],
flocking [17], and enclosing [28]. In [16], [18], [28], the control
laws are designed for specific formations. Once the mission is
changed, the control law has to be switched. To remedy this
limitation, a general safety-certified cooperative control archi-
tecture for multiple ISV is proposed, which are able to achieve
various formation without modifying the low-level control laws.
As shown in Fig. 2, it includes a high-level motion generator
and a low-level trajectory tracking controller. Motivated by the
distributed cooperative control laws in for achieving consensus,
containment, enclosing, and flocking, a distributed motion gen-
erator is proposed as follows

Did = Gid> (16)
dia = hi(p—ir(t,0), Dids Qid> P—ids 4—id),
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‘ Trajectories/paths/targets
p,”(t,e)l ... l ... 11),NT(t,9)
Communication Network
[’rml IPM

p—u/l I Pia
Distributed

Distributed
generator generator

P Po lpu Pi | Po lP.w

P wl I Pra

Distributed
generator

)P, 1 Pra

Safety » Tracking
sets. controller

Safety Tracking

Safety Tracking
sets controller

sets controller

Fig. 2. A general safety-certified cooperative control architecture for ISVs.

. Trajectory tracking controller
‘Communication ! y
network ] Input

constraints
b b

{1SSf-HOCBFs
Safety sets r

Safety
constraints

CLFs,  Stability
: constraints
Pid . | Anti-disturbance |, ! RED-based
control laws 5: ESOs
trdi

P-4 | Distributed motion
generator

Fig. 3. The low-level safety-certified control architecture.

where p;q € R? and ¢;y € R? are the states of the genera-
tor. p_;,(t,0) = {pir(t,0;) };cpe is the predefined input signal,
which may be the trajectory, the path or the target with ; € R
being a path parameter. p_;; and ¢q_;; are output signals of
the ith generator’s neighbors satisfying p_;q = {prd} e v and
q-ida = {qra}renr- hi(-) € R? are known, bounded and Lips-
chitz functions, which can be designed by the specific mission
scenarios.

B. Low Level Trajectory Tracking Controller

In this subsection, a safety-certified cooperative control law
is developed for ISVs to track the reference trajectory. Fig. 3
presents the block diagram of the proposed low-level controller
for the ith ISV.

1) The Optimal Surge Force Controller: The ESOis an effec-
tive and appealing tool to address the unknow uncertainties [50].
To estimate the unknown term o in (12b), the RED-based ESO
is proposed as follows
. 1
4 = 7k31 1{15 [in*QiJ% +&f+7f/m7g‘, (17)

of = —kH(sen(di — ¢),

where §; = [¢7,¢7]" € R?and 6 = [67,67]" € R? represent
the estimated values of ¢; and o, respectively. £, and kf, are
positive constants. ¢/ € R* is a scaling factor.

Define the estimated errors ¢; = (¢; — ¢;)/¢! and &) =
(69 — 09)/CS. Combining (12a)-(12b) with (17), the time
derivatives of ¢; and ¢ are deduced as follows

2 ~ 1 ~
{Qi = —kj[@]z + 57,

q . _ (18)
ol = —klsgn(q;) — ol /¢t
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Letting 2z;1 = p; — p;q and taking its derivative with (12a),
(12b), and (16), it yields that

Zin = ¢i — qia and 2y = of + 7 /mi' — Gia. (19)

To stabilize the error dynamics Z;;, by using the estimated
information from RED-based ESO, an anti-disturbance control
law is presented as follows

! =mi(qia + 71 — 61) (20)

with 7" = [r2*,77"]T being an earth-fixed optimal control
signals. Substituting (20) into (19), one has

Zi1=qi — qiaand 2 = —cf + 7" (21)

To obtain optimal surge force 7;*, the following constraints
are constructed to achieve stability and safety.

Step 1. CLF-based stability constraint
Let Z;; = [z}, 24]7 and take its derivative along (21) as

Zin = AinZin + B (=67 + 1) (22)
with 4;1 = [02, I5; 09, 02} and B;; = [02, IQ}T.

To stabilize Z;1, a candidate Lyapunov function V;; is con-
structed as follows

Viin = ZL P Z;, (23)

where P, = Pg is a positive-definite matrix such that the
continuous algebraic Riccati equation
P B BL Py — Dj Qi1 D;
AziPi1+Pi1Ai1_ i1D1DPi14751 lezl 71 :O, (24)
Vi1

where ;1 is a positive constant. (J;; represents a symmetric
positive-definite matrix and D;; = [I2/7;1, 02; 02, I3].

Apply the transform P;; = D1 P/, D;y, where P}, =PI >
0 satisfies

AL Pl + Pl Ay — Py BB Py + Qi = 0. (25)

Based on the dynamics (22), a CLF-based stability constraint
set for the optimal signal 7" is constructed as [51]

Un = { : La, Vii + Lp, Vat! + T‘/zl < 0} , (26)
il
where  La,, Vi1 = Z] (P11 An ‘EAZZiPil)Zil,
2Z£PilBi1 and €1 — )Lmin(Qil)/)»(Pi/l).
To calculate the open-loop solution in (26), a position point-
wise min-norm control law is developed as follows

Lp, Vi1 =

oUW/ (WE W), if Wy > 0
qx __ 11 ¥ 12 i2*12) 21 )
where WU, = La,, Vi1 +€aVir/vin + 0i1l|Le,, Vial|  and

W,9 = Lp,, Vi1 with p;; being a positive constant.

Step 2. ISSf-HOCBF-based safety constraints

Substituting (20) into (12b), the dynamic subsystem (12a)-
(12b) can be rewritten as follows

& = fi+ gitd" +wi, (28)

where ¢; = [qF,0,]7, and w; =

= [027 I2]T
[027 qzd o

[pz 7q7, ] ’
qT]T
i .

From Def. 1, safety objectives (14) and (15) are encoded
into super-level sets C;; and C;,,, respectively. It means that the
forward invariance of sets C;; and C;,, are equivalent to the safety
of the 7th ISV. Then, we aim to devise the control constraint sets
for ensuring forward invariance of C;; and C;,.

In order to avoid collision among ISVs, the set C;; is con-
structed as follows

Cij = {pi € R? : hyj(pi) = |pis|1* — R2 > 0},

where p;; = p; — p;. hij(pi) is a candidate ISSf-HOCBF.

From (4), a family of functions with h;;(p;) are de-
fined as xij,0 = hij, Xij1 = Xij,0 + Ki1(Xij,0)s Xij,2 = Xij1 +
ki2(Xij,1), and the corresponding safety sets are denoted as
Cz] 1= {pz € R * Xij,0 > Rijw 1(||wz||oo)} and C’LJ 2 = {pi €
R%: xij1 > Kiwa(||lwillo)}, where ri1(), ri2(-) € K and
Kiw,1(+), Kiw,2(*) € Kuo.

According to (6) and (28), the safety constraint of the control
input for the ¢th ISV is devised as

(29)

Uiz = {Tiq* t L5, hij + Lo, Ly, hijr!"
. IXij,1(pi) Oxij1(pi)
3PiT Ip;

where L?‘z hij = 2((]1 - q]‘)T(qi - q]‘) and ngﬁsz‘ hij = 2])3;
To avoid collision between ISVs and static/dynamic obstacles,
the safe set C;, is developed as follows

Cio = {pi € R? : hyo(p;) =

where Pio = Pi — Po-
Similarly, the safety constraint with h;,(p;) is described as

+ Ki2(Xij1) > 0}’ (30)

||pi0||2 - (Ro + p0)2 > O} (31)

uig = {TZq* . L?fihio + LgiLfihioTiq*

_ 3Xij,1(p1‘,) aXij,l(pi)
8]9? Op;

+ Ki2(Xio) > 0}7 (32)

where L7 hio = 2(¢i — 40)" (¢i — ¢o = 2pl  and

Xio = hio + Ki1 (hfio>-

Step 3. QP-based optimal surge force

For the cooperative formation of multiple ISVs, the safety
objective has higher priority than the geometric objective. To
unify the designed stability constraint (26), safety constraints
(30), (32) and input constraints, a quadratic optimization prob-
lem is formulated as follows

)7 LgiLfih‘iO

7" = argmin JI(r") = [|7"]|* + L:6}
[r8*;5;]€R3
S.t. \:[112(Z ) o < bzl)
_LgLLflth < bia, (33)
_LglLﬂ hon < bz37
< <7
where §; is a relaxation variable. [; € RT denotes a

penalty coefficient. b;;1 = —W;1(Z;1) + ;s biz = L?ihij -
(Oxi5,1(Pi) /9P ) (Oxij,1(pi) /Opi) + Kia(Xija)s bis = L hio

— (Oxij,1(pi) /O ) (OXij1 (i) ) Opi) + Kia(Xio)» T =7/
mi + 6] — pigand 777 = =71 /m¥ + 67 — pia.
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A lot of optimization tools are capable of solving the con-
strained quadratic optimization problem in (33). However, most
of the optimization methods may not be competent for real-time
implementation. Thus, a one-layer RNN is employed to solve
the optimization problem in (33) as follows [52]

N+Ny+2

€178 = —VJI(r8) 8 Z max {0, &, (34)

q

where €] € RT is a time constant. ! is a penalty parameter.

&=V (Zi)T —bin, &L= L Ly hi T —bio, k=
N, §Zk— LgiLth,qu —bzg,k—N—i—l,...,N—i—
No, éz(NJrN Ly =T =T and g = -+ Tl
dmax{0, &}, } is an exact penalty function expressed as
\3™ for &, >0,
dmax {0 5 } - [07 l]vglk’ for €?k = Oa
02, for &l <0

with [0, 1] is a set-valued map with image in the scope [0, 1].
By the literature [52], the neuronal state Tiq* of above RNN is
exponentially convergent to the optimal solution in finite time.
Since 77 = 7/ cos(y;) and 77 = 7/*sin(¢;), the optimal
surge force 7;* and the desired yaw angle 1);,- are given as

T = 7 cos(dfz) + 77 sin(),
w” —atan2( T T )7

where atan2(-) is a four quadrant inverse tangent function.

2) The Optimal Yaw Moment Controller: To obtain the time
derivatives of 1;,., an RED-based nonlinear tracking differentia-
tor (RED-basde NLTD) is presented as follows

(35)

(;)il — k?l d |—®’Ll - 1/2er 3 + 6127
9712 — kg 3 [611 - wa 3 + 6237 (36)
Oi3 = —k3(Psgn(0;1 — Vi),

where ©;1, ©;2 and O3 represent the estimations of ;,, ww
and z/JW, respectively. kS5, kS and £, are the positive designed
constants. (° € R* isa scaling factor
_ Define the estimated errors ©;; = ww, dia = O —
Yir and ©;3 = O3 1/}”, The time derlvatlves of ©,1, ;5 and
©,3 are inferred as follows

@ = k [ézlﬁ + C:)i27

2 ~ ~

@ = —k% 1;@3 [€i1]5 + O3,
O3 = *ki3§f)sgn(éz‘1) — 2,

where ¢ff ) represents the time derivative of iy satisfying
|, 3)| < s € R, According to Theorem 4 in [53], the error
dynamics (37) are finite-time stable. Thus, it is also means that
the estimation errors ©,1, ©,;5 and ©;3 are bounded and satisfied
with ||[6217 612, @zB}H < @z e RT.

To recover the unknown disturbance o}, an RED-based ESO
is proposed as follows

(37

s (Tz_TZJ +6f + 17 /mj,

—k7
(38)
{ o = —kfzéfsgn( Fi = Ti)),
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where 7; and 6] present the estimated values of r; and o],

respectively. kw kL, € R* are the predefined observer gains.

¢ € RT is a scaling factor.

Letting 7; = (7; — ;) /C7 and 6] = (67 — of) /(] the time

derivatives of 7; and ] are presented as follows
2 ~ 1 ~
Ti:—k{]_[’f’iJQ —|—O';, (39)
0; = —kipsgn(7s) — &7 /G-

Define a yaw tracking error z;o = v); — ;. The dynamic of
z;2 along (12¢)-(12d) and (35) can be deduced as follows

Zig =7T; — ¢ir and 212 = Uf + Tf/mf — '&ir- (40)

To stabilize the error dynamic Z;5, a yaw control law is
developed as follows

= m! (% Tt ef’”) , 1)
where 7" is a optimal yaw moment.
Substituting (41) into (40), it has
2.11'2 =7T; —’l/.}ir and éig = _6,17‘_'_7{* (42)

To solve the optimal yaw moment 7, , the following con-
straints are constructed to achieve the yaw stability.

Step 1. CLF-based stability constraint

To simplify the constraint design, the error dynamics (40) can

be transformed as follows
Zig = AiZin + Bio(—67 + 1%, (43)

where Zig = [ZZ'Q, ZiQ]T, Aig = [0, 1, 0, 0] and Big = [0, l]T
To stabilize Z;2, a Lyapunov function is developed as

Vie = Z}5 P2 Zs, (44)
where P;s is a positive definite matrix satisfying
PjsBioBL Pis — DinQioD;
A;gPiQ‘FPiQAZ‘z* 1225014742 ZQQZZ 12 -0 (45)
Vi2

with 70 € RY, Dy = = diag{1/7i2,1} and Qi = QL > 0.
Piy = DjsPly Dy with Ply = P.T > 0 satisfying

AL Py + PlyAiz — PlyBia By Py + Qia = 0.

According to [51], the optimal yaw moment 7 should meet

the following constraint:

€
Uis = {Tf* 1 La,Vie + L, Vier™ + W*QVZQ < 0} , (40)
i2
where  La,,Vio = Z}5(PiaAia + ALy Pi2) Zia,
225 PioBis and €;5 = Ain(Qi2) /A(Ply).
To acquire the open-loop solution in 4, a yaw pointwise
min-norm control law is designed as follows

isWia /(W1 W),

TH -, ]

with Wiz = L4, Vio + €i2Via/7vi2 + 0i2l| LB, Viz|| and Wiy =
Lp,,Via, where p;2 is a positive constant.

Lp,,Vio =

if ;5 >0,

if U;3 <0 @7
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Step 2. QP-based optimal yaw moment
To unify the yaw stability constraint (46) and input con-
straint, the optimal control input 7;* is solved via the following

quadratic optimization
7% = argmin J (17*) = (77%)?
T/ eR

S.t. Uiy (Zio)TI* < —Wi3(Zs2),
< < T

(48)

—T*% __ =T r ~r TR —r r
where 7/* = 77 /ml — ;. + 67 and 77 = =77 /m] — ¥, +

~T
0;.

In order to facilitate real-time implementation, a one-layer
RNN is used to solve the QP problem as follows [52]

TT’*i
’L74

el —VJ/ (T, 8 Z max {0, £}, (49)

where €7 € RT is a time constant determining the conver-
gence speed. ¢} is a penalty parameter. £} = \111»4(21-2)7'{ *+

Uis(Zin), &y =1 — 7%, &3 = —77* + 70*. The function
Omax{0, &}, } is an exact penalty function expressed as

Ve, for 7, > 0,
Omax {0,&;,} = ¢ [0,1]V¢L,, for&l, =0,
02, for &l <0

It is proven in [52] that the state 7;* of the RNN (49) can
exponentially converge to the optimal solution in a finite time.

IV. STABILITY AND SAFETY ANALYSIS

This section analyzes the stability of the closed-loop system
and the safety of the multi-ISV system.

A. Stability Analysis

To analyze the stability of RED-based ESO subsystems (18)
and (39), the following assumption is needed.

Assumption I: The time derivatives of o and o] are bounded
and satisfying ||of|| < & and |67| < &/ with 5,57 being
positive constants, respectwely

Letting s = diag{|cjf|% }q~y|l}andw§ = —slod /(1 it gets
]l < UqIISQII/Cq and %! = 572|592/ ~ ]2, De-
fine Zis = ([q:)%;67), S7 = diag{|a7|>, |a!|7, 14712, |d}|>}.
Then, the error dynamics (18) can be rewritten as follows

Zis = (S Y (AisZiz + Bizw)), (50)

where Ai3 — [ 2]@;11]2, IQ; —]Cg2_[2, 02] and Big = [02; .[2]
Then, the stability of the RED-based ESO subsystem (17) is
given via the following lemma.
Lemma 2: Under Assumption 1, the error dynamics of the
RED-based ESO (17) can converge to the neighborhood the
origin in finite time, if there exists symmetric positive definite

matrices P;3 and ();3 such that
AL Pz + PizAiz + Pi3BsBL Pz + CLCiy =

with C;; = 5’1- [I27 02]
Proof: Consider a Lyapunov function candidate V; as
Vi = ZZ;)HgZig Along (50), taking the time derivative of

Z

—Qi3 (51)

Vi yields Vi = ZE(AL(S!) ' Pis + Pi(SY) "t Aiz) Zis +
ZEPi3(SY) ! Biyw! +quBT(Sq)*1P13213 < MSH(Zk
(Azgpg + stAlg) i3 + ZzgplgB 3w + quBZ{;PzBZz?) +
&) From (51), Vi becomes Vi < A(SY)(ZL(ALPis +
lgAzg =+ C“Cﬂ) i3+ ZlgplgBlng + ( w, )TBZ:3PZ3213 —
llwf[1%) < ~MSHZEQisZiz and Vi < —A(Qi3)A3 (Pis)/
A Z3)V1 According to [54], Z;3 converges to the origin in a

finite time 7 satisfying T < 24 (Pi3)/(A(Qy3)A2 (P ))Vl% (to)-

Similarly, the stability of the RED-based ESO subsystem 39)
is given by the following lemma without proof.

Lemma 3: Under Assumption 1, the error dynamics of the
RED-based ESO (38) converge to the origin in a finite time,
if there exists symmetric positive definite matrices P;4 and
Qia such that Al Py + PyAjy + PiuBiuB] Py + CLC =
—Qia, where Ajq = [—kf,/2,1/2; —k%,,0], Biy = [0;1], and
Cio = [5’:, 0]

The following lemma shows the stability of the closed-loop
system (22) and (43).

Lemma 4: Consider the closed-loop system (22) and (43).
Under ||57]| < &l € RTand|57| < 5], € RT, theerrorsignals
of the closed-loop system are uniformly ultimately bounded with
exponential convergence rate for all unknown disturbances o
and o7, and any v, (to) and v;(to).

Proof: Construct a Lyapunov function Vo = (V;; + V;2)/2.
Taking the derivative of V5 along (22) and (43), one has

Vo = ZE PaAnZa + Z] PuBi (-6 + 1)

+ ZE P AinZio + Z 5 PioBia(—67 +17).  (52)

According to (24) and (45), it renders that
Vo = (Z{| PaBu B} PuZin — Z{iDinQu Din Zin) /(2721
— ZEDi9Qi2DiaZin) [ (27vi2)
+ ZE Py By (187 — 61) + ZL P Bio (17 — 7). (53)

Case I: W;1 > 0and ¥;3 > 0:

By using the first conditions of (27) and (47), the equation
(53) can be rewritten as Vi = (ZL Py Bi1BLPnZy —
ZEDnQiuDinZin) ) (2vi1) + (Z5P2Bin B P Zio—Z}5 Do
Qi2DiaZi2) ] (2vi2) — ZL (P Ain+AL Pi1) Zi1 /12— 011 || Z1 P
Bir|l = ZE(PioAia + AL Pi2) Zia )2 — 0i2]| Z5 Pio Bia| — €
Vi1 /(2vi1) — €i2Via/(2742) — ZZ{Pan&;’ — ZLPiaBiaoT.
~Based on (24) and (45), V2 can be deduced as
Vo = —Z1 P1Bnc? — enVii/(2vi) — on | Z} P Ba || —
ZLPiaBiaoT — €:2Via/(27i2) — 0i2|| Z5 Pia Bia||- From
Lemmas 2 and 3, ¢! and ¢/ are bounded with ||} <&,
and |6}| < &7,. Thus, Vo can be represented as follow
Vo < —ea (Pl Zall/(2vi1) — 121 Pa Ball (0 — 7)) —
€iok(Pia)|| Ziall/(27vi2) — |1 255 Pia Bia || (02 — 77.).

Case Il: ;1 < 0and ¥;3 <O0:

According to the definitions of W;; and V3, it yields

{ La, Vi +eaVir/via + on |[2Z} PaBi

+(Z5PiaBia B Pia Zi

<0,
< 0.

(54a)

L, Vio + €i2Via/vio + 0i2 |22 Pi2 Bio (54b)

In this case, 7" = 0 and 77 = 0. Since the second and third
terms of (54a) and (54b) are always positive, the negativeness
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of W;; and W¥;3 stems from L, Vi1 and L4, Vis to be
negative and dominant, respectively. Thus, incorporating (24)
and (45) can yleld that ,PﬂBllB;ZIPZl —DilQilDil <0
and P;yBiaBL Pig — Di2QiaDia < 0. Then, it gets the
positive definite matrices Hil = DilQilDil — PilB“BZ-’JIP“

and Hig = DngigDig — ,PZQBZQBZ;PZQ With (24) and
(45), one has 2Pi1Ai1 = _Hil/'Yil and 2131‘2147;2 =
— ig/’yig. Substituting H;1y and H;» into (52) has

Vo < =A(Ha)l| Zia ||/ (29i1) — A(Hi2) | Zi2|l / (27i2) +
12 PuBa|||GL | + | 25 P Bzl |

The two-sided stability analysis shows that the proposed
system is uniformly ultimate bounded. The proof is completed.

B. Safety Analysis

The safety of the proposed multi-ISV system is given by the
following lemma.

Lemma 5: Given an under-actuated ISV with dynamics (11),
if the optimal control signal 7" belongs to ;o N U;3 forall ISV,
and p;(tg) € Cij NCio, Yt > to, i =1,..., N, the networked
multi-ISV system is ISSf.

Proof: According to Lemma 1, the set C;;,1 N Cij,2 N Cio1 N
Cio 2 is forward invariant by using the optimal control signal
T € Ui N U3, i.e. the set C;; N Ci, is ISSE. It shows that if
the initial position of all ISVs satisfies p;(to) € Ci; N Cio, i =

N, pi(t) will always stay in C;; N C;,. Therefore, the
proposed multi-ISV system is ISSf.

The stability and safety of the proposed networked system of
multiple ISVs are given by the following theorem.

Theorem 2: Consider a networked system of multiple ISVs
with dynamics (11), the distributed motion generator (16), the
RED-based ESOs (17) and (38), the stability constraints (26)
and (46), the safety constraints (30) and (32), the NLTD (36),
the optimal surge force (35) and the optimal yaw moment
(49). All error signals of the proposed closed-loop system are
uniformly ultimately bounded, and the multi-ISV system is ISSf;
i.e. collision avoidance can be ensured.

Proof: According to Lemma 5, each ISV will not violate
the safety requirements, i.e., the safety objective (14) and (15)
are achieved. Lemma 4 shows that error signals Z;; and Z;o
are bounded, and all tracking errors are ultimately bounded,
i.e., there exists a positive constant p such that the geometric
objective (13) is achieved.

V. AN APPLICATION TO VESSEL TRAIN OF MULTIPLE ISVS

This section provides simulation results to verify the effec-
tiveness of the proposed method. The proposed general safety-
certified cooperative control architecture is applied to the control
of vessel train system consisting of five interconnected ISVs
numbered as 1-5 moving along a riverway. In addition, consider
one obstructive ISV numbered as 6, one static obstacle numbered
as 1 and one dynamic obstacle numbered as 2, shown in Fig. 4.

In order to achieve a fleet formation, each ISV is
to track reference signals prescribed by the distributed
motion generator (16) based on a consensus scheme as
follows pra=qia, Gia =—13(p1a—poa — dio) — 2l1q1 4.
Pra=Qa Gra=—l3(pra —pra—da) = 22q24,  P3a =

IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, VOL. 00, NO. 0, 2022

Vessel Train

Fig. 4. An application to vessel train moving along a riverway.

. 2 .
B> 3= —l3(p3a —p2a — dz2) — 2l3q34,  Paa = Qs
G1q = —13(pada — p3a — daz) — 2laqua,  Psa = G5a»  G5a =

—l%(p5d — Pod — d54) — 2l5q5 4, Where pgg = [t, 0.68t — 30]T,
Lh=la=Il3=Ily=1Is=2 and dig=dy =d3 =ds3=
dsq = [-4.4721,-2.2361]T. Note that each ISV only
communicates with its neighboring ISVs.

In this simulation, the five ISVs are scaled-down vehicle
model, and the model parameters can be found in [55]. The
initial states of five ISVs and the obstructive ISV are set

as m(0) = [ 10, —45, 27r/3] , n2(0) = [-15,—48, 27 /3],
13(0) = [-20, =50, 27 /3], 14(0) = [-25, -52,27/3]",
n5(0) = [~ 30 —55,2m/3]7, n6(0) = [140, 75, —1 /2],

v1(0) = 12(0) = v5(0) = v4(0) = v5(0) = [0,0,0]7 and

1/6(0) [—0.075, —0.075,0]7, respectively. The initial state of
obstacles are set as p;(0) = [35,—10]T, ¢1(0) = [0,0]%,
p2(0) = [80,38]7  and ¢2(0) = [0, —0.1]7, respectively.
The radius of obstacles are assigned as p; =3 and
p2 = 2. The safety parameters are selected as R. =6
and R, =3. In addition, parameters of the proposed
safety-certified cooperative controller are selected as
kL =212, kl, =11, ¢} =35, k[, =212, kI, = 1.1, { =
3.5, kS =4, kg:56 ES =11, (!=35 3=
0.366, v;1 = 4.0, g;1 = 3.0, €;6 = 0.366, ;2 = 0.5, 0,0 = 1.2,
Ki1(Xij,0) = Xij,00 Ki2(Xij,1) = Xij,1s ki1 (hio) = hio,
HiQ(XiO) = Xio» R.=Ri=Ry=2,1;=5,¢,=0.5,1; = 1.
Figs. 5— 9 show the simulation results. Specifically, Fig. 5
shows the trajectories of five ISVs and the reference trajectories
generated by the distributed motion generator. It is seen that a
vessel train formation can be achieved by using the proposed
safety-certified controller (34) and (49) regardless of the dy-
namic obstacle, the static obstacle, and the obstructive ISV. Fig. 6
illustrates the collision avoidance process. Specifically, subfig-
ure 6-(a) shows that there is no collision among neighboring
ISVs during transient phase Os ~ 50 s; subfigure 6-(b) shows
that all ISVs can avoid the static obstacle during 50s ~ 100 s;
subfigure 6-(c) implies that all ISVs can avoid the dynamic
obstacle during 150s ~ 225 s; subfigure 6-(d) means that all
ISVs can avoid the obstructive ISV during 250s ~ 300 s. These
four subfigures demonstrate that the vessel train formation is safe
during the whole sailing process. Fig. 7 depicts the earth-fixed
tracking errors of five ISVs, and they exponentially converge to
a small neighborhood of the origin. The four regions (a)-(d) in
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Xg(m)

Reference trajectories

— Trajectories of five ISVs
Static/dynamic obstacles
Obstructive ISV

-40 -20 0 20 40 60 80 100 120 140 160
Ye(m)

Fig. 5. The fleet trajectories of the five ISVs.
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Fig. 6. The snapshots during different collision avoidance processes.
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Fig. 7. Tracking errors of five ISVs. .
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Fig. 8. The optimal surge force and yaw moment.
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Fig. 9. The earth-fixed total disturbances.

Fig. 7 are consistent with the four subfigures in Fig. 6. It is also
observed that the tracking errors become large because the safety
objectives (14) and (15) take a higher priority than the geometric
objective (13). Fig. 8 presents the optimal surge force and the
optimal yaw moment within input constraints. The surge force
and yaw moment tunes to satisfy the stability constraints (26) and
(46), safety constraints (30) and (32) during the whole control
process. Fig. 9 displays the estimation performance for the
unknown total disturbances by using the proposed RED-based
ESOs (17) and (38), and it can be seen that the total disturbance
can be estimated accurately.

VI. CONCLUSION

This paper presents a general safety-certified cooperative
control architecture for a fleet of under-actuated ISVs in the pres-
ence of multiple static/dynamic obstacles, in addition to model
uncertainties, environmental disturbances, and input constraints.
RED-based ESOs are designed for recovering unknown total
disturbances in finite time. Based on CLF, ISSf-HOCBF and
RED-based ESOs, optimal surge force and yaw moment are
obtained by solving the constrained QPs subject to input, stabil-
ity, safety constraints. One-layer RNNs are employed to solve
the quadratic optimization problem on board, which enables
real-time implementations without resorting to optimization
tools. All tracking errors of the closed-loop system are proven
to be uniformly ultimately bounded and the multi-ISV system is
proven to be ISSf. Simulation results substantiate the effective-
ness of the proposed general safety-certified cooperative control
architecture.
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A General Safety-Certified Cooperative Control
Architecture for Interconnected Intelligent Surface
Vehicles With Applications to Vessel Train

Wentao Wu®, Student Member, IEEE, Zhouhua Peng ® Senior Member, IEEE, Lu Liu, Member; IEEE,
and Dan Wang @, Senior Member, IEEE

Abstract—This paper considers cooperative control of intercon-
nected intelligent surface vehicles (ISV) moving in a complex water
surface containing multiple static/dynamic obstacles. Each ISV is
subject to control force and moment constraints, in addition to
internal model uncertainties and external disturbances induced
by wind, waves and currents. A general safety-certified cooper-
ative control architecture capable of achieving various collective
behaviors such as consensus, containment, enclosing, and flock-
ing, is proposed. Specifically, a distributed motion generator is
used to generate desired reference signals for each ISV. Robust-
exact-differentiators-based (RED-based) extended state observers
(ESOs) are designed for recovering unknown total disturbances
in finite time. With the aid of control Lyapunov functions, input-
to-state safe high order control barrier functions and RED-based
ESOs, constrained quadratic optimization problems are formu-
lated to generate optimal surge force and yaw moment without
violating the input, stability, safety constraints. In order to facilitate
real-time implementations, a one-layer recurrent neural network is
employed to solve the constrained quadratic optimization problem
on board. It is proved that all tracking errors of the closed-loop
system are uniformly ultimately bounded and the multi-ISV sys-
tem is input-to-state safe. An example is given to substantiate the
effectiveness of the proposed general safety-certified cooperative
control architecture.

Index Terms—Distributed motion generator, intelligent surface
vehicles, input-to-state safe high-order control barrier function,
one-layer recurrent neural networks.
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1. INTRODUCTION

ITH the rapid advancements in communication and
W computer technologies, cooperative operations of
multiple intelligent vehicles has aroused plentiful interest
worldwide [1]-[5]. Intelligent surface vehicles (ISV) is a
marine transportation platform with numerous applications such
as carriage of goods, conveying of passengers and waterway
transportation [6]-[8]. A number of cooperative control ap-
proaches are proposed such as virtual structure mechanisms [9],
behavioral methods [10], artificial potential fields [11], graph-
based methods [12], and leader-follower approaches [13].

Various cooperative control approaches for multiple ISVs
are proposed; see the references and therein [14]-[27]. Specif-
ically, in [14], [15], leader-follower formation control methods
with predefined transient properties are devised for ISVs with
the ability of collision avoidance. In [16], an output-feedback
consensus maneuvering control method is investigated for a
fleet of ISVs, which addresses a cooperative time-varying for-
mation maneuvering problem with connectivity preservation
and collision avoidance. In [17], an output-feedback flocking
control method is developed for marine vehicles based on data-
driven adaptive extended state observers (ESOs). In [18], an
observer-based finite-time containment control method is pro-
posed to achieve a path-guided formation capable of avoidance
collision and connectivity preservation. In [19], a distributed
robust collision-free formation control scheme based on the
super-twisting control and persistent excitation is developed for
underactuated vessels, which may possess completely different
dynamic models. In [20], an improved real-time attitude guid-
ance scheme with the dynamical virtual ship is initially devel-
oped for the waypoints-based path-following of ISVs subject to
multi-static or slow time-varying obstacles. In [21], a model-
reference collision-free tracking control method is presented for
surface vehicles to enhance control accuracy and intelligence
by using the reinforcement learning technique. In [22], a new
nonlinearly transformed formation error is constructed for ISVs
to achieve the connectivity preservation, the collision avoidance,
and the distributed formation without switching the desired
formation pattern and using any additional potential functions.
In [23], a robust leader-follower formation tracking algorithm
is presented by using connectivity-maintaining and collision-
avoiding performance functions for vessels with range-limited
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communication and completely unknown nonlinearities. In [24],
the local path replanning-based repulsive potential function
technique is designed to achieve the collision-free distributed
formation control with the distributed fixed-time estimator.
In [25], a target region tracking control strategy based on the
adaptive neural network (NN) is proposed for ocean vessels
without no intra-group collisions. In [26], a distributed synchro-
nization controller based on p-times differentiable step functions
is designed for multiple ISVs while ensuring no collisions
among neighboring ships. In [27], an intent inference-based
probabilistic velocity obstacle method is developed to avoid
COLREG-violating vessels by combining the marine traffic
rules with the proactive evasive actions. However, the formation
control methods presented in [7]-[9], [12]-[27] are designed for
specific formation scenarios with different control architectures,
which may be inflexible in practice one one hand. On the other
hand, the collision avoidance methods presented in [14]-[27]
cannot avoid collisions with static obstacles, dynamic obstacles,
and the neighboring vehicles, simultaneously.

In this paper, we present a general collision-free safety-
certified cooperative control architecture for multiple intercon-
nected ISVs subject to input constraints, model uncertainties and
environmental disturbances. The cooperative control architec-
ture includes a high-level distributed motion generator and a low-
level trajectory tracking controller. Specifically, the distributed
motion generator prescribes the reference trajectories for achiev-
ing desired swarm behaviors including consensus, containment,
enclosing, flocking, etc. At the low level control, by using robust-
exact-differentiator-based (RED-based) ESOs for estimating the
total disturbances in finite time, control Lyapunov functions
(CLF) for assuring stability, and input-to-state safe high order
control barrier functions (ISSf-HOCBF) for guaranteeing safety,
constrained quadratic programs (QPs) are formulated to obtain
optimal surge force and yaw moment. To facilitate real-time
implementations, one-layer recurrent neural networks (RNNs)
are employed to solve the constrained quadratic optimization
problem on board. The tracking errors of the closed-loop system
are proved to be uniformly ultimately bounded and the safety of
the multi-ISV system is guaranteed. An application to the vessel
train is given to substantiate the effectiveness of the proposed
general safety-certified cooperative control architecture.

Compared with contributions in [7]-[9], [12]-[48], the main
features of the proposed general safety-certified cooperative
control architecture with control method are summarized into
three-folds:

1) In contrast to the formation controllers in [7]-[9], [12]-
[44] with specific coordinated control scenarios, this pa-
per presents a general safety-certified cooperative control
architecture consisting of a high-level distributed motion
generator and a low-level tracking controller. The pro-
posed cooperative control architecture is universal and
takes the capabilities to be compatible with various co-
ordinated control scenarios and achieve various collective
behaviors.

2) In contrast to the collision avoidance strategies in [14]-
[27], [45], [46], ISSf-HOCBFs are designed to construct
the safety constraints from static/dynamic obstacles and
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neighboring vehicles. Within safety, stability, and input
constraints, the optimal control force and moment are ob-
tained in realtime by the designed RNNs without resorting
to optimization tools.

3) In contrast to the disturbance observers in [16], [17], [26],
[34], [47], the proposed RED-based ESOs can estimate the
unknown total disturbances in finite time. Different from
the fuzzy/NN approximation approaches in [14], [15],
[20], [21], [24], [25], [28], [33], [35], [48], RED-based
ESOs takes a simpler estimation structure and fewer tuning
parameters.

This paper is organized as follows. Section II states pre-
liminaries and problem formulation. Section III designs the
controller. Section IV analyzes the stability and the safety of
the closed-loop system. Section V gives simulation results.
Section VI concludes this paper.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Notation

For a vector a = [ay,...,a,]T € R™ and a constant b €
(0,1), we define the symbol [a]® = [[a1]?,..., [a,]?]T with
[a;]® = sgn(a;)|a;|’, i = 1,...,n, where sgn(-) is a signum
function. A continuous function (-) : (¢,d) — R is named as
an extended class K function (k(-) € K.) with ¢,d > 0, iff x(+)
is strictly monotonically increasing and x(0) = 0. It is called as
an extended class K, function (k(-) € Ku,e) when ¢, d — o0
and lim, ;o £(¢) = 00, lim,, o k() = —00. ess sup (-) de-
notes the essential supremum of (-).

B. Input-to-State Safe High Order Control Barrier Function

Consider an affine control system with disturbances w € R"
in this form

&= f(z)+g(@)utw, (1)

where x € R" is the system state. u € R is the control input.
f(z) € R™ and g(x) € R™*™ are locally Lipschitz continu-
ous functions. w is assumed to be bounded and satisfied with
Jwlloc 2 esssupys [

Definition 1 ([49]): Forasystem (1) withw = 0, a super-level
set C C R™ with a continuously differentiable function h(x) :
R"™ +— R is defined as

C={zeR":h(x) >0},
0C ={x € R" : h(z) = 0},
Int(C) = {x € R" : h(z) > 0}. ()
Then, the set C is forward invariant if there is z:(¢) € C for any
x(tg) € C, V't > to. The forward invariance of C indicates that
the system (1) with w = 0 is safe on C.
Definition 2 ( [49]): For asystem (1), an extended setC,, D C
with the continuous functions h(z) is defined as follows
Co ={z € R" : h(2) + ko ([[wl) = 0},

0Cy ={z € R" : h(x) + ku(||w|l) = 0}, 3)
Int(Cy) = {z € R" : h(x) + Ky (||lw]loo) > 0}.
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The set C,, is forward invariant for all |w|, < @ € RY, if
there exist a control input v and a function k,,(-) € Ku. Then,
the system (1) is input-to-state safe (ISSf) on C as in (2) if the
forward invariant set C,, is existed.

For a continuously differentiable function i () with a relative
degree d > 1, we define a series of functions y; : R” — R and
corresponding sets C;,, as follows

{ Xt(x) = Xifl(x) + K (Xifl(x)) ) 4)
Ciw ={z € R" : xi-1(2) 2 —kiw([lwlx)}

where xo(z) = h(z),i=1,...d, and k;(-) € Ko e.

Definition 3 ([49]): Given functions x1(z), ..., x4(x) and
sets C1y, - - -, Cqw, defined by (4), the continuously differentiable
function h(z) with relative degree d > 1 is called as an ISSf-
HOCBEF for system (1) on the set C, if there exist a constant
w > 0 and functions K4(-) € Kuoe, Kaw(-) € K such that for
all z € R™ and w € R™ with ||w|e < @

3Xd71(=’ﬁ)w

sup |Lfh(z) + LgL;f’lh(x)u + 52T

ueR™
+ ka (Xa-1(2)) | 2 —kaw(lwllx),  (5)
where chlh and LgL‘fflh represent the Lie derivatives of h(z).
Lemma 1 ([49]): Given an ISSf-HOCBF h(x) defined by

Def. 3 for system (1) on C, any Lipschitz continuous controller
u € U(x) for all z € R™ satisfying

U(z) = {u €R™: L¢h(z) + LgL‘;_lh(w)u

Ixa-1()

+ ozxT

w+ kg (xa-1(x)) > —Hdw(||w||oo)}
(6)

yields that the set Cy,, N CawM, ..., NCq, is forward invariant,
which means that the system (1) is ISSf on C.

Noting that the term w may be unavailable for a practical
system. Hereby, the following theorem is given.

Theorem 1: Given a series of functions y1(z), . . ., xq4(z) and
sets Ci, - - -, Cq., defined by (4), the continuously differentiable
function h(x) of relative degree d > 1 is called as ISSf-HOCBF
for the system (1) on the set C, if there exist a constant w > 0 and
a function r4(-) € K . such that for all z € R"” and w € R"
with [|w|| <@

_ Ixa-1(z) Oxa-1(x)
oz™ Oz

sup
ueR™

{chih(a:) + Ly L " h(z)u

+ kq (xa-1(x)) | > 0. (7

any Lipschitz continuous controller u € U*(x) satisfying
U (z) = {u € R™: Lh(x) + LgL?_lh(a:)u

_ Oxa-1(x) Oxa-1(2)
OxT Ox

devises the system ISSf on the set C.

+ kg (xa-1(x)) > O}. ®)

Communication Network

A (P2d; G2a) ® ®(pid; Gid)
Xg .
_ir(t,0
(plda QId) o (de’.qu) p M‘( ) )
Oy Yp >
[0 > Inter ISVs O i ic obstacles @ Distributed motion generators
@  Predefined leaders
Fig. 1. Cooperative control scenario of ISVs subject to static/dynamic obsta-

cles.

Proof: From (4), taking the derivative of x4(z) yields

OXa-1
oxT

Xd = lech(ac) + LgL;f_lh(ac)u + w+ £q(xa-1). 9)

For u € U*(x), one has

2 2 2
s ([P Il Ll el
ox 2 4 4

Obviously, the inequality (10) is in the form of (5). Itis concluded
that the function h(x) is ISSf-HOCBF of system (1) and the set
U*(z) satisfies U*(x) C U(x). It means that Theorem 1 holds.
The proof is completed.

(10)

C. Problem Formulation

Consider a networked system with N underactuated ISVs
shown in Fig. 1. It is assumed that each ISV has a plane of
symmetry; heave, pitch, and roll modes are neglected. The
kinematic and kinetic dynamics of the ith ISV are described
as follows [26]

{f}i = R;(¢y)v;, an

Mo, = fi(vi) + 7 + Tiws

where i = 1,...,N. n; = [p},1;]7 denotes the position and
yaw angular with p; = [2;,9;]7 € R? and ; € (-, 7).
vi = [ui, v, )T € R3 represents the body-fixed velocity
vector along the surge, sway and yaw direction. M; =
diag{m¥, m?, ml'} € R3isthe inertia mass matrix. f;(v;) € R3
is the unknown function including Coriolis terms, damping
terms and unmodeled dynamics. 7; = [7/,0,77]7 is a bounded
control input satisfying 0 < 7 < 7 and —7; < 77" < 7/ with
7% € RT and 77 € R™ being bounds of input signals. 7;,, € R?
presents the unknown environmental disturbances due to wind,
wave and current. R;(v);) = diag{ R (¢;), 1} is a rotation ma-

trix with R (¢;) = [cos(t);), — sin(t);); sin(v;), cos(¢;)].
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To design the safety-certified controllers, the model dynamics
(11) is rewritten as

Di = G, (12a)
G = o + 78 /m}, (12b)
Vi =1y, (12¢)
Fs = of + 77 /m, (12d)

where q; = RY(3)[ui, vi)7 and (07", 07]" = R(v)vi +
Ri(i) M (fi(vi) + Tiw) witho! = [07,07]T € R?ando? €
R being unknown earth-fixed disturbances. 7 = [r%,77]T €
R? stands for the earth-fixed control input satisfying 7% =
T cos(1p;) and 77 = 71 sin(1);).

This paper aims to present a general safety-certified coop-
erative control architecture for underactuated ISVs subject to
static/dynamic obstacles to achieve the following objectives:

1) Geometric Objective: Force each ISV to track the reference

trajectory p;q = [Tiq,yia]? such that

\pi — piall < 1 (13)

where i =1,...,Nand p € R™.

2) Safety Objective: To guarantee the safety of multi-ISV
system, the following distance constraints are required to be
satisfied:

1) Inter-ISV collision avoidance:

lpi — pjll > Re. (14)

where i, j =1,...,N,i # j. R. € RT is the minimum
collision-free distance among neighboring ISVs.
2) Obstacle collision avoidance:

sz‘ _poH > Ry + po, (15)

wherei =1,...,N,0=1,...,N, with N, € RT being
the total number of obstacles. p, € R? presents the posi-
tion of obstacle. R, € RT is the minimum collision-free
distance from obstacles. p, € R is the radius of the oth
obstacle.

III. GENERAL COOPERATIVE CONTROL ARCHITECTURE

A. High Level Distributed Motion Generator

Based on the vehicle model in (11), a series of distributed
cooperative control schemes are presented to achieve various
collective behaviors such as consensus [16], containment [18],
flocking [17], and enclosing [28]. In [16], [ 18], [28], the control
laws are designed for specific formations. Once the mission is
changed, the control law has to be switched. To remedy this
limitation, a general safety-certified cooperative control archi-
tecture for multiple ISV is proposed, which are able to achieve
various formation without modifying the low-level control laws.
As shown in Fig. 2, it includes a high-level motion generator
and a low-level trajectory tracking controller. Motivated by the
distributed cooperative control laws in for achieving consensus,
containment, enclosing, and flocking, a distributed motion gen-
erator is proposed as follows

Did = Gid» (16)
Gia = hi(p—ir(t,0), Dids Qid> P—ids 4—id),
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Trajectories/paths/targets

Po1r(t,0)] o o o o o o |p_ni(t,0)

Communication Network
Prml I Pu

F«/l I Pia
Distributed

Distributed
generator

generator
P | Po l P

A

Distributed
generator

|, | o

a Pi |Po l Pid

Safety Tracking
controller

Safety Tracking

Safety Tracking
sets controller

sets controller

Fig. 2. A general safety-certified cooperative control architecture for ISVs.

Trajectory tracking controller

Communication zu

network Input i
constraints 77
11),. lu” !
1SSf-HOCBFs U, o o
SHU Safet:v i2 Nemfnd.yna.mlc
? constraints  [f;3 optimization = -
CLFs,  Stability _Uiy

constraints  f,

Anti-disturbance O/ RED-based _ &/ |

—
control laws &/ ESOs A
o

Pt | Distributed motion Pid

generator

Fig. 3. The low-level safety-certified control architecture.

where p;q € R? and ¢;y € R? are the states of the genera-
tor. p—ir(t,0) = {p1r(t,01) 1z 1s the predefined input signal,
which may be the trajectory, the path or the target with 6; € R
being a path parameter. p_;; and q_;; are output signals of
the ith generator’s neighbors satisfying p_;q = {prd } e v and
q-id = {qra}renr- hi(-) € R? are known, bounded and Lips-
chitz functions, which can be designed by the specific mission
scenarios.

B. Low Level Trajectory Tracking Controller

In this subsection, a safety-certified cooperative control law
is developed for ISVs to track the reference trajectory. Fig. 3
presents the block diagram of the proposed low-level controller
for the ith ISV.

1) The Optimal Surge Force Controller: The ESOis an effec-
tive and appealing tool to address the unknow uncertainties [50].
To estimate the unknown term o in (12b), the RED-based ESO
is proposed as follows

a7

x 314 1.
Gi = k7 G [0 — ai]= + 6] + 7 fmy,
o = —kip(i'sen(di — q2),
where §; = [¢7,¢7]" € R?and 6! = [67,67]" € R? represent
the estimated values of ¢; and o, respectively. k}; and k}, are
positive constants. ¢! € R is a scaling factor.

Define the estimated errors ¢; = (¢; — ¢;)/¢! and &) =
(68 —ol)/¢!. Combining (12a)-(12b) with (17), the time
derivatives of ¢; and & are deduced as follows

{q = —kh[a]? +5,

i +al (18)
ol = —klsgn(q;) — ol /¢
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Letting z;1 = p; — p;q and taking its derivative with (12a),
(12b), and (16), it yields that

Zi1 = ¢i — qig and Z;1 = of + 77 /m — §iq. (19)

To stabilize the error dynamics Z;;, by using the estimated
information from RED-based ESO, an anti-disturbance control
law is presented as follows

=t e + 78— 6) 20)
with 7" = [r7*,77"]T being an earth-fixed optimal control

signals. Substituting (20) into (19), one has

Zit = i — Gia and 2 = =57 + 1] (21)

To obtain optimal surge force 7;*, the following constraints
are constructed to achieve stability and safety.

Step 1. CLF-based stability constraint

Let Z;; = [z}, 24]7 and take its derivative along (21) as

Zin = AinZin + Ba (=68 + 1) (22)

with Ail = [02, 12; 02, 02} and B;; = [02, IQ}T.
To stabilize Z;1, a candidate Lyapunov function V;; is con-
structed as follows

Vii = ZLPaZa, (23)

where P;; = Pl is a positive-definite matrix such that the
continuous algebraic Riccati equation
Py BinB}iPii — D Qi D
Vi1

where ;1 is a positive constant. (J;; represents a symmetric
positive-definite matrix and D;; = [I2/7:1, 02; 02, I5].

Apply the transform P;; = D;1 P/, D;1, where P}, = P,T >
0 satisfies

Al P}, + P Ay — P\ Bu B} P}, + Qi = 0.

AL Py + Py Ay — =0, 24

(25)

Based on the dynamics (22), a CLF-based stability constraint
set for the optimal signal 7. is constructed as [51]

Ui = {Tf* : La, Vii +Lp, Vatl + %Vil < 0} , (26)
i1
where  La,, Vi1 = Z1 (PaAn “:Agpil)zil,
2Z£Pi1Bi1 and €1 = )\min(Qil)/)»(Pi/l).
To calculate the open-loop solution in (26), a position point-
wise min-norm control law is developed as follows

Lp, Vi1 =

Tg* _ _\IlilllliQ/(\Il»g\Iin)a 1f \Ilil > Oa (27)
‘ 0, it U;; <0,
where Wy = L, Vit +€aVii/va + oallL,, Vi1|| and

W,o = Lp,, Vi1 with g;; being a positive constant.

Step 2. ISSf-HOCBF-based safety constraints

Substituting (20) into (12b), the dynamic subsystem (12a)-
(12b) can be rewritten as follows

é; = f1 —i—gﬂ'iq* + wj,
where e; = [p!, ¢! 1", fi = [q},02]", g; = [02, I5]" and w; =

(02, g%, — 5477

(28)

From Def. 1, safety objectives (14) and (15) are encoded
into super-level sets C;; and C;,,, respectively. It means that the
forward invariance of sets C;; and C;,, are equivalent to the safety
of the 7th ISV. Then, we aim to devise the control constraint sets
for ensuring forward invariance of C;; and Cj,.

In order to avoid collision among ISVs, the set C;; is con-
structed as follows

Cij = {pi € R? : hy;(pi) = |lpis]1* — RZ > 0},

where p;; = p; — p;. hij(pi) is a candidate ISSf-HOCBF.

From (4), a family of functions with h;;(p;) are de-
fined as x50 = hij, Xij,1 = Xij,0 + i1 (Xi5,0)s Xij,2 = Xij1 +
ki2(xij,1), and the corresponding safety sets are denoted as
Ciji={pi € R%: Xij0 > Kiw1(Jwille)} and Cij2 = {p;i €
RQ * Xij,1 > /fiw,Z(Hwi”oo)}a where lﬁ?“('), /‘61'2(') € K and
Kiw1(+), Kiw,2(*) € Kuo.

According to (6) and (28), the safety constraint of the control
input for the ith ISV is devised as

(29)

Uiz = {Tiq* t L3 hij + Lo Ly, hagr”
. IXij1(pi) OXij1(pi)
apf Ops

where L} hij = 2(qi — q;)" (¢; — qj) and Ly, L, hij = 2pj;.
To avoid collision between ISVs and static/dynamic obstacles,
the safe set C;, is developed as follows

Cio = {pi S RQ : hio(pi) = HpioH2 - (Ro + po)2 > 0} (€28

where pi, = pi — po.
Similarly, the safety constraint with h;,(p;) is described as

+ Ki2(Xij1) > 0}7 (30)

Uz = {rf* : L7 hio + Lg, Ly, hio{"

. Ixija (pi) OXij,1 (pi)
ap} Ipi

where L hio = 2(¢i — ¢0)" (¢i —
Xio = hio + ki1 (hio)-

Step 3. QP-based optimal surge force

For the cooperative formation of multiple ISVs, the safety
objective has higher priority than the geometric objective. To
unify the designed stability constraint (26), safety constraints
(30), (32) and input constraints, a quadratic optimization prob-
lem is formulated as follows

+ Ki2(Xio) = 0}7 (32)

Qo) Ly, Ly hio = 2pL, and

74 = argmin JI(r0) = |72 4 1,67
[Tf*;éi]eRi“

s.t. Uio(Zi)T < by,
—Lg, Ly, him" < bia, (%3)
7LgiLfih7;0Tiq* < bi37

where §; is a relaxation variable. [; € RT denotes a

penalty coefficient. b;; = *\111'1(21'1) +6;, b = L%h” —
(9xij1 (i) /Op] ) (Oxija (i) /Opi) + Kiz(Xij1)s bis = L} hio

— (Oxij1 (i) /OpT ) (Oxi1 (Pi) Opi) + Ria(Xio), 77 =71/
mi + 6 — Pig and " = =7 /mi + &} — pia.
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A lot of optimization tools are capable of solving the con-
strained quadratic optimization problem in (33). However, most
of the optimization methods may not be competent for real-time
implementation. Thus, a one-layer RNN is employed to solve

the optimization problem in (33) as follows [52]
1 N+N,+2

- —qa Z max {0, £,
’L

el = —VJI(r1") (34)

where e/ € RT is a time constant. ¢! is a penalty parameter.
i p y p

& =V (Zi)T — b, &L = L Ly b —bio, k=
2 N, €0 Ly Lphat® — b k= N4 1,... N+
No, 53(N-|—NO-4-1) =7/~ 7" and fg(N+NO+2) = -1+l

Omax{0, &}, } is an exact penalty function expressed as

ver for & >0,
Omax{0,£}} = ¢ [0,1]VEYL, for &l =0,
02, for {fk <0

with [0, 1] is a set-valued map with image in the scope [0, 1].
By the literature [52], the neuronal state Tiq* of above RNN is
exponentially convergent to the optimal solution in finite time.
Since 7 = 7% cos(¢;) and 77 = 7/ sin(1);), the optimal
surge force 7;' and the desired yaw angle 1);,- are given as

{ T = 1F cos(tb;) + 7 sin(¢;),

i = atan2 (77, 75) ,

i1

(35)

where atan2(-) is a four quadrant inverse tangent function.

2) The Optimal Yaw Moment Controller: To obtain the time
derivatives of 1;,-, an RED-based nonlinear tracking differentia-
tor (RED-basde NLTD) is presented as follows

Oi1 = <k$ i@% [©i1 — z/»irJ% + Ojo,

. 2 1

O = —k$ ?3 [©i1 — Vir]3 + O3, (36)
O3 = —k9S¢Psgn(0;1 — Yir),

where 0,1, ©;2 and O;3 represent the estimations of ;,, w“«
and 4., respectively. kS, kS and kS are the positive designed
constants. (© € R* is a scaling factor

Define the estimated errors C:)ll = z/zm dio = =09 —
1/}” and éig = ww The time derlvatlves of ©;1, ©;5 and
é,»g are inferred as follows

O = —k9 1'6% [€:1]% + O,
(:) = k_ 63 [éﬂj% +éi37

O3 = —kS cosgn< 1) =,

where 1/)1(3) represents the time derivative of ¢, satisfying

|¢(3)| < s € R, According to Theorem 4 in [53], the error
dynamics (37) are finite-time stable. Thus, it is also means that
the estimation errors O,1, 912 and 913 are bounded and satisfied
with ||[@i1, O;9, 913”| < @z e RT.

To recover the unknown disturbance o, an RED-based ESO
is proposed as follows

(37

1
A r T3 ra 1 AT r r
Fi = —ki G 2 [P — il 2 + 67 + 7] /m],

. (3%
o; = —kiy¢isen(fi —ri),
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where 7; and 6] present the estimated values of r; and o],
respectively. kﬂ, kL, € R* are the predefined observer gains.
¢ € RT is a scaling factor.

Letting 7; = (7; — ;) /C7 and 6] = (67 — o}) /(] the time
derivatives of 7; and ] are presented as follows

—kjy [7:] % + 67,
&7 = —klysgn(7;) — o7 /¢

Define a yaw tracking error z;o = ; — 1;;,-. The dynamic of
zi2 along (12¢)-(12d) and (35) can be deduced as follows

=1

P =

(39

Zig = 1; — Yir and Zip = 0] + 77 /m] — i (40)
To stabilize the error dynamic Z;5, a yaw control law is

developed as follows

= m (e + 70 = 57) @1)
where 7" is a optimal yaw moment.
Substituting (41) into (40), it has
2.,’1'2 =T, — ww and 51'2 = —5; + Tir*. (42)

To solve the optimal yaw moment 7, , the following con-
straints are constructed to achieve the yaw stability.

Step 1. CLF-based stability constraint

To simplify the constraint design, the error dynamics (40) can

be transformed as follows
Zin = AinZip + Bio(—67 + 10, (43)

where Zig = [Zig, ZZ‘Q]T, Aig = [0, ].; 0, 0] and Big = [0, 1]T
To stabilize Z;o, a Lyapunov function is developed as

Vio = Z}5Pia Zia, (44)
where P;s is a positive definite matrix satisfying
PjsBioBL Pia — DiaQiaD;
Ag;PiQ +Pi2Ai2 B 122D ;9 zj/ zZQzZ 12 -0 (45)
i2

with v, € RT, Dy = diag{l/%g, 1} and Qi = QL > 0.
Py = DigP{2D12 with P/, = Pl2 > 0 satisfying

AL Py + PlyAip — PlyBia By Py + Qia = 0.

According to [51], the optimal yaw moment 7 should meet

the following constraint:
Us = {r{* LasVie + LpuVarl" + 22Via < 0} . 46)
i2
where  La,,Vio = Z}5 (P Az —tAIZ;PiQ)ZiQ,
275 Pis By and €;5 = Amin(Qi2) /A (Ply).
To acquire the open-loop solution in Uf;4, a yaw pointwise
min-norm control law is designed as follows

e _ { — W3 Wi/ (U] W44),

Lp,,Vio =

if ¥;3 >0,

if U;3 <0 “7)

with W3 = La,, Vio + €2Via/vi2 + 0i2||L,, Viz|| and ¥4 =
Lp,,Via, where p;2 is a positive constant.
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Step 2. QP-based optimal yaw moment

To unify the yaw stability constraint (46) and input con-
straint, the optimal control input 7;* is solved via the following
quadratic optimization

/% = argmin JJ (17*) = (77%)?
T ER
s.t. Vig(Zio)7]* < —Vi3(Zi2),
i < <A

(48)

=% __ =T r AT ) __ =T r
where 7/ = 7 /m! — i, + 07 and 71 = =7 /m] — i +

or.
In order to facilitate real-time implementation, a one-layer

RNN is used to solve the QP problem as follows [52]
€Nl = —VJI (T azmax {0,¢5, (49)

7,

where £/ € R is a time constant determining the conver-

gence speed. ¢} is a penalty parameter &L = Vu(Zio)m* +

U,3(Zia), &y =11 =71, &y = —7/* + 77*. The function

7 0
0 max{0,&], } is an exact penalty function expressed as

V&:‘kv for g:k > 07
Omax {0, } = { [0,1]VE],, for &l =0,
027 for 61}6 <0

It is proven in [52] that the state 7;* of the RNN (49) can
exponentially converge to the optimal solution in a finite time.

IV. STABILITY AND SAFETY ANALYSIS

This section analyzes the stability of the closed-loop system
and the safety of the multi-ISV system.

A. Stability Analysis

To analyze the stability of RED-based ESO subsystems (18)
and (39), the following assumption is needed.

Assumption 1: The time derivatives of o/ and ¢/ are bounded
and satisfying ||67|| < &? and [67| < &! with &],57 being
positive constants, respectively.

Letting s? = diag{|g”|2,|¢’|2 } and w?! = —s%67/CY, it gets
il <aillsill/¢ and & = ‘qQIISqII /Cq2 ||w‘1||2 De-
fine Ziy = [[@] ;7] S7 = diag{|g7|2,1a/|2, 7|7, 1|7 }-
Then, the error dynamics (18) can be rewritten as follows

Ziz = (S Y(AizZiz + Bisw?), (50)

where Ai3 = [ 2](1;11]2, IQ; —k}g2_[2, 02] and Big = [02; .[2]

Then, the stability of the RED-based ESO subsystem (17) is
given via the following lemma.

Lemma 2: Under Assumption 1, the error dynamics of the
RED-based ESO (17) can converge to the neighborhood the
origin in finite time, if there exists symmetric positive definite
matrices P;3 and (Q;3 such that

AL Py + P Az + PisBis B Pis + CHC.
with C;; = 53[[2, 02]

Proof: Consider a Lyapunov function candidate V) as
Vi = ZZ3]313213 Along (50), taking the time derivative of

—Qis (51)

il =

Vi yields Vi = ZL(AL(S!) ' Pis+ Pis(S{) " Ais) Zis +
ZEPis(SH) ' Bisw! + w! BL(S!)” 1ngzl3 < A(SH)(ZE
(ALP;s + PisAi3) Zis + Z5 Pis Bisw! + !’ BLEPisZis +
&) From (51), Vi becomes Vi < A(SI)(ZL(ALPis +

PisAis + CLCn) Zis + Z5 PisBiswo? + (@ (@) BLP;3Z;5 —

|@fI?) < ~A(51)Z5QiaZis and Vi < ~A(Qis)A* (Pis)/
A( Zg)Vl . According to [54], Z;3 converges to the origin in a
finite time T satisfying T < 24(Pis)/(A(Qiz)A3 (Pia))ViZ (to)-

Similarly, the stability of the RED-based ESO subsystem (39)
is given by the following lemma without proof.

Lemma 3: Under Assumption 1, the error dynamics of the
RED-based ESO (38) converge to the origin in a finite time,
if there exists symmetric positive definite matrices P;4 and
Qi4 such that A,?QLPM + Pi4Ai4 + ]31‘431‘4.85131‘4 + Cg;cig =

7@1'4, where Ai4 = [7k?1/2, 1/2; *k‘gQ,O], Bi4 = [0, 1], and
Ciz = [07,0].

The following lemma shows the stability of the closed-loop
system (22) and (43).

Lemma 4: Consider the closed-loop system (22) and (43).
Under ||57]| < &l € RTand|57| < 5], € RT, theerrorsignals
of the closed-loop system are uniformly ultimately bounded with
exponential convergence rate for all unknown disturbances o
and o7, and any v;(to) and v;(to).

Proof: Construct a Lyapunov function Vo = (V;1 + V;2)/2.
Taking the derivative of V5 along (22) and (43), one has

Vo = ZE P AnZiy + Z5 Py By (=67 + 777)

+ ZEPnAinZin + Z5 P Bio(—67 +777).  (52)

According to (24) and (45), it renders that
Vo = (ZL PyBiBL Py Ziy — ZE D Qi1 D Zi1) [ (27i1)
— Z5DinQi2DiaZi2) [ (27i2)
+ ZL Py By (78" — 61) + Z5PiaBio (1] — 67). (53)

CaseI: W;1 > 0and ¥;3 > 0:

By using the first conditions of (27) and (47), the equation
(53) can be rewritten as Vi = (Z1 Py By BL Py Zi —
ZEDi1Qi1Di1 Zi1)/(2vi1) + (Z5PiaBio BL Pio Zio—Z 15 Do
Qi2DiaZi2) ) (2vi2) — ZL (P Ain+AL Pi1) Zi1 /12— 011 | Z] Py
Bitll = Z5(PioAio + AL P2) Zi2/2 — 02| Z5 PioBio|| — €n
Vit /(27vi1) — €i2Via/(2742) — ZE{PﬂBu&? — ZLPiaBisot.
~Based on (24) and (45), V2 can be deduced as
Vo = —ZLPi1Bin6! — €i1Vi1/(2vi1) — on | Z} PaBi|| —
Z B PiaBiao? 612‘42/(2%2) 0i2|| Z}5 Pia Bia||. FfOHl
Lemmas 2 and 3, ¢! and ¢/ are bounded with ||} <&,
and |[o]] < 77, Thus Vo can be represented as follow
Vo < —eaM(P)|| Ziall/(2vi1) — | 2} Piu Birl| (01 — 5L) —
€iak(Pi2)l| Zi2|| /(2vi2) — || Z5 Pia Bia || (012 — 57,).-

Case II: \Ijil < 0 and \111‘3 < 0:

According to the definitions of ¥;; and W;3, it yields

{ La,,Vir + €1Vir/va + 0i1 |22} Pin Baa

+(Z5P2BiaBL Pia Zis

<0,
<0.

(54a)

La,,Via + €i2Via/vi2 + 0i2 |[2Z5 PiaBiz (54b)

In this case, Tiq* =0 and 7)* = 0. Since the second and third
terms of (54a) and (54b) are always positive, the negativeness
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of ¥;; and U;3 stems from L,,, Vi1 and L4, Ve to be
negative and dominant, respectively. Thus, incorporating (24)
and (45) can yleld that BlelB;ZIle — DilQilDil <0
and PZQBIQBZERQ — DiQQigDig < 0. Then, it gets the
positive definite matrices H;; = D;j1Q;1D;1 — PilBilB;]{Pil
and Hig = DngigDiQ - P12B7,QB£PZ2 With (24) and
(45), one has 2Pi1Ai1 = —Hil/’)/ﬂ and 2-P'L'2Ai2 =
—Hi /7vi2- Substituting H;; and H;» into (52) has
Vo < —a(H)||Zall/(270) — 2(Hio)l| Zuoll /(27i2) +
||ZzlpllBll||||U || + ||Zz2‘P’LQB’LQ|||Uze|

The two-sided stability analysis shows that the proposed
system is uniformly ultimate bounded. The proof is completed.

B. Safety Analysis

The safety of the proposed multi-ISV system is given by the
following lemma.

Lemma 5: Given an under-actuated ISV with dynamics (11),
if the optimal control signal 7" belongs toU;o N U3 forall ISVs,
and pz(tO) S Cij NCio, YVt > tg, 1 =1,..., N, the networked
multi-ISV system is ISSf.

Proof: According to Lemma 1, the set C;5,1 N Cij,2 N Cio,1 N
Cio 2 is forward invariant by using the optimal control signal
T € Uiy N U3, i.e. the set C;; N Cy, is ISSE. It shows that if
the initial position of all ISVs satisfies p;(to) € Ci; N Cio, @ =
1,...,N, p;i(t) will always stay in C;; N C;,. Therefore, the
proposed multi-ISV system is ISSf.

The stability and safety of the proposed networked system of
multiple ISVs are given by the following theorem.

Theorem 2: Consider a networked system of multiple ISVs
with dynamics (11), the distributed motion generator (16), the
RED-based ESOs (17) and (38), the stability constraints (26)
and (46), the safety constraints (30) and (32), the NLTD (36),
the optimal surge force (35) and the optimal yaw moment
(49). All error signals of the proposed closed-loop system are
uniformly ultimately bounded, and the multi-ISV system is ISSf;
i.e. collision avoidance can be ensured.

Proof: According to Lemma 5, each ISV will not violate
the safety requirements, i.e., the safety objective (14) and (15)
are achieved. Lemma 4 shows that error signals Z;; and Z;o
are bounded, and all tracking errors are ultimately bounded,
i.e., there exists a positive constant p such that the geometric
objective (13) is achieved.

V. AN APPLICATION TO VESSEL TRAIN OF MULTIPLE ISVs

This section provides simulation results to verify the effec-
tiveness of the proposed method. The proposed general safety-
certified cooperative control architecture is applied to the control
of vessel train system consisting of five interconnected ISVs
numbered as 1-5 moving along a riverway. In addition, consider
one obstructive ISV numbered as 6, one static obstacle numbered
as | and one dynamic obstacle numbered as 2, shown in Fig. 4.

In order to achieve a fleet formation, each ISV is
to track reference signals prescribed by the distributed
motion generator (16) based on a consensus scheme as
follows  pia =qia, G1a = —13(Pra — poa — dio) — 2l1q1 4,
Prd=@d Gd=—13pPra—pPra—do1) —2oqra, P3a=

IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, VOL. 00, NO. 0, 2022

Fig. 4. An application to vessel train moving along a riverway.

. 2 .
Gd>  G3d = —l3(p3a —p2a — d32) — 2l3q34,  Pad = Qs
Gaq = —13(pad — p3a — da3) — 2laqaa,  Psa = G5d» G5 =

—12(psa — poa — dsa) — 2l5Gs 4, where poq = [t,0.68¢ — 30]7,
Lh=la=l3=Ily=1I5=2 and dig=dy =d3 =ds3=
dsy = [—4.4721,-2.2361]7. Note that each ISV only
communicates with its neighboring ISVs.

In this simulation, the five ISVs are scaled-down vehicle
model, and the model parameters can be found in [55]. The
initial states of five ISVs and the obstructive ISV are set

as 71(0) = [-10, —45, 27r/3] , n2(0) = [~15, —48, 27 /3],
73(0) = [— 20 50,27 /3]7, n4(0) = [-25, —52, 27 /3] 7,
n5(0) = [~30, —55, 27 /3], n6(0) = [140,75, —7/2]7,
1(0) = [Vz( ) — 13(0) = v4(0) = v5(0) = [0,0,0]7 and

1/6(0) 0.075, —0.075, 0]7, respectively. The initial state of
obstacles are set as p;(0) = [35,—10]7, ¢1(0) = [0,0]7,
p2(0) = [80,38]7  and ¢2(0) = [0,—0.1]7, respectively.
The radius of obstacles are assigned as p; =3 and
p2 = 2. The safety parameters are selected as R, =6
and R, =3. In addition, parameters of the proposed
safety-certified cooperative controller are selected as
kL =212, kI, =1.1, ¢! =35, k[, =212, kI, = 1.1, { =
35, kS =4, k=56, k=11 (I=35 ¢3=
0.366, v;1 = 4.0, 9;1 = 3.0, €;6 = 0.366, v;2 = 0.5, 0,0 = 1.2,
F«'il(Xij,o) = Xij,0» /‘Gi2(Xij,1) = Xij,1» lii1<hio) = hio,
Ki2(Xio) = Xio» Re = Ri = Ry = 2,1; = 5,6, =0.5,4, = 1.
Figs. 5— 9 show the simulation results. Specifically, Fig. 5
shows the trajectories of five ISVs and the reference trajectories
generated by the distributed motion generator. It is seen that a
vessel train formation can be achieved by using the proposed
safety-certified controller (34) and (49) regardless of the dy-
namic obstacle, the static obstacle, and the obstructive ISV. Fig. 6
illustrates the collision avoidance process. Specifically, subfig-
ure 6-(a) shows that there is no collision among neighboring
ISVs during transient phase Os ~ 50 s; subfigure 6-(b) shows
that all ISVs can avoid the static obstacle during 50s ~ 100 s;
subfigure 6-(c) implies that all ISVs can avoid the dynamic
obstacle during 150s ~ 225 s; subfigure 6-(d) means that all
ISVs can avoid the obstructive ISV during 250s ~ 300 s. These
four subfigures demonstrate that the vessel train formation is safe
during the whole sailing process. Fig. 7 depicts the earth-fixed
tracking errors of five ISVs, and they exponentially converge to
a small neighborhood of the origin. The four regions (a)-(d) in
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Fig. 5. The fleet trajectories of the five ISVs.
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Fig. 6. The snapshots during different collision avoidance processes.
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Fig. 7. Tracking errors of five ISVs. .
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Fig. 8.  The optimal surge force and yaw moment.

0 50 100 150 200 250 300

150
Time(s)

“o 50 100 150
Time(s)

Fig. 9. The earth-fixed total disturbances.

Fig. 7 are consistent with the four subfigures in Fig. 6. It is also
observed that the tracking errors become large because the safety
objectives (14) and (15) take a higher priority than the geometric
objective (13). Fig. 8 presents the optimal surge force and the
optimal yaw moment within input constraints. The surge force
and yaw moment tunes to satisfy the stability constraints (26) and
(46), safety constraints (30) and (32) during the whole control
process. Fig. 9 displays the estimation performance for the
unknown total disturbances by using the proposed RED-based
ESOs (17) and (38), and it can be seen that the total disturbance
can be estimated accurately.

VI. CONCLUSION

This paper presents a general safety-certified cooperative
control architecture for a fleet of under-actuated ISVs in the pres-
ence of multiple static/dynamic obstacles, in addition to model
uncertainties, environmental disturbances, and input constraints.
RED-based ESOs are designed for recovering unknown total
disturbances in finite time. Based on CLF, ISSf-HOCBF and
RED-based ESOs, optimal surge force and yaw moment are
obtained by solving the constrained QPs subject to input, stabil-
ity, safety constraints. One-layer RNNs are employed to solve
the quadratic optimization problem on board, which enables
real-time implementations without resorting to optimization
tools. All tracking errors of the closed-loop system are proven
to be uniformly ultimately bounded and the multi-ISV system is
proven to be ISSf. Simulation results substantiate the effective-
ness of the proposed general safety-certified cooperative control
architecture.
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