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ABSTRACT This paper presents a novel swarm control framework for path following of multiple under-
actuated unmanned marine vehicles (UMVs) with uncertain dynamics and unmeasured velocities. Main
contributions are as follows: (1) unlike previous master-slave formation control, a swarm system function
with distributed and self-organized capability is designed; (2) a center-of-swarm (COS) guidance scheme
without vehicle number constraints is proposed for swarm path following, where an improved artificial
potential field (APF) using ring-shaped repulsion is further employed for collision avoidance and obstacle
avoidance; (3) a nonlinear velocity observer is incorporated into the proposed swarm control framework
to estimate the unmeasured velocities, thereby contributing to robust controllers based on fuzzy sliding
mode against uncertain dynamics and time-varying disturbances. Simulations are carried out to illustrate
the universal applicability and effectiveness of the proposed swarm control framework.

INDEX TERMS Unmanned marine vehicles, swarm control, velocity observer, center-of-swarm guidance,

fuzzy sliding mode.

I. INTRODUCTION

Over the past years, cooperative control of underactuated
unmanned marine vehicles (UMVs) has drawn much atten-
tion on both military and civilian applications [1]. In addition
to the traditional single vehicle, cooperative control of multi-
ple UMVs provides higher fault tolerance and wider search
area in less time [2]. Unfortunately, suffering from weak
communication, high hydraulic pressure and strong ocean
disturbances [3], [4], UM Vs have great difficulties to explore
information and collect data. Therefore, developing a coor-
dinated control framework for multiple vehicles in the pres-
ence of uncertain dynamics and time-varying disturbances
has grown into an emerging research. Previous researches
pertaining to cooperative control can be classified into three
categories [5], virtual structure framework [6], [7], behavioral
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strategy [8], [9] and leader-follower mechanisms [10], [11].
However, these cooperative control techniques are limited
by the pre-designed formation. Nevertheless, there exists an
obvious master-slave structure among vehicles [12]-[14],
thereby causing great difficulties in self-organized coordi-
nated motion and obstacle avoidance. By virtue of the line-
of-sight range and angle between the leader and followers,
a continuous sliding mode control [15], [16] with parame-
ter estimation is employed [17]. In the presence of discrete
data transmission, a continuous-discrete extended Kalman
filtering algorithm is proposed for each follower to estimate
the leader information [18]. Besides, a network system with
multiple packet dropouts using pseudo measurement and
nonlinear filtering algorithm is designed in [19], whereby
followers can sense the leader positions. Also, the leader-
follower formation with uncertain local dynamics and uncer-
tain leader dynamics is reported in [20], where a dynamic
surface control based neural network [21] is constructed such
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that the controller is simple and universal. However, it should
be highlighted that the leader plays a crucial role in central-
ized control structure, and once the leader is invalid, UMVs
will lose their original formation performance.

Based on backstepping technique and biological network
model, followers can track the virtual leader and transform
the formation to avoid obstacles [22]. Recently, artificial
potential field (APF) is employed for collision avoidance and
obstacle avoidance [23]-[25]. Attractive force and repulsive
force are proposed in [26], which can drive vehicles to the
target or away from the obstacles. Considered dynamic obsta-
cles and unreachable targets, the distance factor and jump
strategy using an optimized APF algorithm are proposed for
trajectory planning [27]. Moreover, Fuzzy logic [28], [29]
for obstacle avoidance is proposed to design the attrac-
tive/repulsive function for multi-agent [30]. An improved
potential field using damping technology around vehicles and
obstacles is proposed for collision avoidance and obstacle
avoidance [31]. However, previous formation approaches and
APF strategy aiming at large-scale vehicles usually suffer
from flaw that cooperative control system is complicated with
much condition constraints and vehicles are rebounded from
obstacles, thereby an imperative is to design a distributed and
self-organized cooperative control framework for UMVs.

Inspired by above observations, we propose a novel swarm
control framework with collision avoidance and obstacle
avoidance capability for multiple MUVs without velocity
measuring instruments in the presence of uncertain dynamics
and time-varying disturbances. The center-of-swarm (COS)
guidance scheme is first proposed based path following for
single vehicle and light-of-sight guidance. Unlike previous
researches, a distributed and self-organized system function
is designed rather than a centralized and fixed formation
structure. The improved APF with ring-shaped repulsion is
employed for collision avoidance and obstacle avoidance.
Furthermore, a nonlinear velocity observer is constructed to
exactly estimate unknown velocities. The robust controllers
based on fuzzy sliding mode can ensure that the desired
signals produced by the proposed COS guidance can be
accurately followed.

The paper is organized as follows. Section II presents
the preliminaries and problem formulation. Velocity observer
design is developed in Section III. The swarm guidance
scheme and robust controllers are addressed in Section IV and
Section V, respectively. The stability analysis of the closed-
loop system is provided in Section VI. Simulations are carried
out in Section VII and conclusion is stated in Section VIII.

Il. PRELIMINARIES AND PROBLEM FORMULATION

A. UNDERACTUATED UMV DYNAMICS

Let n; = [xi, yi, wi]T € R? is the position vector in the
earth-fixed frame, where (x;, y;) denotes the UMV position
coordinates and ; denotes the yaw angle. v; = [u;, v;, T e
R3 is the velocity vector in the body-fixed frame. Consider
a multi-vehicle system that consists of n UMVs and follow
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the references [32], the mathematical model is employed
to describe the ith UMV under the following Assumptions,
including the kinematics

1; = R(Wivi (1)
and the dynamics

Mp; = —Ci(vi)v; — Diwvi + T, + RT (Y)Tyi  (2)
where 7; = [Ty, Tui, 7,:]7 € R3 is the control input vector,
7|, = [Twuis Twvis Twil?l € R3 denotes the time-varying dis-
turbances in the body-fixed frame; the rotation matrix R(v;),
the inertia matrix M; = M IT € R3*3 the corilois centripetal
matrix C;(v;) € R¥*3 and the hydrodynamic damping matrix
D;(v;) € R>*3 are given by

[cosy; —smy; 0O

R(Wi) = | sinyi cosyi 0 (3a)
| O 0 1
B nmii 0 0

M; = 0 mpo 0 (3b)

L 0 0 ms33
0 0 —mooV;

Ci(vi) = 0 0 miu; (3¢)
| maovi  —miiu; 0
i dy  + dyuluil 0 0

D;(v;) = 0 dy +dylvil 0
L 0 0 dr +d|ril

(3d)

Assumption 1: Ignored pitch, roll and heave motion, each
UMYV is equipped with a propeller and a ruder.

Assumption 2: The UMV yaw angle and position coordi-
nates are measured, but velocities are unmeasured.

Assumption 3: The communication is not subject to
time delays and each vehicle can obtain information from
neighbor.

To describe the multi-vehicle motion, a swarm system
function with distributed and self-organized can be designed
as

X, =f(p) and X,;=J,nV )

where f;(n) = [X,y, 017 € R, J(y) € R¥**" is the Jacobian
matrix satisfying (5). V is the swarm velocity vector. x =

Yo xi/nandy = > i,y / n denote the swarm central

positions, 0 = > 1, /(xi — X)*(yi — y)* / n is the standard

deviation between (x;, y;) and (x, y).

T T 7
afs1(m) afs2(m) ofs3(m)
JS(") = 3 ) 5 - a (5)
1 an an
Furthermore, J:,r denotes the pseudo-inverse matrix of J,

which is employed by J;r = Jg(J Slg)_l and satisfies
JJF =1s.
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FIGURE 1. Swarm geometric structure of UMVs.

B. SWARM ERROR DYNAMICS

On the horizontal plane, the geometric structure for swarm
control including multiple UMVs and a geometric path
parameterized by a time-independent variable 6 is shown in
Fig. 1. Similar to the swarm system function (4), the desired
swarm function can be described as

Xq = [%4, 54, 0al" (©)
and the corresponding swarm errors can be expressed by
Xe=X;—Xq=Ix-X4,5-Vgp0—oal" ()

For given 6, the path-tangent reference frame is denoted by
(x4(9), y4(0)) which is rotated with an angle ¥, with respect
to the earth-fixed frame given by

Vq = atan2(ya(8), %4(6)) ®)

where x;(0) = hgy/00 and y;(0) = 0yyz/06. For the
multi-UMV system defined as (1) and (2), the along-
following error x, and cross-following error y, between (X, y)
and (x4(0), yq(0)) expressed in the path-tangent reference
frame are described as

Xe | cosyry
Ye | | sinyry
The control objective is to design distributed controllers for
each UMV with the dynamics (2), such that the swarm can

follow a given geometric curved path (xz(8), vq(6)) and
swarm errors satisfy

— T
—sinyr 4 X —xq(0)
o] F o] o

lim X, < & (10)
11— 00
and

lim x, < &

oo (11)
lim y, < &3

—00

for some small constants 1, &> and &3.
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lll. VELOCITY OBSERVER DESIGN
In this section, a nonlinear observer is developed to exactly
estimate the actual UMV velocities which cannot be mea-
sured under the Assumption 2.

Design the velocity observer for each vehicle as follows:

vi=H;+L(n; — ;)

i = fo@iG; — 7)) — RW)i —))dr +n;  (12)

H;=—M;"(Ci(%;)p; + D — T; — RT (Y)T\01)
where L1 = diag{li1, l12, 113} and Lo, = diag{ly1, b2, 123}
are positive gain matrixes; #; and ¥; are the position estima-
tion and velocity estimation; the estimation errors are further
defined as

ni=n;—10, Vi=vi—V (13)
Theorem 1: Consider UMV in (1) and (2) without velocity
measuring instruments, the observer (12) can be used for
unknown velocity estimation. Suppose that the control inputs
are bounded and the Assumption 2 is satisfied. Then, the esti-
mation errors can converge to zero with global asymptotically
stable.
Proof: Define observation error dynamics as follows:
i’i :R(wl)fl _Llﬁi 1 (14)
vi=-M; Ci(v;)v; — M; Dip; — Loj;
Consider the following Lyapunov Function Candidate (LFC)
as

1 _ N " . - .
vio=5(n,-TPm,~+v?P2v,->, Vi, #0, 5 £0  (15)

where P1 = diag{P11, P12, P13} and P, = diag{P>1, P22,
Py3} are positive diagonal matrixes.

Differentiating V;, with respect to time along (13) and (14),
we have

. B N » 1 5 5 B
Vie = (R¥; — L17i))" P1#j; + S (Ll + r#%)" Pyv;

1._ - -
+=9] Po(~Lai); + T;#%)

i
= —i)f L{ P1ij; + %ﬁ?(rf P; + Py,
+7 RTP| + Po(—L))ij; (16)
where T; = —M; ' Ci(3;) — M;'D;.
By defining
R'P, =P,L,
L'P, =0, (17)

r’'p, + P,I'; =20,
yields
Vie= =0l Qiil; — 9 Q% <0, Vii; #0, 5 #0 (18)

Furthermore, using o1 = A,,(0Q1), 02 = A,(Q,) and (15), we
have

Vio < —o1llii;I1* — o2l|91|* (19)

where Anin denotes the minimum eigenvalue.
Thus, we can get the conclusion that the estimation errors
converge to zero with global asymptotically stable.
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IV. CENTER-OF-SWARM GUIDANCE
In this section, we propose a center-of-swarm (COS) guid-
ance scheme including both collision avoidance and obstacle
avoidance. Based on the path following for single vehicle,
a guidance scheme capable of driving the UMV formation
toward and along a desired path is designed. The desired
behavior is ranked as follows, with obstacle avoidance being
the most important: (i) Make good progress towards the
desired path; (ii) Avoid collisions and obstacles; (iii) Keep
safe distance from neighbor vehicles and obstacles.

Step 1: The time derivative of x, and y, can be derived as

Ko = Xcos Yy +ysiny, — x4(0)cos Yy — ya(0) sin
+ Vg (=& — x4(0)) sinry + (5§ — ya(6)) cos ¥y)

Ye

(20)
and

Je = —Xsinr, +ycos ¥y + 1a(0) sin Yy — $a(@) cos ¥y
—Va (X — x4(0)) cos Yy + (V — ya(0)) sin )

Xe

2D
Substituting (2) into (20) and (11) yields

Ko = —0,/x}0) + V3 O) cos(Wy + @) + ucos(y — ¥y)
—vsin(y¥ — ¥g) + ?dye
Ucos(¥ — Yg) + ¥ aye — Up (22)

and
Ve = 64/x7O) + Y7 O) sin(Yry + §) + usin(y — ¥ z)
+veos(¥ — ¥y) - Y aXe

= Usin(y — ¥g) — Vgxe (23)

where ¢ = arctan 2(—y;(0), x4(0)) = —¥ 43 U = Vu? +1?2
represents the COS velocity and satisfies 0 < U < Upax; Up
is the ideal COS velocity expressed as follows:

u, = U cos(f — ¥g) + 8x. (24)

where § > 0 is a design parameter. From (22) and (23),
the angle v, towards the desired path can be designed as
follows:

Yr = ¥ 4(0) + arctan(—y./lo) (25)

where Iy > 0 denotes the look-ahead distance. Since 0 is the
actual path parameter variable to update, we need to acquire
the relationship between 6 and u,. By using (22), we define

- Up
0= ———— (26)
NEACORRHC
Consider the following LFC as
1 1
V| = Exf + Eyf (27)
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Differentiating V; along the closed-loop error dynamics (22)
and (23) yields

Vl = XeXe + YeYe

— xe(=8% + Vye) + ye(U sin(@ — Fg) — Vgxe)
—Bxez + y.U sin(atan(—y,/lp))

—8x; — Uys /|13 + 2

—(Sxez - syz
—kVy (28)

U/,/lg+y§ and satisfies 0 < & <

Umax [ /12 +2; k = 2min{8, &}. Step 2 Consider the
following FLC as

IAIA

where ¢ =

1
Vo= X KX, (29)
where K1 = diag{ki1, ka2, k33} is positive gain matrix.

Taking the time derivate of(29) and using (7) yield
Vo =XK1V —Xa) (30)

To make good progress towards the desired path, the desired
velocities V4 of swarm system can be designed

Va=[vl, vi ... vIN7 =—Jgr&\X,—Xs) (31)

where Vg = 3,4 = [Xid, y,d]T are the desired velocities for
the ith UMV.

Remark 1: Different from the existing APF including both
attractive force and repulsive force [33], where the control
algorithm can only be employed with respect to the kine-
matics, and none of cooperative controllers based dynamics
can result. Therefore, the proposed swarm control framework
considers the dynamic controllers in section 5. Step 3 Based
on the desired velocity (31), the collision avoidance algorithm
presented in [34] can be employed to modify V4 An artificial
function is proposed to avoid collisions among vehicles. The
APF P,,; is a function with the following properties:

(1) P, is differentiable and non-negative;
(2) Py reaches its maximum if ||x;|| — O,
(3) Py is decreasing nonlinearly as 0 < ||x;|| < do;
(4) Py reaches its minimum or zero if ||x;|| — oo.

where ||x;|| is the distance between the ith and thejth
vehicle, dy > 0 is the safe avoidance distance. Thus,
the total repulsion fields for avoiding collision is derived as
Par = 2?21 Pari~

In addition to avoiding collision, avoiding obstacles is an
integral part of this swarm control framework. Based on the
traditional APF in [34], a modified repulsion field has the lin-
ear ring-shaped behavior as shown in Fig. 2. Each UMV can
bypass obstacles smoothly with safe distance. By defining the
distance between UMV and obstacle, the repulsive force of
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FIGURE 2. Schematic of the modified repulsion field.

obstacle collision is given by

1 1 o Xy .
(— — — s if [xgll < Dy
Ixoill - Do llxo;ll= om;
VPui=10, else if |lx,;]l > Do
Doy — ||xy
IBLloj|| otherwise

Dy
(32)

where 11; =[x, yoj]T is the jth obstacle, and 8 > O is

the repulsion gain. Dy > 0 is the maximum radius and D

represents the distance of the annulus repulsion field and

satisfies 0 < D1 < Dy. Thus, the total repulsion fields for

several obstacles can be derived as P,, = ij=1 Pyoj.
Consider the following FLC based V5 as

1
V3 = EXZKIXL, + k3P (33)

where P = ki ) i* | Paoi+ka Y_r_; Pari; k1 and ks are positive
scaling factors; k3 is a positive constant. Taking the time
derivative of V3 yields

V3=X KUV —Xa) +k@P/am)'V  (34)
The desired velocity is designed as follows:

Vo=l vl .. ovlr
~XTK s+ ks @P/an)")T + T X,
—(ksoP/on +JTK X))+ T X,

(35)
Substituting (33) into (31) results in
V3
T T T T r
= — (XIK I +ks@P /o)) (XTK 1T +ka(@P/om))
+ (X[Kle n k3(8P/8n)T) Jike —XTK\X,
= —(k30P/0n + J§K1X )" (k30P/on+J ] K1X.)
+k3(@P/an) T i X

< —(k3dP/dn+J LK 1 X )T (k30P/3n+J K 1X )+ A
(36)
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where k3 > 0, A = k3|(@P/3n)TJFX4|. Thereby,
the center-of-swarm guidance scheme including both colli-
sion avoidance and obstacle avoidance is provided by step 1,
step 2 and step3. Moreover, each vehicle gives priority to keep
distance with neighUors and obstacles.

V. CONTROLLER DESIGN

In this section, we design heading and surge controllers for
the ith UMV to ensure the desired behavior. The desired surge
velocity and heading angle for the ith vehicle are given by

Uuig = /33 + 3%, andyig = atan2 Gig, Xiq)  (37)

A. FUZZY APPROXIMATOR
A fuzzy logic system (FLS) is employed as the universal

approximator to estimate the unknown, and the detail expres-
sion of FLS is defined as

R : if x1 isAj1 and xp isAj2 - and x, isA{1
thenyisBj

where R/ represents the fuzzy rules, and j = 1,2, k.y and
x =[x, x2,--,x,]7 is the output and input, respectively.
4’ and B/ are fuzzy singletons [35, 36]. Given k fuzzy rules,
the total output of the fuzzy approximator is

Yo =30 G =07t (38)

where 0 = [61,0, -- -, Gk]T is adjustaule parameter vector;
§;(x) is the membership function.

H?=1M{4i(xi)
- .
Zj:l(n?zlﬂjfxi(xi))

£,00) = (39)

where M{M(xi) is the membership function.

Remark 2: 1t is worthy to indicate that, if the FLS is
replaced using neural network, similar results can be con-
ducted without any difficulty.

B. SURGE CONTROL

Consider the dynamics (2), the surge controller t;, can be
chosen as

Ty = —M Vil + (CAlu + dy ’M) i — Kiy sgn (Si)
— i1 (Aioltie — ig) ~ (40)

where Ajp > 0; ujy is the desired surge velocity computed by
(37), and Sj,, is the integral sliding surface governed by

t
Siu = Mz/o wie(Ti)d Tiy + je 41)

with u;e = it; — u;g is the surge error, Kj, is the uncertain gain

function defined as

Kiu = mz — o)y + ((d = o) + (e = ) ] )
+ (myy — ) (i2ltie — ttia) + Tiwu (42)
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A FLS is used to approximate the uncertain dynamics and
time-varying disturbances in Kj,

- AT

Kiw = 0;,8;,(x) (43)

o on AT . PO )
wherex = [i1, 9, 7] is the velocity vector, and 8, is adaptive
law designed as

A

0 = niylSiul§;,,(x) 44)

where 5;, > 0; the corresponding membership function is
selected as

£ = exp [— (x+%-6-0%) /01)2]
j=1,2---5 (45)

By the FLS universal approximation capability, the uncertain
gain function Kj, can be completely expressed by

Ki, = 0;/&;,(x) + c} (46)

u

where 7, is optimal weight parameter, and ¢} is the ideal
approximation error and satisfies |cf| < ¢ with an upper
bound ¢y > 0.

C. HEADING CONTROL

Consider the dynamics (2), the heading control t;- can be
chosen as

Tip =— (1 — mo)iibi+(dyr +dpe |Fil)F; — Kir sgn (Sir)

— MVia — Yia)  (47)
where A;1 > 0; ¥4 is the desired heading angle computed by
(37), and S;; is the sliding surface governed by

Sir = MitWie + Vie (48)

with ¥, = ¥, — Y. Kjr is the uncertain gain function
described as

—m33(Ai1#;

Kir = ((m11 — ) +(may — mn)) i,
+ ((dr - ar) + (drr - arr) |fl|> fi
+ (m33 — fzz) (At Fi— A Vi — Vi) + Towr~ (49)

Similarly, a FLS is used to approximate the uncertain dynam-
ics and time-varying disturbances in Kj,

. AT
Kir = 0;,§;,.(x) (50
where ir is adaptive law designed as

0ir = nir 1Sir1 §;,(x) (S

where 5;, > 0; the corresponding membership function is
selected as

£)) = exp [— (x+2-6i-03) /02>2:|,
j=1,2---5 (52)

Similar to (46), the unknown K;, can be completely expressed
by

Ki = 037 8,.(x) + ¢4 (53)
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where 67, is optimal weight parameter, and ¢ is the ideal
approximation error and satisfies |c5| < ¢ with an upper
bound ¢; > 0.

Theorem 2: Consider the controllers (40) and (47) with
FLS (43) and (50), the surge and heading following errors
for the ith UMV are bounded.

Proof Consider the following FLC as

1 1 ~T ~ _1~T
Vig= 5<m335i2, miS2 40, 05 0 +07,'0:,00)  (54)

where 0;, = 07, — 0;, and 0;,, = 07, — 0, are parameter
estimation errors. The time derivate of Vi4 can be expressed
as

Via =m338i-Sir + m11SuuSiu + ﬂi_rlaeréir + n;lé;g’iu
= Sir(Kir — Kiy sgn (Si) — 03, O — 030m, 1018,
+ Siu(Ki — Riusgn (i) — 13, O3 — 030mil Sl
<SirKir — 037 1Sir 18, + SicKiu — 03 |Sul &,
< —<1lSir| — C21Sul (55)
It follows that v, and u;, are bounded as time tends to

infinity. This concludes the proof.

V1. STABILITY ANALYSIS
To analyze the underactuated UMV stability in the sway
direction, we consider the following FLC as

1
Vv = Emzzvi (56)
From (1) it follows that
Vo="; (—mu1iuf; — dag¥; 4 tywi) < —dad? + 99| (57)

where ¥ = max(|m1i;7;| + | Twvil).
For any |V;| > 29/(d, + d,»|vi|), we have

Vi < —(dy + du|9i)P?/2 (58)
Thus, the sway ; is bounded and satisfies
i) < [Dilto)|e™ P30 429 /3y (59)

Theorem 3: The novel swarm control framework consisting
of COS guidance scheme given by (24) (25) (31) together
with the control laws (40) (47) renders all signals in the
closed-loop swarm system uniformly ultimately bounded.

Proof: Consider the following FLC as

V=V +V;+ Z; Vi (60)

Differentiating V along the errors (7) (9) (41) and (48)
yields

1%
=XTK \(Js(nV — Xa) + k3(0P/dn)TV + xede + yebe
n
. . 4 ~Tx 4~ TZ
+ Z(m33sir5ir+mlISiMSiu+77ir10ir 0ir+77i,,]0iu 0iv)
=1
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< —(k30P/3n + JEK1X ) (k30P/0n +JTK 1 X,)
n
+ Y SirKir — 037 1Sir 1€, + SiuKiu — 05 1Siul€3,)
i=1
- (Sxez - ayg +A

n
<—T7T = > @S| + CalSu 87 — ey} + A 61)

i=1

where T = k3dP/dn +JTK1X. A = ks |[@P/an) T} X 4]
and k3 > 0. Thus, it can be concluded that all signals in the
closed-loop system are uniformly ultimately bounded. The
proof is complete.

VIl. SIMULATIONS

Eight UMVs whose dynamics are described by (1) and (2)
are used for simulations in MATLAB to demonstrate the
effectiveness of the proposed swarm control framework. Each
vehicle has the length of 5. 20m, the mass of 1850kg, and
the parameters of my; = 2403kg, my; = 3352kg.m33 =
24896kg, di1 = 24.5 + 49ulkg/s, dy = 584.8 +
453.8|v|kg/s, d3z = 1827.8 + 1800|r|kg/s.

The time-varying disturbances are assumed as follows:

Tyui = [m1191, mapt, mazd3]" (62)

where 1, ¥» and 3 are zero-mean Gaussian white noise
processes.

The initial dynamics of each UMV is defined as v; =
[0, 0, 0]7 and kinematics is as follows:

n = [-80,50,0.257]7,
n3 = [—40, —20,0.57]7,
ns = [20, —20, 01",

n7 = [200, —100, 0.657]7,

n, = [80, 40, 0.257]7
= [-80, 100, 0]”
Ny =1 ]T 63)

n¢ = [0, 20, 0.57]
ng = [150, =60, 0.57]7
The desired velocity is 10kn and the desired standard devia-

tion o4 is 50m. Moreover, the desired path is parameterized
by

=0 (64)
v4(0) = 200* sin(r 6 /400)
where 6 is managed by
6= @ (65)

VEIO) +35(0)

and u, is defined by (14).

For obstacle avoidance, the distances are designed as
do = 30, Dy = 90, D1 = 60. The COS guidance is
designed as

Va=—(ksdP/on +JTK X))+ T X4
P=kiy . Pwithk) .  Pai (66)
= 121‘:1 aol 2 i=1 ari

with parameters k| = 20, kp = 15, and k3 = 2.
The distributed and self-organized swarm control frame-
work is shown in Fig. 3.
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FIGURE 3. Swarm control framework.

The gains in the controllers and the guidance scheme are
chosen as follows: K1 = diag(0.1,0.1,0.1), § = 0.2,
lp =20, Aj1 = 04, Xip = 5, niy = nir = 500, ¢ = 2.5,
B = 4. Considering controller hysteresis and turning radius
constraint, swarm errors satisfy that e;—1 23 = 5.2m (the
length of vehicle).

There are three challenges in the swarm path following:
(1) the large number vehicles; (2) the large initial errors;
and (3) the fast response to the obstacles. However, these
challenges are addressed reasonably and effectively using the
proposed swarm control framework. The swarm following
performance of multiple UMVs is shown in Fig. 4 (a) — (e),
from which we can see that each vehicle can follow the
desired path. Moreover, collision avoidance and obstacle
avoidance for multiple UMVs in the presence of uncertain
dynamics and unmeasured velocities are addressed. In par-
ticular, Fig. 4 (c) and Fig. 4 (d) show that each UMV can
bypass obstacles in black color smoothly with safe distance.
From Fig. 5, it is apparent that the following errors x,, y, and
o — o4 with COS guidance scheme can converge smoothly
to zero. However, UMVs must take measures to keep away
from obstacles at time 150s to 200s, and the following errors
cannot converge to zero, which are reasonable. Fig.6 shows
the 6th UMV surge velocity ug and yaw angle ¢ by pro-
posed scheme, and it also demonstrates that each UMV can
make good progress with 10kn towards the desired path.
Fig. 7 shows the control signals of the 6th UMV. Fig. 8 shows
that unknown velocity information can be accurately esti-
mated by the proposed observer.

In summary, the swarm control framework with COS guid-
ance and fuzzy sliding mode can achieve cooperative path
following in the presence of uncertain dynamics and time-
varying disturbances.
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Viil. CONCLUSION

In this paper, the problem of swarm-based path following
for multiple UMVs has been addressed. By virtue of the
SOC guidance and the improved APF, a distributed and
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self-organized swarm control framework is employed. The
unmeasured velocities and time-varying disturbances have
been proposed by velocity observer and fuzzy sliding mode
control, respectively, which can ensure all signals in the
closed-loop system are bounded. Moreover, swarm path fol-
lowing performance is proven by simulations. The obsta-
cles considered in this paper are static, and hence, future
researches focus on the dynamic cases.
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