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Long Duration Coverage Control of Multiple Robotic
Surface Vehicles Under Battery Energy Constraints

Shengnan Gao ', Zhouhua Peng
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Dear Editor,

This letter addresses long duration coverage problem of multiple
robotic surface vehicles (RSVs) subject to battery energy constraints,
in addition to uncertainties and disturbances. An anti-disturbance
energy-aware control method is proposed for performing coverage
task of RSVs. Firstly, a centroidal Voronoi tessellation (CVT) is used
to optimize the partition of the given coverage area. The optimal
position for each vehicle corresponds to the centroid of the Voronoi
cell. Secondly, by consisting two battery energy control barrier func-
tions, an energy-aware kinematic guidance law is designed to drive
each RSV to the optimal position. Finally, an anti-disturbance fixed-
time kinetic control law is designed for each RSV to track the desired
speed based on the fixed-time extended state observer and nonlinear
tracking differentiator. By the control method, RSVs are capable of
achieving the long duration coverage within the given coverage area.
Simulation results verify the effectiveness of the proposed anti-dis-
turbance energy-aware control method for multi-RSV.

There is a surge of interest in motion control of RSVs because they
are vital tools in exploring the oceans [1]-[3]. Cooperative control
enables RSVs to perform more challenging task over a single RSV in
terms of enhanced efficiency and effectiveness [4], [5]. In particular,
coverage control is a typical cooperative control of RSVs. Such
motion control scenario can find numerous missions in practice such
as maritime patrol and environment monitoring [1], [6]-[9]. Cover-
age control is proposed for unmanned ground vehicles [6], unmanned
aerial vehicles [7], and robotic surface vehicles [8]. However, the
aforementioned works [6]-[9] do not explicitly guarantee the persis-
tent coverage performance. In practice, the vehicles may not execute
task persistently because of the battery energy constraints.

Motivated by the above observations, this letter aims to design an
anti-disturbance energy-aware control method for RSVs to execute
long duration coverage task. The main contributions of this letter can
be summarized as: 1) In contrast to the works in [4], [5] where the
objectives are to maintain formation, the proposed control method for
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multi-RSV to achieve coverage task within a given coverage area. 2)
In contrast to the existing works [6]-[9] where the persistent cover-
age performance may not be guaranteed definitely, an energy-aware
control method based on two battery energy control barrier functions
(BE-CBFs) are designed to achieve long duration coverage mission.
3) In contrast to the existing coverage control methods in [8], [9]
where the convergence time of estimation errors can not be calcu-
lated in a prescribed time, a fixed time extended state observer
(FTESO) is proposed such that the estimation errors are convergent
to zero within a fixed time.
Problem formulation: Consider the dynamics of RSVs as

Xi = u;cos(yp,;)—v; sin(yy,;)

Yi = uisin(yy,;) + v cos(yy;)

Wpi = Ti )
myiit; = Jui(Ui, Vis 1) + Tui + Tyui

MyiU; = foi(Ui Vis 1) + Ty

myiti = fri(i, Vis i) + Tri + Tyri

where x;, y;, and y,,; are the position and orientation in an earth-fixed
inertial frame; u;, v;, and r; are the velocities in the surge, sway, and
yaw directions respectively in a body-fixed frame; m,,;, my;, and m,;
are the mass of RSVs; f,i(+), fui(+), and f,;(-) represent unknown non-
linear functions; 7,; and 7,; denote the surge force and yaw moment;
Tywuis Twui> and Ty,; denote the time-varying environmental distur-

bances. Denote U; = ’“1‘2 + ul.2 as the total speed of the ith RSV, and
the dynamics (1) of the RSV can be rewritten as

Xi=Uicos(y,), yi=U;sin(y;), W =ri+p;
my; Ui = cos(Bi)(fui + Twui) —2 Sinz(% VTui )

+8in(B)(fui + Twoi) Mui [ Myi + Tui
Myifi = fri+ Tri + Tyri

where y; = y,,; + i is the course angle with 8; = atan2(v;, u;).

The charging and discharging model of the battery is stated as
E; = 6K, +(1-06)K,,, where E; is the battery energy level of the
ith RSV; K., > 0/K,,, > 0 represents the case of the worst/fastest bat-
tery discharging/charging; ¢ € [0,1] is the switching coefficient of
battery charging and discharging.

Design and analysis: Step 1: The first step is optimizing the parti-
tion of the given coverage area. CVT is a powerful tool for the area
partition. The centroid of each Voronoi cell can be defined as the
optimal position for each RSV to track. Consider that N RSVs are
randomly distributed in a closed and connected area G € R? that has
to be covered. Associate a density function ¢(g): g € R™ with each
point g € G. Define locational cost function of the multi-RSV as
H(P)= XY, [, Ipi-glP¢(g)dg, where p; = [x;,yi]” is the position
of ith RSV; P =[py,---,pn]is position set of RSVs; ||p; — gl|| denotes
the Euclidean distance metric. Next, the Voronoi cell of the ith RSV
can be defined as V; = {g € Glllg - pill <llg—pjll , Vi # j}. Then, it fol-
lows from [8] that the optimal position p.; corresponds to the cen-
troid of the Voronoi cell in a CVT is:

pei = [, ab(e)dg/My, 3)

where My, is the mass of the V; with My, = fV‘ o(g)dg.
Step 2: Define the target tracking error as ep; = p; — p.i. Take the
derivative of ep; along (2), and one has ép; =¢q;— p., where
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qi = [qx[,qyi]T = U,-[cos(z//bi),sin(l//bi)]T. To stabilize e);, an optimal

total speed guidance law is designed as g.; = =K iepi/ . Hlepill2 +Ac2ﬂ.+

Dei, where K, € R2 is the guidance law parameter vector and Ay is a
positive constant. Define the velocity tracking error as ey = g; —qci
and the time derivative of the e),; can be rewritten

épi =— qiepi/ \”|epi||2+A§i+eqi- 4

To implement the long duration coverage control task, the position
of charging station pp; should satisfy Ecparge = {€i(pi) € R pi—
Duill < dep), where g;(p;) is the minimum energy required for the ith
RSV to return to the charging station and dg, is the radius of the
charging station. In order to maintain a desired energy reserve, the
following inequalities E;— Eni, > €i(pi) and Epax —E; >0 hold,
where E,i, denotes the minimum capacity of battery storage and
Enax 1s the maximum capacity of battery storage. It means that each
RSV can return to the charging station before limited battery energy
depletion and leave the charging station before overcharging.
According to the definition of the CBF, the functions 4, and A, are
defined as hen(z;) = E; — Emin — &i(pi) and hep(zi) = Emax6(sio) — Ei,
where z; = [piT,E,-]T, sio = llpi — pioll, and 6(sjp) is a step function. If
si0 > dep, 0(si0) = 1; otherwise, 6(sj9) = 0. The safe set C,; in this let-
ter is defined as Cg; = {zj |hen(2i) = 0,hep(zi) = 0}.

It follows from the safe set that the functions ., and A, can be
described by an equivalent A(z;) as h(z;) = min{he,(z;), hen(zi)}- Thus,
the speed guidance law g, = [qj‘d,q;i]r can be obtained by the fol-
lowing quadratic programming problem:

arg min_ Ji(q") = llgi — g1
quERZ
st h(z) = —ah(z) ®)

where A(z;) = ( 0h )Tq — 6K+ (1 -8)K,,. The optimal total speed
of the ith RSV is derlved as Uy = q -cos(y;) + qw sin(y;).
Step 3: Define y,; = atan2(g

qu) and ey =y; -y, and the
dynamics of ey; is éy; = r; +Bi =1, To stabilize eyi, a yaw guid-
ance law is designed as

Tei = _kriel//[/ \ |€1//i|2 + A%i _Bi + W (6)

where k,; € R is the guidance law parameter and A,; is a positive con-
stant. Define e,; = r; — r;, and the dynamics of the yaw target track-
ing error is rewritten as

eyi = _kriet//i/ \ |el//i|2 +A%i + ey (7

Step 4: Due to the fact that the uncertainties and disturbances can
affect the performance of the control system seriously [10]-[12], it is
necessary to recover the uncertainties and disturbances. First, to
obtain a smoother motion profile for RSV, let U, and r. pass
through two nonlinear tracking differentiators as

A 11U A
Ui = Ugi—k{sig ™% (Ui - Uey)

. 19U A

Uai = ~kysig! /"5 (0= Ue) ®)
Fi= rai — ki) Slgl l/k’z("t =i

Fai = —kpysig' ks (i = i)

where U, is the estimate of the U.;; #; is the estimate of the r.;; Uy
is the estimate of the U,;, and ry; is the estimate of the 7;. kl.l{ eR,
kig eR™, kU >2, k) € R*, K, € R*, and ki > 2 are the design param-

eters. Deﬁne ey = =U0;-Ug, e, =Fi—rei, e‘g]i = Ui~ Ui, and elri,- =
rai —fei. It follows from (8) that the dynamics of the e{;,, e¢,, e‘lih., and
d

ey, are obtained as:
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_ Ui 1-1/kY
ey = eUl—k sig sl
eUI kUs1g1 z/kﬂe Ud, Ui
r 1-1/k. (9)
é —e ; — ki sig Bl
1-2/k;
erl.z—kl.rzs1g /He Tdi = e

From (2), the kinetics of the ith RSV can be rewritten as
Ul 8ui +mml Ty and 7; = gy +mr_[17—ria where g,; = m,;[l (cos(Bi)(fui+
Typui) = ZSIHZ(% Tui + SInBi)(fui + Twuidmui/myi) and  gp = m;il (frit+
Twri). Two fixed-time ESOs are designed to estimate the unknown
functions g,; and g,

= _k;'il I’U J(Ym _ku I-U Jﬁm +gul+m Tm
F7. 1 2Qui— 2B.i— .
= —kis[U;]™" —kl‘a[U,’J A +k;.‘051gn(Ui)
Fi= —kiy [7: 1% —k{2|—7’iJ’B'i +&ri +m;l.l‘rn-

8yi = kL7 1P — k7 Pt 4 kL sign )

(10)

where k! € R* and K € R*(a = 1,2,3,4) are the observer gains; U;,
i, 8ui, and g,; are the estimates of Uj, r;, g,i, and g,; respectively;
Ui=U0;-Ui, Fi=t-ri, aui€(—gul), Bui=1/au, are(l-
&ri,1), and B,; = 1/a,; with g,; and &, being the small constants;
ki, > 0 and ki) > 0.

Assumption 1: For unknown functions g,; and g,;, there are
g, €R" and g7, € R* such that |, < g and |g.:] < g,

Step 5: Let i = 8ui —gui and &y = &ri —gri- It follows from equa-
tion (10) that the error dynamics can be expressed as:

ku |-U Jam kuzl-U J'Bm +gm
2ayi— 2Bui—1 . . .
= k4T P kT 0P g+ Klysign(D))
7= —k;l W,‘J% — klr2 f;’dﬁri + gri

= K7 P! K T7 PP = i+ Kjgsign(Fy). (1)
Define the tracking errors as ey; = U; — U, and e, = rj — F;. Tak-
ing the derivatives of ey; and e,; yields
, -1 A
eyi = guitmy; Tui—Ug
{ Ui = 8ui _u]z ui . ci (12)
eri = gritm; Tri—Fci.

Two anti-disturbance fixed-time kinetic control laws are designed
{Tui = myi(—k Teui )™ — ki Teyi P — gui + Uei)

Tri = mri(_k;_g [eyi| _k;a[eri_lﬁri —8&ri+ ;ci)
where k; €R*(a=1,2,3,4) are the control gains. Then, the tracking

(13)

error systems (12) can be put into éy; = —kl.T1 [eyi | —lez[eU,-Jﬁ;i—
8uiand é,; = _k;% reriJa:i - k;reriJ'B:i —&ri-

Lemma 1: The tracking error subsystem consisting of (4) and (7):
[egireril = [epi,eyil is input-to-state stable (ISS).

Proof: Choose the Lyapunov function as Vﬁ Zf\' e /2)(e epit
ez) The time derivative of Ve is Ve <Zf\'1( /lmaX(Kll)llHllll /
V”Hl1”2 +Oimax + i 1 Hi 1D, Where Hij1 = [ep,aet//i], i1 = diag{K, qis

Kyi}, Oimax = max{61q76lr}: i1 = legi>eril, and Apin(Kj1) is the mini-
mum eigenvalue of a square matrix K;;. Note that as |H;1 112/
VIH 1P + imax = it ll/ (@it Amin(Ki1)), VG < = Zf\il{ﬂmin(Kil)(l—
ai)}k u

Lemma 2: Under Assumption 1, with the FTESO (10), the states

Ui, 8.i, i, and g,; can achieve the estimations in a fixed time.

Proof: Take the following part from error dynamics (11):
{ﬁi ==K TU™ + Bui (14
£ Fr. 121
Bui == ki[O

Define Fi1 = [U;, 21" and Zi1 = [U;. ((8u)"/*)]". Consider a Lya-
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punov function Vi ({i) = g“l.T]Pil{il, where P;; is a symmetric posi-
tive definite matrix satisfying P;;A;; +A5P,-1 =—I and A;; is a Hur-
witz matrix with A;; = [—k;.‘l, 1;—k;‘3,0]. Setting a,; = 1, the equation
(14) becomes Fj; = A;1 Fj1. Taking the time derivatives of Vi (Fi1)
gives V4 (Fj1) = F} (PjAjy + AL Pi)F;1 = =F! Fj; < 0. Define o
as a small constant, and (14) is locally asymptotically stable by
choosing a,; in the interval (1 —o;, 1). Then, from Lemma 2 in [5],
Vi (i) is homogeneous of degree o;1 with (0,a,;) and its derivative
Vi) is homogeneous of degree g;+ayi—1. One has
Vi (Fit) < Amax(PDIIFi|? and VY (Fi1) < —[IFitl>. 1t renders that
V;ll(F“) < =V (Fi1)/Amax(Pi1). The second part of (11) is expressed
as Up=—kS[0: % + g and §,; =—k4[0; /""", Define ¢ = [T,
((Bu)Pi)]T. Consider a Lyapunov function Vi ({pn)= ggPizg,-z‘
Similar to the analysis in (14), one has Vip(¢in) < —Vip(&ip) @2 +Bu=D/en
Amax(Pj2). For

{f/,» = KA T KT TP + B 5)

P 12 uiil 12 uiil
Bui = —KSTO P k10 P

there exists ¢,; such that Vl-"z({iz(to))>tui with ¢,; being 0 <, <
Amin(Pi2). It renders that Vi"2 reaches v,; within a fixed-time 77| =
00 Amax(Pi2)/ (Bui— P02 Besides, the inequalities [I£2]> <
V(L) Amin(Pi2) < tui/ Amin(P2) < 1 and V¥ (Zi1) < Amax(PinlIZi |2
hold. If V¥ (Zi1) < wi and |12l = 1, Iz * < 22l < 1 and Vii(4in) <
Amax(P;1). The settling time of the system (14) satisfies 77 <
o ACi+@a=blen p.y /(1 — ;). As a result, the states of the system
(15) are convergent to zero within a fixed time 77 +Tj. If 1>
T} +Tp, the system (11) becomes 8u= ki"osgn(ﬁ,-)—gui. Consider a
Lyapunov function Vl.“3 =(1 /2)(g,,i)2. The derivative of Vl.”3 can be

obtained as V;‘S < —(kjp - g (2V3). In summary, &,; is convergent

to zero within the time 775 < [2VA(T} +T},)/(ky, —g.). Thus, the
states U; and gui are convergent to zero within a fixed time
T, < Tl.”1 + Tl.“2 + Tl.“3 regardless of the initial conditions. Similarly, the
states 7; and g,; achieve the estimations within the fixed time

: i—1)/0i
Ty < T}y + T} +Tfy with T = 0 dmax(Pea) (B = ity ™%, 77, <

0 AT (P (1~ ), and Tl < ([J2VE(T +T5) /(K — g7)
regardless of the initial conditions. The definitions of Pj, P;3, Pja,
Ap, A, Ais, 012, 03, Oi4, and (,; analogize the definitions of P;j, A;y,
0i1, and ¢;. | |

Theorem 1: Under Assumption 1, by using the optimal total speed
guidance law (5), the yaw guidance law (6), the nonlinear tracking
differentiator (8), the fixed-time ESOs (10), and the anti-disturbance
kinetic fixed-time control laws (12), the RSVs described by (2) are
able to cover the centroid of the Voronoi cell (3) at any initial sates
with the safe set C,;. Besides, all the errors in the closed-loop system
are uniformly ultimately bounded.

Proof: According to Lemma 1, the tracking errors eg;, ep;, and ey;
are uniformly ultimately bounded (UUB). By [5], it can obtain that
e edUi, and efl. can converge to a small neighborhood
of the origin. Construct the Lyapunov function as V4 = (1 /2)(e%]l.+
efl.). Taking the time derivative of the V4 along (12), it can be
obtained that Viy < —2(+)/2kT (1/2le; %)+ — 2B kT, %
(1/2leyi)! P = 20+@D2ET (1/2)lei)! + o — 2812 k7, ((1/
2)leril?) 5 +g; levil+ g leril. Then, the following inequality holds
Via < —kin(Vig) =21 Pikin(Vig P + g levil + g5leril. where  kip > 0,
kip>0, 1>a;>0, and B; > 1. It follows from Lemma 2 that the
errors |g,;| and |g,| converge to zero within a fixed-time and
Vig < —kij1(Vig)%i —Zlfﬁiki3(Vi4)ﬁ", where k;3 = Zlfﬁ"kiz. Thus, all the

the errors ef;, e
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tracking errors in the entire closed-loop system are UUB. |

Simulation: Consider a multi-RSV system including six RSVs.
The environment has the xy dimensions of 100 mx 100 m and
¢(q) = 1. The initial states of six charging station and six RSVs are
set to pp; = [2,85-15(— D17 (i = 1,...,6), p1 = [28,15]7, pp =[65,
4317, p3 =[37.201", ps=[12,15], ps =1[55,5017, pe=[51,12]",
Vo1 = Ve =0, Wi =70/2, W3 = =47/, Wpa =7/4, yps =7, qi =
[0,017, =0, E;=3600mV, E>=3900mV, E3=4100mV,
E4=3800mV, E5 =4000 mV, and Eg =3700 mV. The parameters
in this case are set to K. =10, K., k=0.02, d., ¢=0.5,
Emax =4200mV, and Epip =3000mV, kY =kY =k, = k5 =10,
kilé =kiy =25, Ky =k =kjy = ki, =20, ki =kjy = kiz = ki, =100,
ki = ki =0.05, @y =ay=0.9, and B, =B, = 1.1, K, = diag{1,1},
ki =05, kT, =k, =kl =k, =1, o], =], =09, 7. =7, =11, and
Agi = Ay = 1. The long duration coverage behavior and the energy
change curve of the RSV battery are depicted in Fig. 1. It shows that
the optimal coverage of the given coverage area is achieved for the
first time at 125 s. At 220 s, the red RSV returns to the charging sta-
tion for charging, and other RSVs continue the long duration cover-
age task. Next, the red RSV leaves the charging station to perform
the coverage task. Then, at 630 s, the RSVs complete the optimal
coverage for the second time.

Conclusion: In this letter, an anti-disturbance energy-aware con-
trol method for RSVs is proposed based on a CVT, two BE-CBFs,

100 ; 100 ‘
T . /;\ - P
E b ‘\T : g s// . Y'/
N SOD o - 50 ' .
,4"’\‘ .7 oot
- e 4 P e ,/’ \\
0 ) ol '\
0 50 100 50 100
100 \X(m)(t—lZSs) 100 X(m)(r—’zzos)
= ,%‘~\ —~ “‘\‘, ’ N
ks o~ Tl g lo ' AN
N 50 A ~< :50 ’ ! ' > -
A /,)\\ e
'____‘k\ - N .
oL .
0 5 100 0 50 100
X (m) (t=3705s) X (m) (1=6305)
(a)
[—RSVI--RSV2---- RSV3-— RSV4 —RSV5 ~RSV6|
4200
4000
3800
AV
E 3600
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3400 +
3200
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(b)

Fig. 1. Simulation results. (a) The coverage behavior; (b) The energy change
curve.
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and FTESO to achieve long duration coverage task. By the control
method, RSVs are capable of achieving the long duration coverage
within the given coverage area.
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