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Abstract. The robust formation control problems for a group of aerial
robotic vehicles (ARVs) with external time-varying disturbances are
investigated. Unlike previous analysis methods, the formation control
of multiple ARVs in this paper is transformed into the synchronous con-
trol problem. Firstly, the synchronous control objective of multiple ARVs
is constructed using the cross-coupling synchronization control (CCSC)
strategy and formation constraint. Then, to better deal with external
time-varying disturbances, minimize the chatter from the controller and
implement the synchronization control goal of multi-ARV systems, a
robust synchronization controller for multi-ARV systems is developed,
which combines high-order sliding mode control (HOSMC) and CCSC.
Moreover, the stability of the developed HOSMC-based CCSC scheme
is proved by Lyapunov stability theory. Finally, an example is given to
verify the validity of the developed HOSMC-based CCSC scheme.

Keywords: Aerial robotic vehicles - Synchronous control + High-order
sliding mode control

1 Introduction

Since the outbreak of COVID-19, the application of aerial robotic vehicles
(ARVs) in logistics distribution has attracted attention in the context of the
soaring pressure of supplies transportation and the outbreak of demand for con-
tactless delivery. However, single ARV has many constraints, such as limited
payload capabilities and lower delivery efficiency in complex environments [1,2].
The formation transportation of multiple ARVs is a very meaningful study that
can be a solution to these problems.
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In the past decades, some formation methods which involve leader-follower,
virtual structure, and behavior-based ones [3-5], have been applied in the field
of robotics. Nonetheless, Ref. [6] points out that these methods have obvious
shortcomings. Recently, consensus-based approach has been widely used in multi-
robot systems and many results have been obtained [6-9]. However, the forma-
tion control problem of multi-robot systems with complex disturbances was not
studied. To our knowledge, it is hard to investigate the formation control of
multi-ARV systems with complex disturbances only using consensus-based app-
roach.

The synchronization control (SC) strategy [10-12], such as cross-coupling
SC (CCSC), can be used to research the formation control problem of multi-
ple ARVs with complex disturbances. Using this strategy, each robot interacts
with adjacent robots. When one or more robots change due to complex distur-
bances, other robots can quickly respond to such changes. Hence, this strategy
has certain robustness. Moreover, to obtain high-precision formation control of
multi-robots, robust synchronization controllers need to be developed. Sliding
mode control (SMC) has strong robustness in dealing with complex disturbances,
but traditional SMC often produces chattering phenomenon. High-order SMC
(HOSMC) [13,14] can be introduced to alleviate the chattering and ensure the
formation control accuracy.

Inspired by these discussions, the robust formation control problem for multi-
ARV systems with time-varying disturbances by using HOSMC-based CCSC
scheme is investigated in the paper. This paper has the following three contri-
butions:

1) The formation control problem is converted to the SC problem of multi-ARV
systems. When the formation system suffers from time-varying disturbances,
in order to improve the synchronization behavior of multiple ARVs, the CCSC
is designed.

2) To better cope with external time-varying disturbances, SMC-based CCSC
scheme for multi-ARV systems is presented.

3) A novel HOSMC-based CCSC scheme for multi-ARV systems is presented to
alleviate the chattering effect and improve the formation control accuracy.

2 Problem Formulation

2.1 Dynamics of ARV

There is a multi-ARV system with N ARVs. The dynamics of ARV i is given as
follows

pi(t) = vi(t) (1)

0i(t) = ges + Ti(t) + fa,i(ps(t), vs(t),t) (2)
where p;(t),v;(t),T;(t) are the position, velocity and control input of ARV 4,
respectively. g is the acceleration of gravity. fq;(p;(t),v;(t),t) denotes the exter-
nal time-varying disturbances and e3 = [0 0 1]7. Here, || f4.;(pi(t), vi(t),t)|| < fa.«
is assumed and fg . is a given constant.
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2.2 Formation Constraint

Definition 1. The desired formation can be represented by €(h,t), where h
denotes the time-varying or time-invariant position vector. The desired position
pl(t) of ARV i must be located on the boundary curve 9¢(h,t) =0 [15].

The boundary curve of the desired formation can be given as follows [16]:
Ot(h,t) = 0: (pi(t) = Ai(t) B(¢) + Ci(t)) 3)

where A;(t) is the parameter constraint matrix of the ith ARV. B(t) denotes a
common vector. C;(t) is an offset of ARV i.

Assumption 1. We assume that the designed boundary curve 0¢(h,t) = 0 is
reasonable, which makes sure that the inverse of parameter constraint matriz
exists.

Thus, the formation constraint is described as

AT Oil) — Cil1) = B(@). (4)
According to Definition 1, we have
A7 B — Cil) = B(2). (5)
So, one has
a1 () (t) = aa(B)wa(t) = - = a (Dux(t) (6)

where v;(t) = pi(t ) pl(t) represents the position tracking error vector of ARV
i and o;(t) = A; ().

2.3 CCSC Strategy

Assumption 2. Assume that there are only two ARVs adjacent to each one.

With Assumption 2, the CCSC strategy is adopted to obtain the position
synchronization error of ARV 4, which is shown as follows

Sii+1(t) = i(t)vi(t) — ip1 (Vi1 (1) (7)
Sii—1(t) = a;(H)vi(t) — i1 (t)vi—a () (8)
Gi(t) = Giix1(t) +iim1(t)

= 20;(t)v(t) — aim1 (Ovi—1(t) — aipr (Ovigr ().

Then, a coupled position error can be defined as

ni(t) = vi(t) + xii(t) (10)
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where x; =diag(x;1, xi2, Xi3) and x;;(j = 1,2,3) is a very small positive con-
stant.
The coupled error is rewritten as

n(t) = v(t) + xs(t) = (Iay + xM)v(t) (11)

where n(t) = [771 (t)v 772(t)7 T vnN(t)]Ta V(t) = [Vl (t)v VQ(t)7 T 7VN(t)]T‘ I3y
denotes the identity matrix with dimension 3N. x =diag(x1,x2, - ,xn), s(t) =

201 () —an(t) -+ —an(t)
—O[l(t) 2@2(t) ce 0
Mu(t), <(t) = [a1(t),c2(t), -+ ;v (t)]" and M = : S :
—a1(t) 0 - 2an(t)
Since x;; is small enough, and then Isy + xM is a positive definite matrix.
Hence, when tlg(r)lo IIn(t)|| = 0, one has tlg(r)lo llv(t)]| =0 and tlgglo lls(®)]l = 0.

The control target of this article is to develop a robust synchronization con-
troller for multi-ARV systems in the presence of time-varying complex distur-
bances such that the coupled position error ||n(t)|| to 0, so as to ensure that the
position tracking error ||v(t)|| and synchronous error ||s(¢)|| converge to 0, when
t — 00.

3 Main Results

The robust formation control of multiple ARVs with time-varying disturbances

is studied by combining HOSMC and CCSC scheme, and the stability analysis

of the formation system is testified via Lyapunov stability theory in this part.
Using the coupled error (11), the tradition sliding surface is considered as

Ki(t) = Lini(t) + 0i(t) (12)
where I; =diag(l;1,lia,l;3) is a positive definite matrix.
Taking the derivative of (12) and using (10), one can obtain
Fi(t) =(2lixidu () + 2xia(8))vi(t) — (Lixadi—1(t) + xidi—1(t))vi-1(t)
= (lixicui1 (1) + Xadi1 () vipa (8) + (L + 2l xaca(t) + Axada(t)) (1)
— (lixsai—1(t) + 2xidi—1 ()i 1(t) — (Lixicirr (L) + 2xactip1(t))Pipa(t)

+ 2xici(t) + I3)0i(t) — xici—1 (D) Pi1(t) — Xaip1 () Vi1 (1)
(13)
The high-order sliding surface with (12) and (13) can be designed as

Kho(i) (1) = Ki(t) 4 fis(t) = Limi(t) + (I3 + 1) (t) + 73 (). (14)
The third derivative of coupled error is expressed as
Mi(t) =2x: 6 (Ovi(t) — Xi @i (Vi1 (t) — Xi @ir (Hviga (t)
+ 60 (1) 23 () — 3xidti—1(8)vi—1(t) — 3Xictig1 (t)Viga (2)
+ 6x0 (1) (1) — 3xi6i—1 (1) Pi—1(t) — 3Xidig1 () Viga (t)
+ 2xiai(t) + I3) Vi(t) — xiqi—1(8) Vi—1() — X1 (1) Viga (2)

(15)
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Now, taking the derivative of (14) and using (15), one obtains
Fho(i) (1) =(20s X3¢ (1) 42X (t) (I3 4 1) + 2x: A4 (1) )vi(t)
— (lixiGi-1(t) + XiGi—1 () (I3 + 1) + Xi &i—1(8))vi—1(t)
— (lixiGi1(t) + X1 () (I3 + 1) + X i1 () Vit (8)
+ ((2lixici(t) + 1) + 4xadi (1) (I3 + 1) + 6xd (2)) 3 ()
— (Lixai—1(t) + 2x:0i—1(t) (I3 + ;) + 3xii—1(t)) -1 (¢)
(Lixicein (1) + 2x30u1 () (Is + 1) + 3Xiiga (1)) Diga (8)
+ (2xi0i(t) + Is)(Is + 1) (ges + fai(ps(t),vi(t),t) — (L))
+ 6xici(t)(ges + fai(pi(t),vi(t),t) — B7 (1))
= Xii—1(t)Is + L) (ges + fai—1(pi-1(t), vie1(t), 1) — P (1))
= 3xidi—1(t)(ges + fai-1(pi-1(t),vio1(t),t) — Bl (1))
— Xiip1 (8)(Is + i) (ges + fait1 (Pir1(t), vig (), 1) — Fy (1))
— 3xactit1 (1) (ges + faipr (ig1(t),vipa (1), 1) — Py (1))
+ (2xii(t) + I3)Vi(t) — xici—1 () Vi-1(t)
= Xi i1 () Vig1(t) + Thoe(s) (1)-

Using (16), we design the HOSMC-based CCSC law for multi-ARV systems
as follows

(16)

Thoc(i)(t) = Thoc(i1)(t) + Thoe(iz) () (17)
Lixicui(t) + 2xi6ui (t) (I3 + 1) + 2x: 64 (t))vi ()
iXiGi—1(t) + Xidi—1(8) (L3 + 1) + X &1 (1)) vi1 ()
zXzaerl(t) + Xictiy1 (2 )(13 +1i) +xi& z+1(t>)Vz+1(t)

Thoc(il)( )

—(2
+ (I
+(
— ((lixioi(t) + 1) + 4xadu (6) (I3 + 1;) + 6xidi () s (t)
+ (lixivi—1(t) + 2xidi—1 () (I3 + 1;) + 3xicti—1(t)) Vi 1(t)
+ (lixsaig1 (t) + 2xidiq1 (8) (I3 + ;) + 3xidtig1(t))0
— ((2xs0i(t) + Is) (I3 + 1) + 6x364 (1)) (ges — p7 (1))
+( (£)(Is + i) + 3xacvi—1 (1)) (ges — P (¢
+ (i@t 1(t) (T3 + ;) + 3xicr1 (1)) (ges — P (¢
— (2xi0;(t) + I3) Vi (t) + xioi—1(8) Vi1 (t)
+ X1 (t) Vig1(t)
Thoc(i2) (t) = —Hhoc(i) () 8ign(Kno(iy (t) — kikno(s) (t) (19)

where Hhoc(i) :diag(uhoc(il)v,uhoc(ﬂ)a ,LLhoc(iS)) and ,uhoc(ij)(j =1,2, 3) is a posi-
tive constant. k; =diag(k;1, ki2, ki3) is a diagonal positive definite matrix.

Xii—1(t

Theorem 1. With the designed controller (17)-(19), the formation control sys-
tem of multiple ARVs is asymptotically stable, on condition that the designed
parameters meet the following conditions.

[fa.i(pi(t), vi(E), )l < fa» (20)
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|| Hoei |

2 (2xii(t) + I3)(Is + L) || + [16xacs (B)]] + [[xscri—1 (£) (L3 + L) |

+ [13xidi—1 (D) + Ixicvi+1(t) (I3 + L) + I3xicir1 ()] -
(21)

Proof. To testify that the coupled position error is convergent, we define a Lya-
punov function

ZK‘ho(z K’ho (2) ( ) (22)

Taking the derivative of (22), using (16) and (17), one obtains that
N
Z (2xii(t) + Is) (I3 + 1) || | fa,i(pi (), vi(8), )] || no(y ()|

+ Z 163¢icti (8) 1] fai (i (8), vi (£), O] || Knogi (8]

i=1

+Z||X1az 1) U3+ L) [ fai—1(pi1(8), viea (8), )| || Koy (2) ]

+ Z 13xicti—1 (O | fai—1 (Pim1(t), i1 (£), )]l || Kho() (1) (23)

i=1

+ Z Ixicir1 () (I3 + 1) | faie1 (g1 (8), viga (8), )| | Fhoa) (8]

+ Z 13x66i 1 (E) | fasi1 (i1 (8), i1 (8), )] || Koy (2) |

i=1
- Z [ tthoc(iy || | #roti (O)]] — Z Khos) (O)kitinoi) (1)
According to (20) and (21), we have
. N
V() <> (I2xiait) + Is) (I3 + L)l + [[6xicts (D) [|8noqiy (D] s
i=1
+ Z lIxici—1(t)(I3 4+ 1) || + [[3xici—1(2)]]) Hfiho(i)(t)H fa,x

(24)
+ Z [xicvip1 (E) (I3 + 1) || + 13xictis1 (D)) || £noi) ()]

N
- Z | hoctiy || || Erog) )] — Z Fho(sy (D kiR no(i (t) <0
i=1

i=1
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Hence, it can be obtained that the coupled position error ||n(t)|| asymptoti-
cally converges to zero as time ¢ — oo, that is

lim [[n(t)]| =0 (25)

t—oo

Here, the proof is done. a

4 Numerical Simulation

In this part, an example is given to testify the effectiveness of the designed SC
scheme, where four ARVs are required to move a rectangle cargo. The weight
of each ARV is about 0.26 kg. Time-varying disturbances act on the multi-ARV
systems when ¢t =15s, which are shown in Table1l. The initial states of four
ARVs are given as pl0(t) = [6,4,0]7, p20(t) = [4,6,0]T, p30(t) = [2,4,0]7 and
p40(t) = [4,2,0]T, respectively. The expected trajectory of ARV i is denoted by
(2) with A;(t) = diag(A;a1)(t), Aya0)(t), 1), B(t) = [220.5]7, Ci(t) = [0.2¢ 0 0],
A1y (t) = 2+cos(0.2t+ (i —1)7/2) and A;29)(t) = 2+sin(0.2t+ (i —1)7/2),i =
1,2,3,4.

Table 1. Time-varying disturbances of multi-ARV systems (15 < ¢ < 30 s)

NO Time-varying disturbances

ARV | fa1(p1 (), v1(t),t) = [0.05sin(2t), 0.05sin(0.5¢), 0.05 sin(4t))
ARV2 | fi2(pa(t),v2(t),t) = [0.05sin(0.5t), 0.05 sin(4t), 0.05 sin(2t)] T
ARV3 | fas(ps(t),vs(t),t) = [0.04sin(4t),0.05sin(2t), 0.05 sin(0.5¢)]7
ARV4 | f44(pa(t),va(t),t) = [0.03sin(6t),0.05 sin(3t), 0.05 sin(0.5¢)] "

In addition, for the purpose of comparison, the SMC-based CCSC law is
designed, which is given as follows

Ty (1) = Teginy (1) + Tegiy (1) (26)

Togin)(t) = = (2lixadui(t) + 2xadt (1)) vi(t) + lixaci—1(t)vi—1(t)
+ Xidti—1 () vim1(t) + (Lixidi+1(t) + Xibig1 (8))viga (t)
= (li + 2Lixii(t) + 4xidi (8) i () + Lixici-1(8)vi-1(t)
+ 2XiGi—1 (1) 7i-1(t) + (lixici1(t) + 2Xicig1 (1)) Piga (¢)
— (2xaci(t) + Is)(ges — 7 (1) + xaci—1(t)(ges — P, (1))
+ xivit1(t)(ges — 4 (1))
Tegin) (t) = —pieqiysign(ki(t)) — kiri(t) (28)

where pu ;) =diag(fte(in), He(iz)s Beiz)) and pegijy(J = 1,2,3) is a positive con-
stant. x;; = 0.01 and k;; = 0.1 are adopted for position synchronous controllers.

(27)
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SMC-based CCSC SMC-based CCSC

rectangle cargo
o

x(m)

0 5 10 15 20 25 30 “o 5 10 15 20 25 30
t(s) (s)

Fig. 1. Simulation results of multi-ARV systems with SMC-based CCSC

HOSMC-based CCSC HOSMC-based CCSC

rectangle cargo

x(m)

0 5 10 15 20 25 30 0 5 10 15 20 25 30
i(s) i(s)

Fig. 2. Simulation results of multi-ARV systems with HOSMC-based CCSC
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The parameters of SMC-based CCSC law and HOSMC-based CCSC law are
selected as lij = 1, fihocij) = 10 and l;; = 1, pe(iy) = 12, respectively.

The comparison results, which are shown in Fig. 1 and Fig. 2, include moving
trajectory of multiple ARVs, the coupled errors 7, and 7,, and the control efforts
T, and T),. In order to quantify the comparison results, the RMSEs of the coupled
errors of four ARV systems are given, which are shown in Table 2.

Table 2. RMSEs of coupled errors (x1072 m)

Parameters | SMC-based CCSC | HOSMC-based CCSC
e 1.41 1.12
Ny 2.32 0.95

Figure 1 shows the simulation curves of four ARVs moving a rectangle cargo
with SMC-based CCSC strategy. Figure 2 shows the simulation results of multi-
ARV systems with HOSMC-based CCSC strategy. It can be observed that both
schemes can stably transport the rectangular goods. But, the moving trajectory
of four ARVs with HOSMC-based CCSC is smoother than SMC-based CCSC
and the coupled errors are smaller. When the time varying disturbances are
added to multi-ARV systems at ¢ = 15 s, chattering phenomenon appears in the
control input based on HOSMC-based CCSC scheme, but it is very small, which
indicates that the designed SC scheme has high robustness in anti-disturbance.

Table 2 shows the RMSEs of coupled errors of four ARV systems. One can
see that the synchronous control accuracy of multiple ARVs with HOSMC-based
CCSC strategy is much higher than SMC-based CCSC one despite external
complex disturbances. Thus, it can be concluded that HOSMC-based CCSC
scheme has better control effect.

5 Conclusions

The robust formation control problems for multiple ARVs with time-varying dis-
turbances are studied. In this article, the formation control of multiple ARVs
is converted to the SC problem. The synchronization control goal of multiple
ARVs is constructed based on the CCSC strategy and formation constraint. In
order to accomplish the anti-disturbance control of multi-ARV systems, mini-
mize the chatter from the controller and implement the synchronization control
goal, a robust synchronization controller for multi-ARV systems is developed,
which combines HOSMC and CCSC. And then the stability of the developed
HOSMC-based CCSC scheme is proven by using Lyapunov stability theory. The
future research direction involves extending the designed SC scheme to investi-
gate robust formation control of nonlinear multiagent systems.

Acknowledgments. This work was supported by Science Foundation of Zhejiang
Sci-Tech University (grant 21022097-Y).



High-order Sliding Mode Formation Control of Multiple ARVs 85

References

10.

11.

12.

13.

14.

15.

16.

Villa, D.K.D., Brandao, A.S., Sarcinelli, M.: A survey on load transportation using
multirotor UAVs. J. Intell. Robot. Syst. 98(2), 267296 (2020)

Shirani, B., Najafi, M., Izadi, I.: Cooperative load transportation using multiple
UAVs. Aerosp. Sci. Technol. 84, 158-169 (2019)

Hou, R., Cui, L.Z., Bu, X.H., Yang, J.Q.: Distributed formation control for multiple
non-holonomic wheeled mobile robots with velocity constraint by using improved
data-driven iterative learning. Appl. Math. Comput. 395, 125829 (2021)

Zhou, D., Wang, Z., Schwager, M.: Agile coordination and assistive collision avoid-
ance for quadrotor swarms using virtual structures. IEEE Trans. Robot. 34(4),
916-923 (2018)

Liao, F., Teo, R., Wang, J.L., Dong, X., Lin, F.: Distributed formation and recon-
figuration control of VIOL UAVs. IEEE Trans. Control Syst. Technol. 25(1),
270-277 (2017)

Dong, X., Yu, B., Shi, Z., Zhong, Y.: Time-varying formation control for unmanned
aerial vehicles: theories and applications. IEEE Trans. Control Syst. Technol.
23(1), 340-348 (2015)

Dong, X., Li, Y., Lu, C., Hu, G., Li, Q.: Time-varying formation tracking for
UAV swarm systems with switching directed topologies. IEEE Trans. Neural Netw.
Learn. Syst. 30(12), 3674-3685 (2019)

Dong, X., Hua, Y., Zhou, Y., Ren, Z., Zhong, Y.: Theory and experiment on
formation-containment control of multiple multirotor unmanned aerial vehicle sys-
tems. IEEE Trans. Autom. Sci. Eng. 16(1), 229-240 (2019)

Dong, X., Zhou, Y., Ren, Z., Zhong, Y.: Time-varying formation tracking for
second-order multi-agent systems subjected to switching topologies with appli-
cation to quadrotor formation flying. IEEE Trans. Ind. Electron. 64(6), 5014-5024
(2017)

Jia, H.Y., Shang, W.W., Xie, F., Zhang, B., Cong, S.: Second-order sliding-mode-
based synchronization control of cable-driven parallel robots. IEEE-ASME Trans.
Mechatron. 25(1), 383-394 (2020)

Shang, W.W., Zhang, B.Y., Zhang, B., Zhang, F., Cong, S.: Synchronization con-
trol in the cable space for cable-driven parallel robots. IEEE Trans. Ind. Electron.
66(6), 4544-4554 (2019)

Sun, D., Wang, C., Shang, W., Feng, G.: A synchronization approach to trajec-
tory tracking of multiple mobile robots while maintaining time-varying formations.
IEEE Trans. Robot. 25(5), 1074-1086 (2009)

Incremona, G.P., Rubagotti, M., Tanelli, M., Ferrara, A.: A general framework for
switched and variable gain higher order sliding mode control. IEEE Trans. Autom.
Control 66(4), 1718-1724 (2021)

Yang, J., Yu, X.H., Zhang, L., Li, S.H.: A Lyapunov-based approach for recursive
continuous higher order nonsingular terminal sliding-mode control. IEEE Trans.
Autom. Control 66(9), 4424-4431 (2021)

Liu, Z., Chen, W.D., Lu, J.G., Wang, H.S., Wang, J.C.: Formation control of mobile
robots using distributed controller with sampled-data and communication delays.
IEEE Trans. Control Syst. Technol. 24(6), 2125-2132 (2016)

Sun, D.: Synchronization and Control of Multiagent Systems. CRC Press, Boca
Raton (2010)



	High-order Sliding Mode Formation Control of Multiple Aerial Robotic Vehicle Systems with Time-Varying Disturbances
	1 Introduction
	2 Problem Formulation
	2.1 Dynamics of ARV
	2.2 Formation Constraint
	2.3 CCSC Strategy

	3 Main Results
	4 Numerical Simulation
	5 Conclusions
	References




