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ABSTRACT The use of cloud-connected UAV swarm plays an important role in the future of mobility. One
of the challenges to address before realising this technology is achieving a formation producing control of
quadcopter swarms under the cloud access. For this purpose, the problem of cloud-based formation control
for a nonlinear 6-DOF under-actuated multi-quadcopter system is studied in this paper. This is different
compared to the existing literature, studying the rendezvous problem for a second-order multi-agent system.
As the first step, a hierarchical control structure is provided to derive the control laws and conditions for the
stability of the nonlinear under-actuated multi-quadcopter system to guarantee the asymptotic consensus
of the quads’ positions to the biased average of the initial positions. Then, the control laws are extended
and derived under the cloud access condition and the stability proofs are analysed for the quadcopters’
dynamics. The results guarantee the practical consensus of the quadcopter system to the biased position
of their initial values. Toward this, a scheduling rule for the access to the cloud is designed and it is
shown that the rule avoids the Zeno behavior.For this purpose, upper bounds on the control laws of the
cloud-connected neighboring agents between two consecutive connections of each agent are considered.
The numerical results verify the efficacy of the proposed method.

INDEX TERMS Multi-Quadcopter Systems, Formation Control, Cloud Access, Consensus based Control.

l. INTRODUCTION

Apid growth of urban populations and the increasing
Rcomplexity of transportation networks have created
significant challenges in managing mobility efficiently and
sustainably. Traditional ground-based transportation systems
are reaching their limits, leading to congestion, increased
emissions, and reduced quality of life in urban environments.
To address these issues, there is a growing interest in ex-
ploring advanced technological solutions that can enhance
mobility by improving efficiency, reducing environmental
impact, and increasing safety [1], [2].

One such promising solution is the deployment of un-
manned aerial vehicles (UAVs). Quadcopters as unmanned
aerial vehicles have wide applications in many fields such
as environmental monitoring [3] and navigation in extreme
environments that are unaccessible to humans [4]. This may
introduce various challenges in the control [5], [6] and nav-
igation of quads [7], [8]. However, since quadcopters are
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resource-constrained vehicles with limited wireless commu-
nication and computing capabilities there exists an increasing
need to use them in a coordinated group, often referred
to as a UAV swarm. This results in a higher and more
efficient performance for the overall system, especially when
the quadcopters should accomplish a task in a large-scale
environment.

These UAV swarms, when connected to cloud services,
can revolutionize how we approach transportation and mo-
bility. The term mobile cloud computing (MCC) is appropri-
ately used for such multi-UAV systems [9]. By leveraging
cloud connectivity, UAVs can cooperate in real-time, shar-
ing data and optimizing their collective behavior to accom-
plish complex tasks more efficiently [10]. This collaborative
approach not only improves the performance of the UAV
operations, but also provides a scalable solution to modern
mobility challenges [11], [12].

The integration of cloud services with UAV swarms en-
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ables several key capabilities. It allows UAVs to offload
computationally intensive tasks, such as real-time data pro-
cessing and decision-making, to the cloud. This reduces the
onboard processing burden and enhances the UAVs’ ability
to perform complex operations [13], [14]. Quads can upload
their own information to and download the information of
the neighboring agents from the cloud which facilitates data
sharing among UAVs. However, communication constraints,
including limited bandwidth, intermittent links, and lack of
energy resources when the UAVs are spread over a vast area,
limit the overall performance of the system. It is known
that asynchronous communication through the cloud server
and using event-based control techniques can reduce the
information exchange rate and make the communication
more resilient against packet loss and cyber attacks in such
scenarios, [15].

Autonomous operation of the quadcopters requires de-
signing a control system paradigm, called formation control
[16]. Depending on the mission purposes, two different types
of formation control for multi-UAV systems are commonly
used [17], [18]: formation tracking control and formation
producing control. The main objective of the formation pro-
ducing control is to bring the quadcopters into a predefined
formation. Amongst all available techniques, a distributed
consensus-based approach [19], [20] is the most popular
one. For example, in [21], collaborative movements such
as rendezvous, circular, and logarithmic spiral patterns are
achieved using the coupling of existing consensus algorithms
to Cartesian coordinate. The main goal of the current study
is to position the quadcopters to the biased average of their
initial positions. As such, a bias term is introduced to the
consensus algorithm for producing a formation shape for the
quadcopters.

For a could-connected formation control, as mentioned
above, practical issues such as limited bandwidth, intermit-
tent links, and lack of energy resources would limit the
performance of the formation control systems. One approach
to address these problems is introducing network protocols
such as round-robin protocol (RRP) and try-once-discard
protocol (TODP) [22]. Another technique proposed in the
literature relies on event-triggered control methods, rooted
in designing networked control systems [23]. In this method,
the data exchange happens when a specific condition is sat-
isfied [24]. In [25] a novel edge-event-triggered mechanism
enables asynchronous intermittent communication between
agents for observer design and fault-tolerant control of multi-
agent-systems (MASs). However, in such methods agent to
agent communication is required which is not applicable in
many formation scenarios such as the ones when the quads
are traveling a vast area. In such scenarios, it is necessary
for the quads to share information via a cloud server. As
long as the processing facilities are available onboard on
each UAV, the storage capability of the cloud can only be
used. Toward this, each quad upload its information to the
cloud when it is connected and download the information of
the neighboring agents from the cloud related to their last
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connection to the cloud. In other words, an asynchronous
communication between agents should be considered. For
formation control of multi-agent systems under cloud ac-
cess, a specific scheduling rule to access the cloud server is
proposed in [26]. Nonetheless, the paper used second-order
dynamics for the analysis and synthesis of the scheduling
rule, proposed for asynchronous access to the cloud. A simi-
lar problem for multi-agent systems with more general non-
linear dynamics is studied in [27]. However, the cloud access
scheduling and the well-posedness of the closed-loop system
are eventually derived for agents with first-order dynamics.
Although in [28], the problem of cloud predictive control
based formation of multi-agent systems with application in
air bearing spacecraft simulator has been studied, the cloud
is only used as a centralized processor. The communication
between the agents and the cloud can be established contin-
uously considering some communication delays. Although
this reference is among a few research works in the field of
cloud access based formation control of multi-agent systems,
it is structurally different from our work. Similarly, in [29]
continuous connections with delay but with multiple cloud
nodes has been considered in which formation control of
multi-agent systems is performed using distributed sliding
mode predictive control approach with application in the air
bearing spacecraft simulator.

In this study, however, we extend the methodology pro-
posed in [26] for nonlinear 6-DOF under-actuated multi-
quadcopter systems. For this purpose, the employed con-
sensus algorithm is modified and generalised for the multi-
quadcopter systems. The results guarantee the convergence
of the quadcoptrs’ positions to the biased average of the
initial positions of the quadcopters, resulting in a formation
producing control of quadcopters. The analyses and proofs
provided for the stability of the control system are different
compared to the one proposed in [26] in several ways. More
specifically, the under-actuated problem of the quadcopter
dynamic is addressed by proposing a hierarchical control
structure. This involves separating the altitude subsystem
in the z direction from the translational subsystems in the
x and y directions by employing a virtual control input.
Then, the controllers under the cloud access are designed
by following the approach proposed in [26], and after ap-
plying the modifications required to include the quadcopter
dynamics. Moreover, the practical consensus of the biased
positions is analyzed and the stability proof of the closed-
loop system is provided. This is achieved by designing a
new scheduling rule to access the cloud for three subsys-
temss of the quadcopters, i.e. altitude, and two translational
subsystems in x and y directions. To guarantee the biased
practical consensus of the quadcopters (formation producing
control), upper bounds are considered on the control laws
of the neighboring agents connected to the cloud between
the consecutive connections of each agent. Furthermore, the
scheduling rule is analyzed to prove the well-posedness of
the closed-loop system and avoid the Zeno behavior.

To summarize, the novelties of the paper can be high-
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lighted as follows:

« generalisaion and modification of the presented consen-
sus problem in [26] for nonlinear 6-DOF under-actuated
multi-quadcopter systems to guarantee the convergence
of the quadcoptrs’ positions to the biased average of
the initial positions of the quadcopters with necessary
proofs and in a hierarchical structure to address under-
actuated quadcopter system.

o design of the controller under cloud access using the
presented consensus problem in the previous step and
following the proof approach presented in [26] with
necessary changes for multi-quadcopter system to guar-
antee the practical consensus of the biased position.

o design of a scheduling rule for the access to the cloud
guaranteeing the practical consensus of the quads.

« proving that the system does not show Zeno behavior
by showing the presence of a time gap between two
consecutive connections of each agent to the cloud.

The rest of the paper is organized as follows. In section II
preliminaries on the graph theory and consensus control of
the multi-agent systems are provided. Formation producing
control using consensus-based control laws for a group of
quadcopters is proposed and derived in section III. The
problem is then extended to the case when the quadcopters
are connected to the cloud in section IV. Simulation results
are provided in section V. Finally, the paper is wrapped up in
section VL.

Il. PRELIMINARIES

In this section, first some preliminary results on the graph the-
ory are presented, and then the underlying consensus-based
control theory on double-integrator systems is presented.

A. GRAPH THEORY

Consider the graph G = (V, A, €) with the adjacency matrix
of A = [a,;] representing the communication topology of
the graph. Let V' = {1,2,..., N} denote the set of graph
nodes represented by v; € V ori € V. Also, ¢; € (v;,v;)
ore = 15,1 = 1,..., M refers to the edges of the graph
and € = {eq,eq,...,ep } is the set of all edges of the graph
with size of € equal to M. It is worth noting that in undirected
graphs only one of the ij or ji edges is in the set ¢ while in
the directed graphs both edges are a member of e.

The incidence matrix B = [b;;]nxa is defined such that
b;; = —1 if the i-th node is tail and the j-th node is head
and b;; = 1 if the i-th node is head and the j-th node is tail,
otherwise b;; = 0. Besides, N; = {j € V : a;; # 0}
is the set of neighboring nodes of i-th node. £ is used to
define the Laplacian matrix of the graph G which satisfies
L = BBT. This property holds regardless of how the
orientation of the graph G is chosen in undirected graphs.
Moreover, for a graph which contains a spanning tree Gy,
the corresponding incidence matrix B; is a full column rank
matrix such that B = B,T where T = (B{B;)"'BIB.
Besides, the set of edges defining the spanning tree is 7 C
e = {e1,ea,...,en_1} and G = G; U G, where G, is the
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co-spanning tree. It is worth mentioning that B; is minor of
B containing the first N —1 columns and B = [B; B.] where
B. is the incidence matrix of G...

The graph G is connected if there exists at least a path
between any two distinct nodes of the graph. For a connected
graph rank(L) = N — 1.[19], [26], [30]

B. CONSENSUS CONTROL OF MULTI-AGENTS
SYSTEMS WITH DOUBLE INTEGRATOR DYNAMICS

Consider a multi-agent system described with the graph G
in which the i-th node represent the i-th agent with the
following double-integrator dynamics:

&ilt) = Gi(t),
Cz(t) = U; (t)

In (1), &(t) € R and (;(t) € R refer to the position and
speed of the i-th agent, and ¢ refers to time. Also. u;(t) is the
control input of the i-th agent. Now consider, the following
controller for (1):

wit) = > (&) = &) +7(GH) - G@), @

JEN;

ey

where v > 0. Following [31], it can be guaranteed that
Tim [€(t) — &(H)] — 0 and lim [G(t) — (5] — 0.
Moreover:

1
lim &(t) =

t—o0

N
D (&i(0) + 1¢:(0)),
tlgglo Gi(t) = N Z Gi(0),

=|

where £1(0)...&n(0) and ¢1(0)...¢n(0) are initial posi-
tions and velocities of the agents. The consensus control
presented in (2), solves the average consensus problem if

G(0) =--- =N (0).

lll. FORMATION PRODUCING IN MULTI-QUADCOPTER
SYSTEMS

In this section, using the consensus-based control presented
in II-B, appropriate controllers are introduced for the position
subsystems of the quadcopters so that they guarantee the
convergence of the agents’ positions to the biased average
consensus of their initial positions and the the convergence of
the agents’ velocities to the consensus value of zero (forma-
tion producing). To this end and as the first step, the controller
for the altitude subsystem is developed and then through a
hierarchical architecture, the control law is derived for the
translational subsystems in = and y direction using the virtual
control inputs. The virtual control inputs are introduced due
to the under-actuated nature of the quadcopter system and
they are used to produce the desired roll and pitch angles for
the attitude control subsystem.
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A. THE ALTITUDE SUBSYSTEM
Consider the altitude dynamics of the i-th quadcopter subsys-
tem as follows:

U4 (t)

1) = = = (cos(Bi(t)) cos(di(t) =g, ()

where z;(t), ¢;(t) and 6;(t) are the altitude, roll, and pitch
angles in the inertial frame and wus,(t) refers to the input
signal which is the main thrust resulted from the combined
forces of the rotors. Moreover, m; and g are the quadcopter’s
mass and the gravity constants, respectively. Reformulating
(4) in the state space form results in the following equation:

pzi (t) = Uz (t)7

@zi (t) - in (t)uzz (t) -9,
where p.;(t) := 2;(t), v (t) := 2;(t), uz(t) := u14(t), and
T,(t) . cos0u(t)) cos(6.(1))

m;

(&)

Remark 1: The singular orientation of cos(¢;(t)) cos(0;(t)) =
0 should be avoided in the attitude control as the altitude
control of the quadcopter in this orientation is not possible.
Now, the main control objective is to bring the altitude of the
agents to a formation defined by the bias terms b, ... b, . In
other words, the control objective for the altitude subsystem
is formulated as follows:

tllg.lo Dzi (t) = ﬁzz(o) + bzia tliglo Uzi(t) = Oa (6)
where © here refers to average over N, ie. p;(0) =

L
N ; Pzi (O)

Assumption 1: In this paper, it is assumed that b.;,i =
1...N are selected such that b,,;(0) = 0.

Theorem 1: For the altitude subsystem with the state space

model presented in (5) and the consensus-based controller
(7) below

uzi(t) =T (1)

21

(32 2 ®) = p2(0) + b0 (8) = vailt) + 9),

JEN;
(7N

it is guaranteed that the control objective (6) is satisfied when

Assumption 1 holds, k,,, > 0 and v,;(0) = 0,4,..., N.Here
pzi (t) = pzi(t) - bzi’
Proof. Rewriting (5) in terms of p%,(t) with (7) as the con-
troller, it can be concluded that:

pri(t) = vzi(t), ®

where

S0 = (50 = pL(0) + kus (vz (1) — 0si(D)),

JEN;
9

Now comparing (8) and (9) with (1) and (2), one can
conclude that tli}m pi(t) = pi(0). Also, tlim v(t) =

u

4

7,(0) = 0. tlim pi(t) = p%;(0) can be rewritten as
— 00 -

75lim p2i(t) — by = P.i(0) — ;. Putting that along with

—00

Assumption 1, (6) completes the proof. O

B. THE TRANSLATIONAL SUBSYSTEM
Consider the translational dynamic of i-th quadcopter in x
and y direction as follows:

Fi(t) = %@um(t), (10)
act) = 28y, an

i
where x;(t) and y;(t) are the positions of the quad in
x and y direction in the inertial frame and wu,.;(t) =

cos(;(t)) sin(0;(t)) cos(;(t)) + sin(¢;(t)) sin(¢;(t)) and

Uy, (t) = sin(e;(t)) sin(6;(¢)) cos(¢;(t))—cos(v;(t)) sin(¢;(¢))

with 1);(t) is the yaw angle in the inertial frame. Therefore,
the following state space models are obtained for the transla-
tional subsystems:

Pai(t) = vai(t),
Um(t) =Ty (t)um‘(t)7
where py;(t) 1= (1), vi(t) := @(t), and Ty (1) == 12
Pyi (t) = Vyi (t)7
Dyi(t) = Tyi(t)uy: (),
where py;(t) == yi(t), vy (t) == 9:(¢), and T';(¢) == ’7‘;:.

12)

13)

Remark 2: Tt is assumed that thrust should be generated for
hovering, and hence uy;(t) # 0,Vt > 0.

Similar to the altitude subsystem, the control objective is
to bring the x and y positions of the agents to a formation
defined by the bias terms b1 . .. by n and by . . . by, respec-
tively. In other words:

tliIgo Pxi (t) = Dui (O) + b, tliIEo Vi (t) =0. (14)

tlirgo Pyi (t) = Dyi (0) + byi, tlggo Vyi (t)=0. (15)
Assumption 2: Throughout this paper it is assumed b,;, i =
1...N and by;,i = 1...N are selected such that b,; = 0
and by; = 0.

Theorem 2: For the translational subsystems with the state
space model presented in (12) and (13) and the following
virtual control laws:

Ugi(t) = T (t)

i

(2 (00 = Pa®) + o (025 (1) = v2al0)).

JEN;
(16)
uyi(t) = T (1)
(22 0350 = pa()) + k(035 () = va(0)) )
JEN; an
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it is guaranteed that the control objective (14) and (15) are
satisfied when Assumption 2 holds, where p¥, (t) := py(t) —
bz and pj; (t) == pyi(t) — byis kve > 0, kyy > 0, v24(0) =
0,4,...,N,and vy, (0) = 0,4,...,N.

Proof. The proof is ommitted here due to similarity with the
proof of Theorem 1.

IV. CLOUD-CONNECTED FORMATION CONTROL OF
QUADCOPTERS

As mentioned earlier, in this paper, it is assumed that the in-
formation between the quadcopters is transferred (uploaded)
to the cloud storage at appropriate designed scheduling times
and the agents also download the information from the neigh-
boring agents from the cloud at the same times. Let ¢; j, be the
k-th time that ¢-th agent accesses to the cloud and uploads
its information packet including its own control signals, the
states and the next access time to the cloud. Also, the agents
download the information related to the neighboring agents
from their last connections to the cloud, happening before ¢; j,
attj .7 € Niwith [;(t) = max{k € N : t;; < t}.1t
is worth mentioning that multiple accesses of the neighboring
agents to the cloud is possible between ¢; j, and ¢; 341, which
are shown as t;; (¢, )41, tj0; (¢, 0)42:---»J € Ni. Here,
these agents are shown with N/, € N;. Since the neighbor-
ing agents’ information is not available at time instant ik, it
is proposed to use their estimation.

A. ALTITUDE SUBSYSTEM

According to the discussion above, the altitude controller in
(7) is transformed to the following control law under the
cloud access:

wein(®) = D21 ) (D0 (2 () = platin)) +
JEN; (18)
ko (ﬁijk (tig) — vai(tin)) + g>7
where according to (5):

ik
05 () = vz (b)) +

(t — tlj(ti,k)) (sz (tlj(ti,k))uzj (tlj(ti*k)) B g)’ 15
t€ [tiks i, (top)+1)
ﬁ?g]f(t) = ﬁi}k(tj,lj(tj,k)+1),t 2 505 (i) +1 (19b)

Besides:
t

PO =)+ [ i@ eo
t]}lj (ti, k)
Now, let define the difference between the real control signal
and the one under cloud access as follows:
ﬂzi (t) = uzi,k(t) - uzz(t) (21)

Moreover, let U,(t) = [t.1(t)... d.n(t)]T, U.(t) =
[u1(t) ... u.n(t)]T and U, k(t) = [uz16(t). .. uzN,k(t)]T.
Therefore one can write:

U..r(t) = Us(t) + Us(t), (22)

VOLUME 4, 2016

where according to (7), U.;(t) can be written as follows:

U.(t) =7 (t) (G —L(Pr(t) + kszz(t))), 23)

where P2 (t) = [p2y (t) .. pin (D] Vo (t) = [oaa (1) ... 0 (D).

G = gly and T.(t) = diag(T.1(t)...T.n(t)). Besides,
according to (5) and (8), the collective altitude state space
model can be rewritten as follows:

Pr(t) = Va(b),
V.(t) =T.(H)U.(t) — G.

Now, by replacing (23) into (22) and substituting U.; j, into
(24) instead of U, (t) results in:

P(t) = Va(1),
Va(t) = —L(PZ () + k2 Va(t) + D (8)U-(1).

(24)

(25)

B. TRANSLATIONAL SUBSYSTEMS
Similarly, according to (16), for the translational subsystem
in z direction, one can employ the following controller:

i (®) = T ) (0 (55 (tik) = pia(tin)) +
JEN;
k'uw (@;jk (ti,k) — Ugzs (ti,k)))y

(26)
where according to (12):
ik
Uyj (t) = Ugj (tlj(ti,k))"_
(t - tlj(ti,k-)) (FW (tlj (ti,k))umj (tlj(ti,k))’ (272)
t € [tis byt (tep)+1)
ik ik
Uzj (t) = Vgj (tjglj(ti,k)+1)7t > tj,lj(ti,k)Jrl' (27b)

Besides:
t

Pt () = pi (o) + / o (rydr.(28)
tj,lj(t,i,k)

Similar to (21), it can be written:

ﬂm' (t) = ugji7k(t) — Ugj (t) (29)
Besides, let U,(t) = [tp1(t)... Gun(®)]T, Un(t) =
[uzl(t) e ’U@N(t)}T, Um’k(t) = [uml,k(t) e umN,k(t)]T,

Pr(t) = [pra(t) - pin (O], Valt) = [va1(t) - .. van (8],
and I'y(t) = diag(T21(t) ... Tan(t)). By following a pro-
cedure similar to the altitude subsystem, it can be written:
Px(t) = Vi(1),
20 = Valt), o
Vo (t) = —L(P}(t) + kv V(1)) + Lo (6)Ux(2).
For the translational subsystem in y direction, similar to (26)

to (28) the following controller under the cloud access can be
proposed:

Uy k(1) = F;il(ti,k)( > By " (tik) — Ps(ti)) +
JEN; (31)
koz (@;’Jk (tzk) — Uyi (ti,k)))7
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According to (13):

ik
Vyj (t)= ,ij(tlj(ti,k))+

(t — tlj(ti,k)) (Pyj (tlj(ti,k))uyj (tlj(ti,k)))’ (322)
t € [tk 1, (t0)+1)

ik ik

by () = 05 (G, ) +1) 0 2 Lty 0+ (32b)

Besides
t

~xi,k * ~i,k
Dyi (1) = pyi(t,t,0)) + / b, (7)dr. (33)
tj»lj(fi,k)

Similar to (21), it can be written:
Besides, let Uy(t) = [uy(t)... ayn(®)]T, Uy(t) =
[uy1 (t) . uyn (O], Uy(t) = [uyre(t) .. uynp(t)]”
Py(t) = [P (). pyn (O], V() = [y (1) . oy (O]
and I'y(t) = diag(Ty1(t)...Tyn(t)). By following a pro-
cedure similar to the altitude subsystem, the following is
obtained:

Py(t) =V, (t),
. i (35)
Vy(t) = —L(Py(t) + ko, Vy (1)) + Ty (1) Uy (1)

C. CLOUD-CONNECTED PRACTICAL CONSENSUS OF
THE QUADCOPTER SYSTEMS

Now, let define the edge states ( [26]) which represents the
difference between the agents’ states with the assumption
that the connectivity graph contains a spanning tree with
the corresponding incidence matrix B;. For the altitude
subsystem let X,(t) := BIP Y.(t) := BV, and
po(t) = [XT(#) YX(¢)]T. For the translational subsystem
in z direction let X,.(t) := B PZ, Y. (t) := B} Vy, u.(t) =
(X2 (t) Y, (¢)]" and in y direction let X, (t) := B Py,
Y, (t) := BV, and p, (t) = [XyT(t) YyT(t)]T.

Definition 1: [26] The multi-quadcopter system achieves
practical consensus if there exists x, > 0, x, > 0 and
Xy = 0such that lim [|(£)[] < xz0 Hm [pe (8] < X
and lim |1, ()] < xy-

Theorem 3: For a multi-quadcopter system formulated in
(5), (12), and (13) with the controllers under cloud access
presented in (18), (26) and (31), respectively, if |u;(t)]| < (.,
|tz ()] < (p and |Gy, ()] < ¢, where (,, (, and ¢, are
positive values, then the practical consensus is solved with
the following X, Xz and Xy:

VN -

o = LB, (36)
Mmin )\z

where A\, = —max{Re(\p,) : A\g. € eig(H.)} where

H, Ov—1) Tov_y is the minimum

= _B;[‘BTT _ksz;I‘BTT > Mimin
weights of the quadcopters and:

\/N Czuzmaz
1B =

min T

Xz = s 37

where A\, = —max{Re(Ag,) : Ag, € eig(H,)} where
— O(Nfl) I(Nfl) .
H. = —BIBTT  —k,.BFBTT and Umaz is the max-

imum value of w,; x(t) as t — oo (see appendix B) and:

N m
\/7 ||BtH gyuz azr

= 38
Xy min Ay ’ ( )
where \, = —max{Re(\g,) : Au, € eig(H,)} where
_ | Ow-y Iv_y
Hy=|_Brprt _i,,BIBTT|

Proof. First consider the altitude subsystem as presented in
(25) and multiply the model by B;f from the left side. Using
the fact that £ = BTTBtT , it can be concluded that:

X, (t) =Y. (1),
Y.(t) = =B BT (X.(t) + k. Y2 (1)) + BIT-(8) U (t).
(39
Therefore:
i (t) = Ha (8= (1) + FL ()T (8), (40)
where H.(t) is presented in (36) and F(t) = BT, (t).
The solution of (40) can be written as:
t
pz(t) = ef=0t 4 / H=NCD p (U, (7)dr.  (41)
0

It can be proved that H,(t) is Hurwitz (see appendix A).
Using the property that ||ef/=(NE=7)|| < e=*=(t=7) ([26)),
IE.@)] < BT < L2L 12 (0)]] < o and the

triangular inequality, the following is given:

”,uz(t)” < O‘z(t)a (42)

where
B t
a(t) = e +\/Ng277|ll t_” / e U dr. (43)
min 0

Therefore, tlim lee= ()| < x. where ¥ is presented in (36).
— 00
Multiplying the translational subsystem (30) in = direction

by B[ from the left side, and following something similar to
(40) yields

M:v(t) = Hw(t)um(t) + Fw(t)ﬁm(t)v 44)

where H,(t) is presented in (37) and F,.(t) = BTy (¢ x)-
Solving (44) similar to (41) and using the properties of
le=ME=D|| < e I (6)]] < (| BellllTa (i) | <
1Bt lluzmas |22 (0)]] < w0 and the triangular inequality, the

Mmin,

similar inequality as (42) is obtained as follows:

”,U:c(t)” < ax(t)v (45)

where

¢
B zmax — —
ag(t) = e M g0 + \/chiH tltzm /e A=(t=7) g,

min

(46)

VOLUME 4, 2016



IEEE Access

N. Sadeghzadeh-Nohodberiz et al.: Cloud Access based Formation Producing Control of Multi-Quadcopter Systems

Thus, lim Iz (8)|| < xo where X, is presented in (37).
A 31m11ar proof can be provided for thm Iy (B)]] < xy with

Xy presented in (38). It is worth noting that H,(t) and H,(t)
are Hurwitz with a similar proof provided in appendix A for
H.(t). ]

D. DESIGN OF THE SCHEDULING RULE

In this subsection, the scheduling rule determining the next
time that each agent accesses to cloud is designed.

Theorem 4: For a multi-quadcopter system formulated in (5),
(12) and (13) with the controllers under the cloud access
presented in (18), (26) and (31), and the scheduling rules
below:

tior1 = min{t > t; 5 1 04i(t) > (o, 024 (8) > Gy oyi(t) > Gyt
47
where
O'zl(t) = in(t) + .4 (t), (48a)

JEN;
ko (83 (0) = 021 (1) + 9) I
(48b)
outy=2: ([ [ 2 gars

!
JENT kb0 )+ B )+

k. / (nzj(T) —I—g)dT),

Mmin

tjvl(ti,kH’l

(48¢)

and ry, and 7, (t) are defined in appendix B and

Uzz( ) =0y t) +¢z1( )

( (49a)
) (D0 (050 - )+

JEN;
ko (85 (8) = 925 (1)) I,
(49b)
t T

built) = lﬂ””z / 12 (0)dOdT+
min JEN

ik b0 )+ iy g+
t

Kou / nmj(f)dT),

Lji(t; p)+1

(49¢)

where 77, is the maximum value for 7). ;(t) and v, defined in
appendix B and

VOLUME 4, 2016

0ui(t) = lluyik = Ty (i) (D2 (035" (8) = 3" (1) +
JEN;
b (938 = 255 (0) ),
(50b)

Yyl
built) = = )
min GN'

/ / 1y, (0)ddT+

ok tJ Uty )41 LG, ) +1
t

ko / s (T)dT),

tjwl(ti,k>+1

(50c)

where v, = v,.
Then the practical consensus presented in Theorem 3 is
guaranteed.

Proof. First we consider the altitude subsystem. The main
goal is to compute the next access time to the cloud such
that the condition |a.;(t)| < (. is contradicted. By using
(7), (18) and (21), 1;(t) is computed. For this purpose, we
consider two different kinds of neighboring agents. The first
ones have no access to the cloud in ¢ € [t;,t; r+1) and
the second ones have access to the cloud during this period
of time. The second kind is shown with the set ] or the
agents j € N/ . and their first access time during this period
is shown by tg,l(ti,k)—rl For the first kind of agents it is
possible to approximate v;(¢) and p; (¢) with (19a) and (20)
respectively, for ¢ € [t; k,t; x+1). However, for the second
one since j € N 1, this approximation is written as

<
N
<
—~
~
=
X
(S5
R
S
—
~
=
+
\W

Lj(ty )+1

and

* Sl

/ / 0)us;(0) — g)dodr. O

Eia(ty go)+1 tii(t; ) +1

Besides, v.;(t) and p%;(t) in u;(t) are approximated for
t € [tk tinr1) as vi(t) ~ 627 (t) and pi, (1) = pir™(b),
respectively.

Therefore, after approximating I',;(t) with T',;(¢; ) for
t € [tikstjue,+1) and with Toi(t;, )41) for t €

7
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[tj.(t: )15 tik+1) We arrive (53) as follows:

i() = wain = T2 t0) (D0 (G54 () = B2 () +
JEN;

k'uz(@?jk(t) - '[)7 k( ))) + g) - Fz_il(tj it i,k)+1)

() S

35Uty k) +1 tj, Ut k) +1
t

Jl tk)+1)u23(9)
JeNk ts

_ g)d@dT + ke / (sz(tj’l(ti,k)ﬂ)uzj(T) — g)dr)).

ity ) +1

(53)

Now according to appendix B, stating [';*(t)] < +. and
luzi(t)| < mi(t) in (82) and by using triangular inequality
and the fact that |T',;(t)| < , it can be concluded that
‘azz(t” S Uzz(t) = ezz( + (bzz(t where ezz( ) and ¢zz(t)
are defined in (48a) according to (53) and (82).

For the translational subsystem in x direction, the main goal
is to compute the next access time to the cloud such that
the condition |i,;(t)] < (. is contradicted. Now by using
(16), (26) and (29), we can compute %, (t). For this purpose,
similar to the previous step we consider two different kinds
of neighboring agents. For the first one there is no access
to the cloud in ¢ € [t;k,%; k+1) and the second one has
access to the cloud during this time at ¢; (¢, ,)+1 and for the
agents j € N ! .. For the first kind of agents it is possible
to approximate v”( ) and p;.(t) with (27a) and (28) for
t € [tik, tik+1). However, for the second one j € N’k and
according to (12) this approximation can be written as:

U5 (t) = ﬁ;]k (t) + / (sz (T)Ug; (T))d’l’. (54)

t]‘,l(fq‘,,k)Jrl

and

Py (1) ~ B 1) / /

L0ty )41 Lty )41

0)us;(0))dbdr.

(55)

Besides, v,;(t) and pj,(t) in u.;(t) for t € [t y,t; k1) ar
approximated as v,;(t) ~ 0-F(t) and p,(t) ~ piF(t),
respectively. Therefore, after approximating I',;(¢) with

Fmi(ti,k) fort € [ti,kvtj,l(ti,k)—i-l) and with in(tj,l(ti,k)—&-l)

8

fort € [t; (¢, )41, ti.k+1), the following is obtained:

ai(t) = i = T () (D2 (0355 (0) = 5 (1) +

JEN;
ik nik -
e (335 (1) = 025 (6))) ) = T

(3 (

JENT . ¢,

(ti,k)+1)

/ (Caj (t,0t0 ) 41) g (0)) dOdT+

35Ut g)+1 [ZRICH )+
t

Koo / (sz (tj,l(ti,k)+1)uzj(7))d7))
tj,l(fi,k)Jrl

(56)

Now, according to appendix B, stating |T',;' (¢)| < 7, and
by using triangular inequality, and the fact that |I'y;(t)| <
, it can be concluded that |t (t)] < 04i(t) = 0.:(t) +
qu( ) where 0,;(t) and ¢,;(t) are defined in (49a) accord-
ing to (56) and appendix B.

A similar proof can be provided for the translational subsys-
tem in the y direction resulting in (50a). O

E. ZENO BEHAVIOR ANALYSIS

Theorem 5: For the multi-quadcopter system with the state
space model presented in (5), (12) and (13) and the control
laws presented in (18), (26), (31), under the cloud access with
the scheduling rule introduced in (47), the system does not
show Zeno behavior.

Proof. First, we consider the altitude subsystem. Then,
otk (1), o k(t) Pook(t) and ﬁz; ¥(t) are defined as follows:

z

t

ﬁi’ik(t) =vyi(tik) + / (Cai(T)uzi(T) = g)dr. (5T

0L (8) = 05 (ban) + / (Daj (Tuzg(7) = g)dr,  (58)

where t' = min{t,2; (s, )41} Also

PO =pLlti) + [ [ (Ca(O)uai(6) - g)dbar. 59
tik tik
t T
PR (E) = PR (t ) + / / (T (O)us,; (6) — g)dbr.
tik tik (6())
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Therefore, substituting (18) and (57)-(60) into (48b) yields:

0.40) = P21 (30 / / o (O)ui(6) — g)dbdr—
JEN%'LR:MIQ
t T
[ (025(010-50) — g) vy + k.
tik tik

t’ t

( / (T2 (7)uz;(7) — g)dr — / (rzi<7>uzi<7>fg)d7))||.

tik tik

(61)

According to appendix B, we have [T} < v, and |u_;(t)| <
1.:(t). Besides, since 1,;(t) := 7.9 + v.0.:(t) it can be
concluded that |1,;(t)| < 7 mae- Moreover, I';;(t) < ml‘ .
By using these results in (61) and applying the triangmgir
inequality and using (48a) and (48c) it can be concluded that:

0i(t) <y (T2 GING (8 — ti0)? + 2kos(t — ti4))

where N; refers to the number of neighboring agents of the
i-th agent. Using (62) and condition o,(t) > (, in (47) the
following quadratic inequality is achieved:

e (O 4 VNG (= t5.0)2 + 2k (£ —

Mmin

tik)) > Cse (63)

The solutions for (63) are such that ¢; 41 — ;5 > 721 > 0
or t; k11 — tik < T»2 < 0 where the later is unacceptable.
Therefore:

tikt1 > tig + Ta1. (64)

Similarly, for the translational subsystem in the x direction,

@;f (t), A;]k (1), ﬁ;ﬁ *(t) and ]5:3 *(t) can be calculated as:

03F (8) = v (i) + / Loi(T)ugi(7)dr.  (65)

tik
t’
0Lr(t) = 00 (tik) / Pus;(r)dr,  (66)
t T
Par (1) = philtin) + Tui(0)upi(0)d6dr.  (67)
tik tik
t T

() = 5 (1) + / / Ty, (6)us; (0)d0dr.  (68)

tik tik

VOLUME 4, 2016

Now substituting (26) and (65)-(68) into (49b) results in

i) = T (1) (30 / / 250 s (0)ddT—

jGMt

zktzk
¢

// 2 (0)ug;( dﬁdT—!—kN /F” T)Ug (T)dT—

tiktik tik

/ Lai(7)uai(r)dr) ) .

tik

(69)

Now following appendix B we have |1, (¢)| < 7z maz- Also,

T < s and Jugi(t)] < nui(t) = Yafrica(t), and
Tui(t) < ZZ::;: By using these limits and the triangular

inequality and putting them along with (49a) and (49c¢), it
can be concluded that:

Ouilt) (I N (1 )% + Dbt 1)),
(70)

Moreover, by using (70) and condition o,;(t) > ¢, in (47),
the following quadratic inequality is achieved:

%(me((t —tin)? + 2k (t — tig)) > Co
(1)

The solutions for inequality (70) are ¢; 41 — ti 6 > 741 > 0

or t; 41 — tiky < Tz2 < 0. Since the later solution is we

have:

min

ti k41 2> ik + Ta1 (72)

Following a similar approach for the translational subsystem
in y direction results in:

tik+1 = tik + Ty, (73)

where 7,1 > 0. Combining (64), (72) and (73) and according
to (47) one can conclude that:

tikt1 = tig + T, (74)

where 7 = min{7,1, 71, 7,1} > 0 and this proves that the
system does not show Zeno behavior. U
Remark 3: It is worth mentioning that the values of k., k.,
affect the roots of quadratic inequalities in (63) and (71),
and hence the values of 7.1, 7,1 and also 7,;. This affects
the time interval between two consecutive connections of
each agent to the cloud. It is obvious that an increase in k.
leads to increase in 1), maq, Which which results in a smaller
time interval 7,;, according to (63). A similar result can be
inferred for 7,1 and 7,1 as result of increase in k,; and k.,
respectively.

V. SIMULATION RESULTS

In this section, the efficiency of the proposed controllers
is evaluated numerically using a simulation environment
created in MATLAB/SIMULINK. For this purpose, three
homogeneous quadcopters with a similar mass of m; =

9
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1.47{kg},i = 1,2,3 are connected to the cloud with the
storage capability. Other physical parameters of the quads
such as the moments of inertia are similar to the ones used
in [16]. The initial conditions are considered as p,;(0) = 0,
’Uzi(O) = 0, ’Uyl(O) = ’UM'(O) = 0, ¢z(0) = 0, 91(0) = 0,
1;(0) = 0 for i = 1,2, 3. Moreover, p,1(0) = 0, py2(0) =
0.2, pyS(O) = 0.4, le(o) =0, sz(O) =0.2, pz3(0) =0.4.
Besides, b1 = 0, b2 = —0.5, b3 = 0.5, by; = by; = 0 for
t = 1,2, 3. Moreover, ky, = kyy = k,, = 0.8.

The simulation results are depicted in Figs. 1 and 2 for
¢z = 5,(; = 0.1 and ¢, = 0.1. Fig. 1 shows the positions
of the agents in z, y, and z directions. As can be seen from
the figures, the agents reached an average consensus plus
the bias terms and the quads have reached a line formation
due to the defined bias terms. However, an undesirable ramp
is seen in the figures which is due to a nonzero initial
speed condition. The employed consensus-based controller
guarantees the convergence to the average of agents’ initial
positions only if the initial speeds are zero, otherwise, the
consensus value will be a ramp with a gradient of the initial
speeds’ average. This causes, the ramp behavior to appear
due to intermittent connections to the cloud which causes the
change in the speeds’ initial values in every connection. The
times that agents are connected to the cloud are illustrated in
Fig. 2. This plot confirms that the closed-loop system does
not show the Zeno behavior.

0.4
Eo2 <~ J
= —
0 . .
0 5 10 15
sec
0.4
Eo2 o~ |
= ————
0 . .
0 5 10 15
sec
05F ‘ g
agent 1
= agent 2 |_|
\E/ 0 v/ agent 3| |
,0.5 E T E]
0 5 10 15

sec

FIGURE 1: Position of the agents ( (, = 5, (; = 0.1, =
0.1).

As can be inferred from (47) in Theorem 4, different

values in (;, (y, and ¢, result in different cloud ac-

cess connection frequency, and hence different performances.
Table 1 provides a comprehensive comparisons for different
values of (,, ¢, and ¢,. Comparing the parameters ||, (t)|/,
Ilpey ()] and ||z (2)] in their steady state time (simulation has
been running for 15 sec) is shown in the table. It is obvious
that as (, ¢, and , increase, the values of ||z, (t)]], ||ty (£) |

10

cloud access (agent 1)

sec

sec

FIGURE 2: Accesses to the cloud ( (, = 5, (, = 0.1,y =
0.1).

and ||u.(t)]] in the steady state time almost increase as it
was expected according to (36) to (38) and Definition 1. The
average value for the cloud access time interval is computed
by computing the time intervals between two successive
connections to the cloud for all agents and the average value
of all elements is computed. It is also obvious from the
table that as (,, (y and (. are increasing, the time interval
between connections to the cloud increases, and therefore the
average number of accesses to the cloud decreases. This is a
desirable outcome as the main goal of the control under cloud
access. The settling time is also computed as the next index
for the comparative study. To compute the settling time, the
Ix= ()], lIxy(t)|| and ||x-(t)|| plots are considered and the
average settling time in both plots are computed. The result
shows a bit increase in the settling times as (;, (y, and (,
are increasing. According to the Table 1, the degradation in
the system performance is not remarkable compared to the
significant decrease in the number of accesses to the cloud.
However, looking at Fig. 3, illustrating the quad position for
¢ =8, (; = 0.25 and ¢, = 0.25, it can be seen that the
ramp behavior is more severe when the number of accesses
to the cloud is decreased.

It is worth mentioning that according to Remark 3 when
kyz = kyy = ky, = 8, the cloud access time interval is
reduced to 0.1091 sec with the increased average number of
connections to 138.3333 as it was expected.

VI. CONCLUSION

In this paper the problem of formation producing control
using consensus based control approach under the cloud
access is studied for multi-quadcopter systems. To this end,
the method proposed in [26] has been extended for multi-
quadcoptr systems. In [26] multi-agent systems with second-
order dynamics are considered, however, this study focuses

VOLUME 4, 2016
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TABLE 1: Comparison of the results in different scenarios of ¢, (; and , changes.

Czs Ca»r Gy 2z (5] | ||y (15)]] | ||2(15)]| | Cloud access time in- | Settling time | Number of accesses to
terval (sec) (Average) 5%(sec) the cloud (Average)
¢: = 8, ¢ = 0.25, | 0.0025 0.0025 0.0015 0.2465 5.11 61.6667
¢y =0.25
¢:=5,(:=0.1,¢ = | 0.0020 0.0020 0.0013 0.1555 5.08 97.3333
0.1
¢: = 3, ¢ = 0.06, | 0.0019 0.0019 0.0012 0.0897 5.06 167.6667
¢y = 0.06
¢:=0,:=0,¢, =0 | 0.0008 0.0008 0.0005 continuous connection 4.92 o0
(No cloud access)
APPENDIX A PROOF THAT H IS HURWITZ:

04 With the assumption that the connectivity graph of the multi-
Eos P | quadcopter system, G, contains a spanning tree Gy, it is
L - concluded that By is full column rank N x (N —1) matrix. To

o> : - o show that H, (t) is Hurwitz, one can compute its eigenvalues
sec through det(A\I — H,(¢)) = 0.
0.4
Eoz P ] det(\[—H, (1)) = det ( AL(y—1) Loy )
7 g BIBTT Aln_1) + k,.BfBTT
0 ‘ ‘ (75)
0 ° sec 1 agert1] Remark 4: For a block matrix with the same size square ma-
agent 2 . A B
1 agent3 || trix blocks A, B, C and D, det {C’ D} = det(AD — BC)
—~ 051 i
E . - if C'and D commute [32].
o v/ - According to Remark 4 and (75) one can conclude:
o0 5 10 15

FIGURE 3: The agents’ position for {, = 8, {,, = 0.25,
Gy = 0.25.

on the nonlinear agents with under-actuated quadcopter dy-
namics. Although the rendezvous problem is addressed in
[26], the method proposed in this paper modifies the consen-
sus based controller to guarantee convergence to the average
of the initial quad positions plus a predefined bias term. Then,
the controller is extended to the case where communication
amongst the quads is under the cloud access and the practical
consensus of the proposed controller is proved. For this
purpose, a scheduling rule for the agents to access the cloud is
designed and it is shown that the closed loop system with the
proposed scheduling rule is Zeno behavior free. The effec-
tiveness of the method has been analyzed through extensive
numerical results and different scenarios for the cloud access.
However, due to the specific type of the employed consensus
filter, the ramp behavior can be seen in the convergence of the
quad positions. Therefore, it is proposed to use an alternative
consensus filter as the future work.
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det(AI — H.(t)) = det (\*I(y_1) + (Mky. + 1)Bf BTT)
2

A
= (Mepr + DV Tdet (— T
e DTt (g Syt

+ B/BT")
(76)
Remark 5: For any invertible X, x.,, With A, ., and B, xm
[33]:
det(X + AB) = det(X)det(I, + BX'A). (77
Using (77) if one let X = (A%ZZ-H)I(N—U’ A = BF and
B = BTT, (76) can be transformed to:

(kA + l)g)

det(\I — H,(t)) = A2V =2 det (IN -

(kp X+ 1)V A2
= ————det (71 E),
A2 N, VT
(78)
where £ = BTTBE. If one let \' = ﬁ, then the

solutions of )\’ are eigenvalues of —£ which are negative
and one eigenvalue is zero. Therefore, the solutions of A are
negative and H. (t) is Hurwitz.

APPENDIX B PROOF OF BOUNDNESS OF INPUT
SIGNALS:
If one replace £ with BTTB} in (23), the following is
obtained:

U.(t) =T (t)(G — BT Ky pu2(t)), (79)

11
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where K. = I{y_1) ® [1 k,.] where ® refers to Kronecker
product and therefore:

ui(t) =T () (9 — BT Kyop-(t)),

where B; is i-th row of B. Using the triangular inequality one
can conclude:

Juzi (O] < (U5 (0)]g + 1051 () BiT T Kol - (1)1

(80)

(81)
If one considers |Fz_il(t)| < 7, according to Remark 1, and
let | B{TTK,.| = f3.;, then:

luzi ()] < m24(2),

where 1),;(t) := v.9+7.0::.(t) with . (t) defined in (43).
According to (21) one can conclude |u,; ,(t)] < |G (¢)| +
|u;(t)| and if the condition |&.;(¢)| < ¢, holds, then:

|uzi,k:(t)| S Uz, max (t)a

where . maz(t) 1= (s + 124 (2).

According to Theorem 3, since tlim 2= ()] < x- holds,
— 00

tli{go|uzi,k(t)| < Uzi,max,k where Uzi,max,k ’}/z(g +

5zin) + Cz-

(82)

(83)

For translational subsystem in z-axis consider the pro-
posed controller in (16), the collective input controller U, (t)
is as follows:

Ua(t) = =T (0 (£(P1(0) + ko Val®)). (84)
Now, if £ is replaced with BTT BT in (84), it yields:
Un(t) = =T (0) (BT (Xa () + huaYa() ) 89)
Therefore:
Up(t) = =T (1) BT Ky i (1), (86)
where K, = I(n_1) ® [1 kyz]. Thus:
gi(t) = =T () BiTT Ky pun(t). (87)

According to Remark 2 one can consider a minimum value
for |u.;(t)| and therefore |T}' (t)| < 7,. Now let B,; :=
B, TTK,, which gives:

|t (B)] < nwi(t),

where 1),; (t) = vV Bricz (t) where o, (t) is defined in (46).
A similar bound can be defined for |u,;(t)|.

(88)
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