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Abstract

This paper develops a new robust adaptive formation control methodology for networked multi-UAV systems to solve the coop-
erative payload transportation problem. This methodology offers a simple yet effective technique for object transportation relying
on the formation tracking principle in the presence of bounded exogenous disturbances. Compared to existing techniques, the pro-
posed method resorts to the o-modification approach to resolve the parameter drift phenomenon. The ultimate boundedness of the
formation tracking error dynamics is established by utilising Lyapunov theory. In addition, the proposed scheme does not involve
any multi-body dynamics problem, nor does it require any reference model, disturbance filter/estimator or any prior knowledge
of the disturbances. As a result, it reduces the overall complexity of the formation control scheme. The paper includes extensive
simulation case studies accompanied by lab-based experimental validation results conducted on a group of nano quadcopter UAVs
to demonstrate the feasibility and performance of the controller. The paper also projects a potential application of the proposed
scheme in cooperative payload transportation missions.
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1. Introduction

During the last fifteen years, the payload transportation prob-
lem by UAVs has gained significant research interest from the
robotics and control communities. It has widespread real-world
applications (see [1, 2, 3] and references therein), such as in in-
dustrial automation, doorstep product delivery [4], construction
automation [5], transporting relief materials to flood-affected
or earthquake-devastated areas, space/deep sea exploration, etc.
However, using a single UAV for payload transportation mis-
sions comes with several drawbacks, including limited pay-
load capacity, limited flying time, operational failures caused by

UAV malfunctions, etc. To overcome these problems, a promis- Figure 1: An illustration of a cooperative payload transportation mission by
ing solution is to incorporate multiple UAVs to carry out pay-  networked quadcopter UAVs. The red dashed lines represent the formation of
load transportation missions. Compared to a single UAV, trans- the quadcopter UAVs, while the blue lines represent the cables/strings.

porting objects using a team of networked UAVs offers several
advantages, such as significantly increased payload-carrying
capacity, enhanced safety and reliability, smoother operation,
fault tolerance to UAV malfunctions, longer operation time, op-
timal battery-power utilisation, etc.

Significant research has already been done on cooperative
payload transportation problems (by means of multiple UAVs)
considering different practical constraints. Some methodolo-
gies focused on precise trajectory control of the suspended
payload and motion planning for each UAV via a centralised
method. For example, [3] recommended particular UAV con-
figurations to ensure a static equilibrium of the payload and

used an optimisation algorithm to generate the trajectories for
each UAV such that the suspended payload can track the de-
sired pose. A geometric control scheme was proposed in [6] for
a multi-UAV system, which facilitates suspended payloads to
follow the desired position and attitude trajectories. [7] devel-
oped an MPC-based trajectory tracking control scheme and ob-
stacle avoidance technique such that a fleet of UAVs can safely
accomplish a cooperative transportation mission. The other ap-
proaches build on the collaborative movement of a group of
stable UAVs while carrying a suspended payload attached to
them. For instance, [8] proposed a passivity-based coopera-
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ology involves a time-varying energy dissipative term to ensure
closed-loop asymptotic stability when the UAVs carry a sus-
pended payload. [9] combined a distance-based formation con-
trol scheme and an Incremental Nonlinear Dynamic Inversion
control strategy to achieve collaborative payload transportation
by a group of UAVs. In [10], a decentralised formation control
scheme depending on an internal feedback control strategy was
proposed for a team of UAVs to transport a suspended payload
in the presence of wind disturbances.

Formation control has been a major thrust area in the domain
of cooperative control of multi-agent systems (e.g. multi-UAV
and multi-robot systems) [11]. It requires networked agents to
achieve and maintain a prescribed geometric shape [12]. Vari-
ous formation control problems for networked UAVs have been
addressed in the literature, such as static formation [13, 14],
time-varying formation [15, 16], formation control with switch-
ing topologies [17], formation control ensuring collision avoid-
ance [18], formation in a constrained environment [19], etc.
However, the literature mentioned earlier does not take into
account the effect of exogenous disturbances or uncertainties,
such as model uncertainties, communication delays, and data
losses. As a result, these formation control schemes may not be
robust to external disturbances or uncertainties. Recently, the
Model Reference Adaptive Control (MRAC) principle has been
utilised to develop advanced formation control methodologies
for multi-agent and multi-UAV systems subject to model un-
certainties and disturbances, such as in [20, 21, 22, 23]. [24]
designed a filter to suppress the effect of disturbances during
the formation control of UAVs. [25] proposed an observer-
based event-triggered formation control scheme for networked
UAVs with compensation for disturbances. [26] used an itera-
tive learning control method to address the uncertainty prob-
lem in spatially interconnected systems. [27] dealt with the
data missing problem in networked systems by using an event-
triggered fuzzy control method.

Motivated by the remarkable progress in cooperative payload
transportation through formation control of multi-UAVs, this
paper aims to deploy a team of networked UAVs flying in a
prescribed formation for transporting a suspended payload at-
tached to them, as illustrated in Fig. 1. As long as the networked
UAVs maintain the prescribed formation and synchronise their
motion, they can carry a payload to a final destination. The
payload is suspended by several cables or strings attached to
the UAVs. The tensile forces (or the tension) generated in the
strings are modelled as unknown bounded exogenous distur-
bances acting on the UAVs. This new methodology offers a
simple yet effective and easy-to-implement technique for coop-
erative object transportation. The proposed methodology rec-
ommends a two-loop control configuration, shown in Fig. 2, in
which the inner loop deploys a cascaded PID controller block
to stabilise the attitude dynamics, while the outer loop ap-
plies a robust adaptive formation control scheme to the trans-
lational dynamics of the UAVs. Compared to existing litera-
ture that applied Model Reference Adaptive Control techniques
(e.g. [20, 21, 22, 23]) or used a disturbance filter/estimator (e.g.
[24, 25]) to compensate the effect of external disturbances, we
exploit the o-modification approach. The new formation con-

trol methodology does not need to solve any multi-body me-
chanics/dynamics problem, neither it depends on any reference
model, prior knowledge of the exogenous disturbances or any
disturbance filter/observer. Therefore, it reduces the overall
complexity of the formation control scheme. In addition, we
have included a real-world quadcopter application in which a
team of networked UAVs has successfully accomplished a co-
operative payload transportation flight mission under the influ-
ence of the proposed formation control scheme. The salient
features and key contributions of this research work are men-
tioned below:

1. This paper proposes a new robust adaptive formation con-
trol methodology for networked UAVs subject to bounded
exogenous disturbances. We exploit the o-modification
approach instead of using well-known Model Reference
Adaptive Control (MRAC) techniques to deal with the un-
known disturbances in the formation control problem of
multi-agent systems;

2. The performance of the proposed formation control
scheme has been tested against that of a recent article
[28] via Matlab simulations. The results reveal that the
proposed formation scheme, which considers the effect
of disturbances, efficiently addresses the parameter drift
phenomenon. To the best of our knowledge, this is the
first paper to investigate the issue of the parameter drift
phenomenon in the adaptive formation control problem of
multi-agent systems and to resolve the problem using the
o-modification technique;

3. The proposed methodology relies on the formation track-
ing principle to address the cooperative payload trans-
portation problem, providing a simple yet effective so-
lution without requiring reference models, disturbance
filters/estimators, or prior knowledge of disturbances.
Furthermore, we utilise the proposed formation control
scheme to carry out a cooperative payload transportation
flight mission using a group of networked UAVs, demon-
strating its usefulness in real-world applications. Com-
pared with existing works based on a centralised method
[3, 6, 7], our method can be easily implemented on UAV's
and allows for scalability due to its distributed nature;

4. We have provided lab-based experimental validation re-
sults performed on a group of Crazyflie 2.1 nano quad-
copter UAVs to demonstrate the feasibility and perfor-
mance of the proposed scheme, in contrast to many ex-
isting works (e.g. [20, 21, 22, 23, 24]) that contain only
simulation results.

The rest of the paper is organised as follows: Section 2 pro-
vides important preliminaries and describes the problem state-
ment. Section 3 presents the primary result of this paper, which
develops a robust adaptive formation control methodology for
networked UAVs subject to unknown bounded exogenous dis-
turbances. Section 4 compares the robustness of the proposed
formation controller with a benchmark adaptive formation con-
troller via Matlab simulations. Section 5 presents the results
of the real-time flight experiments in which we demonstrate
a cooperative payload transportation flight mission using four
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Figure 2: The proposed two-loop formation control configuration for the real-
time flight experiments conducted on a group of networked UAVs.
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networked Crazyflie nano quadcopter UAVs. Finally, Section 6
concludes the paper.

The notations and acronyms are standard throughout. R de-
notes the set of all real numbers; while R5y and R.( denote
respectively the sets of all non-negative and positive real num-
bers. Let 1, be the column vector with all n entries equal to 1.
||l.]| is used to represent the 2-norm of a vector or a matrix. The
Kronecker product of two matrices A and B is denoted by A® B.

2. Technical background and problem formulation

We will now introduce important Lemmas which are required
in proving our theorem.

Lemma 1. /29, Young’s Inequality ] If x and y are non-negative
real numbers and p and q are positive real numbers such that
1 X

ri é =1, then xy < f + %q The equality condition holds if
and only if xP = y1.

Lemma 2. /30, Comparison Lemma (Lemma 4.5)] Let g, V :
[0,00) = R. Then

V() < —aV(e) + g(t) Y>>0

implies that
!
V(1) < e “V(0) + f e ety dr V>0
0
for any finite constant a € R..

2.1. Interaction topology

A team of networked UAV agents exchanges information
among themselves according to an interaction topology. In this
paper, we use a weighted directed graph ¢ = {¥,&, .9/} to
represent the interaction topology between each pair of UAV
agents. Here, ¥ = {v,...,vy} is the node set, & C ¥ X ¥ is
the edge set and &7 = [a;;] € R¥*V is the associated adjacency
matrix respectively. The edge e;; = (v}, v;) € & denotes the in-
formation passes from node j to node i, which means that node
Jj is a neighbour of node i. In addition, we define the set of all
neighbours of node i as 47 = {v;|(v;,v;) € &}. a;; represents
the weight of e ;. The adjacency matrix .27 is defined as a;; = 0,
a;j > 0if ej; € & and a;; = 0 otherwise. The Laplacian matrix
&£ = [l;;] € RV associated with ¢ is defined by [; = 3. ;; a;;
and /;; = —a;; when i # j. A directed graph is said to have a
directed spanning tree if the graph has at least one node (called
the root node) with directed paths to every other node.

2.2. Modelling of the quadcopter UAVs

The dynamics of small and lightweight quadcopter UAVs,
such as Crazyflie nano quadcopters [31], can be represented by
the following Newton-Euler equations:

mp = —mge, + RE@F,,
{ P = —mge. + RLGDF, o

v = -wX1w + 1,

where p = [x,y,z]" and w = [p, g, r]" are the position vector in
the Earth-reference frame and the angular velocity vector in the
body-reference frame. m € R and I € R**? denote the mass and
the inertia matrix of a quadcopter UAV. F, = [0,0,7T]" and 7,
signify the total force vector and total drag torque vector acting
on a quadcopter UAV in the body-reference frame. T is the total
thrust produced by the four rotors. g is the gravity constant and
e, = [0,0,1]7 is the unit vector in the Earth-reference frame.
The rotation matrix for transforming a vector from the body
frame to the Earth frame following the Z — Y — X rotation
sequence is given by

clcy  spsOcy — copsy  cpsOcy + spsy
Rf(n) =|clsy sPsOsY + cpcy  chsOsy — spcy|  (2)
—s6 socl cpcl

where 7 = [¢,0,¢]" denote the Euler angles, c¢ = cos ¢ and
s¢ = sin¢. The relation between the angular velocity and the
derivatives of the Euler angles can be expressed as:

»l 1 0 —sing 1[¢
q|=10 cos¢ singcosf||b|. (3)
r| [0 —sing cospcosh||v

Remark 1. Since the attitude dynamics of a quadcopter UAV
are much faster than its translational dynamics, hovering and
manoeuvring (i.e. translation) can be controlled together by a
two-loop control scheme as shown in Fig. 2 (see [15, 17, 32,
33, 34]). The robust adaptive formation control laws are imple-
mented in the outer loop and govern networked UAV's to achieve
the desired formations/positions and synchronise their motions
to keep tracking a virtual leader/target. At the same time, the
inner loop employs cascade PID controllers to stabilise the at-
titude dynamics. As a result, the closed-loop translational dy-
namics of a quadcopter UAV after closing the inner loop can
be approximated by a double integrator system Pp; = w;, where
pi =[x,y 21" and w; = [uy,, uy,, u; 1" are the position and the
control input vectors of the i quadcopter UAV. The control in-
put computed from the outer loop can be transformed into the
desired thrust (T?), roll angle (¢?) and pitch angle (6%), that is

T¢ = m\/u}ci + 12+ (uy +8),

d . 1 uxsin ¥ — uy, cosy!
¢; =sin" |m 4
: T ’ “4)
d i d
o — tan-! Uy, COS Y — Uy, SINY;
! u, +g ’

where 4//? is the desired yaw angle to be assigned by the user.



2.3. Problem statement

Consider a team of N networked UAV agents whose closed-
loop translational dynamics can be approximated by

{P’"V” Viell,...,N) (5)
vVi=u; + d,‘,

where p; € R? is the position vector, v; € R3 is the velocity
vector and u; € R3 is the control input vector of the i" quad-
copter and d; € R? accounts for the exogenous disturbances.
ld;(®)] < dp Yt = 0 where dy € R, is a finite upper bound of
the disturbance amplitude. In a cooperative payload transporta-
tion mission, we use d; to capture the tensile force caused by the
suspended payload. Hence, it affects the acceleration v; state-
equation. We also consider a virtual leader/target, labelled as
the (N + 1)™ node, to provide a reference trajectory for the fol-
lower UAV agents to track. This virtual leader/target is treated
as an exo-system described below, and it is independent of the
agent dynamics and the payload:

6)

{pN+1 = VNtls
VN+1 = Qef,

where py+1 € R3, vy.1 € R? and a,s € R? are respectively the
position, velocity and the given acceleration reference vectors.
Let 6;; € R? denote the formation configuration (also known as
the formation offset) between the i and j" quadcopters where
i €f{l,...,N}and j € 4. The interaction topology between
each quadcopter and the virtual leader/target is described by
a directed graph ¥ = {7, &, o/}. We will now mention an
important assumption that must be satisfied for the interaction
topology among the agents.

Assumption 1. The communication (or interaction) topology
among the agents, denoted by ¢, contains a directed spanning
tree with the virtual leader/target being the root node.

According to Assumption 1, the Laplacian matrix .# corre-
sponding to ¢ can be partitioned as shown below:

ﬁfz]

O1xy  O1x1

Z @)
where .2} € RV stands for the sub-Laplacian matrix describ-
ing the interactions among the UAV agents and .% €¥*! is
the sub-Laplacian matrix that expresses the relationship among
the UAV agents and the virtual leader/target. The following
Lemma gives an important technical result of algebraic graph
theory, which will be invoked in Section 3 to derive the proof
of Lemma 4.

Lemma 3. /35, Lemma 4] Each entry of —.,ZTID% is non-
negative and each row sum of —fl‘l.fz is equal to one.

The primary objectives of this work are as follows:

e To develop a robust adaptive formation control method-
ology for networked UAV agents to achieve a prescribed
formation and synchronise their motions to keep tracking
a virtual leader/target in the presence of bounded exoge-
nous disturbances;

e To implement the proposed methodology on a group of
networked quadcopter UAVs and successfully perform a
cooperative payload transportation mission.

Note that no prior or explicit knowledge about the suspended
payload is considered in the control design. Instead, it is treated
as bounded exogenous disturbances d; in the translational dy-
namics model of each UAV agent in equation (5).

3. A robust adaptive formation control methodology

This section presents the key development of this paper. A
robust adaptive formation control methodology is developed for
a networked multi-UAV system subject to bounded exogenous
disturbances, relying on a o-modification technique. We will
now provide a brief background to introduce the main results.

For each UAV agent, we define the formation error &; € R?
w.r.t. its neighbouring agents as

&= aij(pi-pj-08y) Yie{l,..,N,  @®

JjeH;

where §;; is the formation offset between the i and j™ UAV
agents. Similarly, we define the velocity error ; € R? for each
UAV agent w.r.t. its neighbours as

¢ = Zau(vi—w) Vie{l,...,N}. ©)

e

Definition 1. (Formation control) A multi-agent system (e.g.
a team of networked UAVs or robots) is said to attain the de-
sired formation, specified by the formation configuration vector
h w.rt. the virtual leaderftarget, if the position of each UAV
agent p;(t) satisfies the relationship

}ngi(t)—l)j(t) =04 (10)
forallie{l,...,N}and j € N; where
(S[jzh,'—hj VJEJ% (11)

Lemma 4. Consider a multi-agent system consisting of N
agents connected via a directed graph that satisfies Assump-
tion 1. The agents are said to attain the desired formation,
specified by h and satisfying (11), if and only if

lim| > ai; (pi)) - () - §j) | = lim &) = 0
jeN;:

12)

forallie{l,...,N}

Proof. According to §;; = h; — h; as mentioned in (11), we
can express the formation error &;, given in (8), as

N

&= i (i =h) = (P~ hy)) + aiver (i = h) = Pas).

=
(13)
Note that h;,h; € R? for all i and j.



Define z; = p; — h;, p = [p/.p).....Py]" and z =
[z],z;,...,z;]". Let h = [h{,h],...,h(]" and & =
[£].&5, ..., €51 be respectively the desired formation config-

uration and formation error vectors. We can express & in the
Kronecker product form as

E=(L®KL)Z+ (L0 1)py+. (14)

Now, if (12) holds, we have }im HOE
from (14)

lim [p() ~h() + (£ L @ L) pvn®] =0. (1)

0, which in turn implies

According to Assumption 1 and Lemma 3, we have £'.% =
—1y. Substituting £"' % = -1y into (15), we get

lim [p() — h(:) = (1y ® I3) py+1 ()] = 0. (16)
From equation (16), we conclude that the prescribed forma-
tion among the agents also satisfies the condition in (10). This
proves that the desired formation is attained if (12) holds. W
We are now ready to present the main theorem of this paper,
which proposes and establishes a new robust adaptive formation
control methodology for a team of networked UAVs subject to
unknown bounded exogenous disturbances.

Theorem 1. Consider a team of N homogenous UAV agents
connected via a directed graph ¢ that satisfies Assumption 1.
The closed-loop translational dynamics of each UAV are ap-
proximated as double integrator dynamics, as given in equa-
tion (5). Then the multi-UAV system achieves the desired for-
mation and synchronises its motions to keep tracking a virtual
leader or target in the presence of unknown bounded exogenous
disturbances ||d;(t)|| < do Yt > 0 under the action of the follow-
ing distributed robust adaptive formation control protocol

1
i= = ;v —diag (K, )€, — diag (K,.) ¢;
v = o ;Va,v, iag (K, ) € - diag ,)4}
o e (17)
K, = -0 (K, - 1) + T, diag (§) €,
K, = -0 (K, - 13) + T, diag (£,) £;
Viell,...,N} wherek; = ¥ je 4 aijy o >0, >0andT, > 0.

Note that all the initial values of the controller gains K, and
K,, are greater than or equal to 1.

Proof. By plugging the proposed control protocol (17) into
(5), we obtain

v, = Z-( Z ayv; — diag (K, ) & — diag (K,) &) + di. (18)
JEN;
Multiplying «; on both sides of equation (18), we get
kivi = (D aijv; - diag (K, ) € - diag (K,) ¢;) +di, (19
jeH
where d; = k;d; and ||d;(2)|| < kidy = dy ¥t > 0. By rearranging

equation (19) and using the fact that k; = 3 je 4 a;j, we get

D @i - v)) = ~diag (K,, ) € - diag (K,) £ + ;. (20)

jeA;

By differentiating £; and using £; = £; and ¢; = £,, we derive

the formation tracking error dynamics

& = —diag (Kpi)fi — diag (K,,) &; + d;. (21

Since the closed-loop translational dynamics of each UAV in
equation (5) are decoupled along the X, Y and Z axes, one-
dimensional analysis' is reasonably valid. As a result, without
loss of generality, we can assume & € R!, & € R!, K, € R!
and K,, € R! in the remaining part of this proof.

Consider the following Lyapunov function candidate:

| N &
- &+ K+
EEDIEDIRSTDY

—aand @ > 1 is a small

where K, £ K,, — a, K,, £ K, >

positive constant. It is not difficult to verify that V is positive
definite w.r.t. &;, §, I~(,,[ and f(w Yie{l,...,N}and V(0) = 0
The time derivative of V along the trajectories of equations (17)
and (21) is

l i
f(f (22)
2r, 0

=

V:

Mz

) Zg,g, Z Ky Ky, + riv i K.k,

1 le

(f,a 2K, Edi — 2K, E8 + 26,

I
—_

I

1 1. .
— K, K, + —K,K,
T, r, vt
= é:z é_‘z -2 ) -2 52
SZ;[? YK, Ky - 2K, E ]
1 2
50 (Kp, — @) (~o(K,, = 1) +T,¢7)

N Fi (K, — @) (~o(K,, 1) + R{?)]

N
1 K, 3 : a
D L N LAY R

~a) (K, - 1)
(23)

- 57 (k- a) K -

1) - a§l2 - li:v (KV[

where we have used the condition ||di(?)|| < do V¢ > 0 and
Lemma 1 to get inequality (23).

Since K,(0) > 1, and when K,,, = 1 in (17), K,,, > 0, hence,
K, (@) > 1 VYt > 0. Similarly, since K,,(0) > 1, and when
K,, = 1in (17), I'(V, > 0, hence, K,,(f) > 1 ¥Vt > 0. Using the
fact K, (1) > 1 and K,,(¢) > 1, (23) can be simplified as

N
w;[dg_ggz 3t (K o) (K, - 1) ,

~a - (K, - (K, - 1)

I'The interested readers can refer to [36].



Upon selecting 0 < 6 < a — 1, the inequality condition in (24)
can be expressed in a more elegant and manageable form

V<—5v+i w§2+(a—1)52+w1~(2
= P Pt ar, T
+ O DR - 28 T (K, ) (K, 1)
v P
o - £ (K, - ) (- )|
N @=1)., (@=1).,
S—6V+; dy + i, K, + oT, K,

(o2

i (K, —a) (K, — 1) - Ii (K, — @) (K,, — 1)]. (25)

Using the following assertions:

o oL -
—E (Kp’, - (L’) (Kpi - 1) = _EK’U (Kp‘. +a— 1)
<2+ T (@-17 20
T o4r, o4r,
and
—Ei (K, — ) (K, — 1) = —%I?V, (K +a—1)
Y (;_ L, ) (27)
<-—K -1
<o, K+ g, @D
we can rewrite the inequality in (25) as
N
. n (@=1-0), (@-1-0),,
V<=6V+ ) |dy+ K% + K
- Z 0 4T P 2T, i
=l ! (28)
o o
+— (- 1%+ - 1)*|.
ar, @~V gp @D }

Finally, by choosing o > @ — 1, we can get that

N
V< —6V+Z
im1

Since the terms in the right-hand side of the above inequality are
all finite and deterministic, applying Lemma 2, we can ensure
the V(-) function is bounded. This, in turn, guarantees the ul-
timate boundedness of the formation error £;, velocity error ¢;,
and the controller gains K, and K,, when the multi-UAV sys-
tem is subjected to bounded exogenous disturbances ||d;|| < d.
This completes the proof. |

» a 2, O 2
— (- — (@ — . 2
dy + ar, (-1 + o, (-1 ] (29)

Remark 2. The proposed distributed robust adaptive forma-
tion control protocol in equation (17) provides a simple, yet
effective solution to preserve formation tracking stability of the
multi-UAV system in the presence of unknown bounded exoge-
nous disturbances. By utilising the o-modification technique,
we ensure the formation error €, the velocity error §;, the con-
troller gains K, and K,, remain bounded. Compared to ex-
isting techniques (e.g. [20, 21, 22, 23, 24, 25]), the proposed
methodology does not require any reference model, disturbance
filterjobserver, or any prior knowledge of the exogenous distur-
bances.

In a cooperative payload transportation mission, one end of
the cable/string is attached to the payload, and the other end
is attached close to the battery position on each UAV, which is
close to the Centre of Mass. As a result, we assume that the
tensile disturbances caused by the cables/strings carrying the
suspended payload have negligible effects on the rotational dy-
namics of each quadcopter UAV. Instead, they can be captured
by the term d; included in the closed-loop translational dynam-
ics in equation (5).

According to Theorem 1, the multi-UAV system achieves the
desired formation and synchronises its motions to keep tracking
the assigned virtual leader/target in the presence of unknown
bounded exogenous disturbances d;. Therefore, the cooperative
payload transportation problem by multi-UAV systems can be
solved by implementing the proposed distributed robust adap-
tive formation control protocol in Theorem 1. It should be
highlighted that the proposed robust adaptive formation con-
trol methodology reduces the overall complexity of the solution
to the cooperative payload transportation problem. This is be-
cause it does not require prior knowledge about the suspended
payload, nor does it require any additional sensors to measure
state information for the suspended payload.

4. Matlab simulation case study

In the Matlab simulation case study, we address a two-
dimensional formation tracking problem for four networked
agents whose translational dynamics are approximated by dou-
ble integrator dynamics as in equation (5), where each agent
is subjected to bounded exogenous disturbances. Fig. 3(a)
depicts the interaction topology between each agent and the
virtual leader/target. Furthermore, the formation configura-
tion is specified so that four networked agents form a two-
dimensional diamond shape formation, with the centre be-
ing the virtual leader/target. The exogenous disturbances in-
jected on each agent are d; = [0.5sin7,0.6cos2f]", d; =
[0.9cos4t,0.2sin3¢]7, d3 = [0.1sin2t,0.3sin3¢]", ds =
[0.4 cos4t,0.7cost]", and the motion reference of the virtual
leader/target as a.r = [e7%1,0]7. We set K, (0) = 2 and
K, 0)=2 Vie{l,...,4},T,=0.05T, =0.05,and o = 1.

(a) Topology 1. (b) Topology 2.

Figure 3: Interaction topologies. The virtual leader/target is labelled as 5. Note
that both interaction topologies satisfy Assumption 1. (a) Topology 1 is used
for the Matlab simulation case study; (b) Topology 2 is used for the real-time
flight experiments.

To indicate the robustness of the proposed formation con-
troller against the exogenous disturbances, a benchmark adap-
tive formation controller was selected from a recent article [28]
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(b) The benchmark adaptive formation controller from article [28].

Figure 4: Comparison of the 2-norm of the formation error ||£;(r)|| of each agent, controller gains K, and K, when networked agents are subjected to bounded

exogenous disturbances.

for comparison, where the adaptive law is formulated as follows
K, = diag (&) diag (T,) &,
K,, = diag (¢;) diag (') &;

Vie{l,...,NywhereT, > 0, T, > 0, K,,(0) > 0 and K, (0) >
0.

(30)

Remark 3. Because of the bounded exogenous disturbances
d; in equation (5), the formation error &; and velocity error {;
will not converge to zero, but to a small neighbourhood close
to zero. Therefore, the controller gains K, and K,, in equa-
tion (30) are subject to the parameter drift phenomenon [37].

Fig. 4 compares the formation errors and controller gains K,
and K, between the proposed robust adaptive formation con-
troller in Fig. 4(a) and the benchmark adaptive formation con-
troller from article [28] in Fig. 4(b). The controller gains K,
and K, are bounded in Fig. 4(a) but they drift and eventually
diverge to infinity in Fig. 4(b). As a result of the parameter
drift phenomenon, the formation errors &;() also diverge to in-
finity eventually in Fig. 4(b). The results demonstrate that the
proposed robust adaptive formation controller in equation (17)
solves the parameter drift phenomenon. In addition, the forma-
tion errors and controller gains are guaranteed to be bounded
when networked agents travel in a formation and synchronise
their motions with the virtual leader/target in the presence of
bounded exogenous disturbances.

Remark 4. According to the proposed robust adaptive forma-
tion control protocol in equation (17) and by choosing o > 0,

the formation errors and controller gains are ensured to con-
verge to and remain within a bounded interval. In addition, the
parameter o determines the convergence rate for the controller
gains and the range of the bounded interval of the formation
errors. By increasing the value of o, the controller gains con-
verge to a bounded interval faster, but the bounded interval of
the formation errors also becomes larger. Therefore, the se-
lection of o should be carefully considered with respect to the
trade-off between the convergence rate of the controller gains
and the range of the bounded interval for the formation errors.

5. Experimental validation results

To validate the feasibility and performance of the proposed
robust adaptive formation control methodology, we imple-
mented it on a team of networked Crazyflie 2.1 nano quad-
copters and conducted two real-time flight experiments. In this
section, we will first introduce the Crazyflie 2.1 nano quad-
copter and the setup of the flight experiment. We will then
describe the scenarios of two real-time flight experiments. Fi-
nally, we will present and discuss the experimental results.
A recorded video clip of the two real-time flight experiments
can be found in the Supplementary Material and at https:
//youtu.be/6Z1PhaR3was.

5.1. Experimental setup

Fig. 5 presents the Crazyflie 2.1 nano quadcopter with ex-
pansion decks, including the Flow deck v2 and the Loco Po-
sitioning deck. Crazyflie is a small size (the diagonal length is



92 mm from motor to motor) and lightweight (about 25 g) quad-
copter, developed as an open-source flying platform by Bitcraze
[31]. According to [31], the maximum recommended payload
weight is only 15g. Furthermore, the Loco Positioning sys-
tem (LPS) provides the absolute position of each Crazyflie nano
quadcopter [31]. Note that the positioning accuracy of the LPS
is within 0.1 m.

S=—=—==—

Main microcontrollers +
IMU

Figure 5: A Crazyflie 2.1 nano quadcopter with expansion decks.

Fig. 6 describes the hardware control configuration of the
real-time flight experiments. The attitude and attitude rate PID
controllers in the inner control loop are embedded onboard each
Crazyflie, while the proposed distributed robust adaptive forma-
tion controller in the outer control loop is implemented in a base
station PC. The estimated states of each quadcopter are trans-
mitted to the base station PC, and the control commands are
generated through the base station PC and sent to each quad-
copter via Crazyradio dongles [31]. However, if each quad-
copter can directly measure the relative positions of its neigh-
bours or share its states with its neighbours via Bluetooth or Wi-
fi, the base station PC can be removed, and the proposed robust
adaptive formation controller can be directly implemented on
each quadcopter because the proposed robust adaptive forma-
tion control protocol in equation (17) is completely distributed,
requiring only neighbouring states.

LPS nodes %

Inner loop -
—>

control ‘ g $ ,\\

State 2

estimator

Distributed robust [AUURIIINERTE J
=

adaptive formation
\ Inner loop -
control ‘ )\

Estimated states

controller

H State
Crazyradio estimator
Onboard MCU

Base station PC

Figure 6: The hardware control configuration for the quadcopter flight experi-
ments. Crazyradios are used to collect estimated states (i.e. positions, velocities
and accelerations) from all Crazyflie quadcopters and broadcast control signals
to them. A coordinate reference is provided by a set of eight LPS nodes, which
are part of the Loco Positioning system.

Remark 5. The proposed distributed robust adaptive forma-
tion control law in (17) can be easily implemented on the mi-

croprocessor on each quadcopter UAV since it only relies on
addition and multiplication operations. Moreover, compared to
[3, 6, 7], the proposed methodology can be easily applied to a
large group of agents/UAVs without imposing a heavy computa-
tional burden due to its distributed nature.

5.2. Experiment 1: Formation tracking flight mission

In experiment 1, a team of four networked Crazyflie nano
quadcopters is used to perform an autonomous formation track-
ing flight mission. We aim to implement the proposed dis-
tributed robust adaptive formation controller on each Crazyflie
quadcopter and examine the formation tracking performance.
Fig. 3(b) describes the interaction topology between each quad-
copter and the virtual leader/target. Furthermore, the formation
configuration is specified so that four networked quadcopter
UAVs form a diamond shape formation, with the centre being
the virtual leader/target.
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Figure 7: Trajectories of all quadcopters in the X-Y plane at time instants
t =0s,t =5s,t =15s and ¢t = 25s of Experiment 1. The black dashed
lines represent the formations of all quadcopters. The triangles and the red
stars mark the positions of each quadcopter and the virtual leader/target at each
time instant, respectively. (a) At ¢ = Os, the quadcopters started from ran-
dom positions; (b) At = 5's, the quadcopters achieved the prescribed diamond
shape formation; (c) Atz = 15 s, the quadcopters maintained the diamond shape
formation and synchronised their motions with the virtual leader/target; (d) At
t = 25 s, mission complete.

In the experiment, we set K,(0) = 1.5 and K, (0) =
1.2 Vie{l,...,4}, T, =0.1,T, = 0.05, and o = 0.1. The
initial position of each quadcopter is p;(0) = [-1.2,-1.9,0],
p2(0) = [-1.8,-1.6,0]7, p3(0) = [-2.1,-2.8,0]7, and p4(0) =
[-2.5,-2.4,0]". The initial position of the virtual leader/target
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Figure 8: Formation errors and controller gains K, and K, of Experiment 1. (a) The 2-norm of the formation error |£;(2)|| of each quadcopter. Note that the formation
error does not converge to exactly zero as the positioning accuracy of the LPS is within 0.1 m; (b) The controller gains K, of the robust adaptive formation controller

are bounded; (c) The controller gains K,, of the robust adaptive formation controller are bounded.
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Figure 9: Velocities of all quadcopters and the virtual leader/target of Experiment 1. The black dashed lines represent the velocity of the virtual leader/target. Note
that the velocities of all quadcopters are estimated via the onboard estimators at each time instant.

is ps(0) = [-2, -2, 1]7 and its velocity is chosen as

by implementing the proposed robust adaptive formation con-
trol methodology.

Om/s, 0s<t<S5s,
V() =403m/s, S5s<t<135s, 5.3. Experiment 2: Cooperative payload transportation flight
Om/s, 15s<t<25s, mission
Om/s, Os<t<I15s, Gh Experiment 2 aims to demonstrate a cooperative payload
() = . . Lo . .
Vys (1) {0.3 m/s. 15s<t<25s, transportatpn ﬂlght mission in 3D. space by %mplementlng the
proposed distributed robust adaptive formation controller on
v () =0m/s, 0O0s<t<25s. networked quadcopter UAVs. In the experiment, four net-

Fig. 7 presents the trajectories of all quadcopters in the X-
Y plane. A team of four quadcopters first formed a diamond
shape formation, as shown in Fig. 7(b). Then, they maintained
the diamond shape formation and synchronised their motions
with the virtual leader/target (refer to Fig. 7(c) and (d)). The
formation errors and controller gains K, and K, of the robust
adaptive formation controller are shown in Fig. 8. The forma-
tion error of each quadcopter converges and remains close to
zero, and all controller gains K, and K, are bounded. Fig. 9
shows the velocities in the X, Y and Z directions of all quad-
copters and the virtual leader/target, in which all quadcopters
track the velocity of the virtual leader/target in a few seconds.
The results demonstrate that four networked quadcopter UAVs
successfully accomplished the formation tracking flight mission

worked Crazyflie nano quadcopters are deployed to transport a
suspended payload. The goal is for the four networked quad-
copter UAVs to achieve the desired formation and synchro-
nise their motions with the virtual leader/target to cooperatively
transport the suspended payload to its final destination. Note
that in this experiment, the virtual leader has a velocity in X, Y
and Z directions simultaneously, resulting in a 3D diagonal tra-
jectory. Fig. 3(b) describes the interaction topology between
each quadcopter and the virtual leader/target. Furthermore,
the formation configuration is specified so that four networked
quadcopter UAVs form a square formation, with the centre be-
ing the virtual leader/target. Cables/strings are attached close to
the battery position on each quadcopter UAV, which is close to
the Centre of Mass. Therefore, we may assume that the cable-
suspended payload has almost no effect on the rotational dy-
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Figure 10: Trajectories of all quadcopters in 3D space at time instants f = 0s, t =5s and t = 15 s of Experiment 2. The black dashed lines represent the formations of
the quadcopters. The triangles and the red stars mark the positions of each quadcopter and the virtual leader/target at each time instant, respectively. All quadcopters
followed the motion of the virtual leader/target, which is a 3D diagonal trajectory.
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Figure 11: Snapshots of Experiment 2 at time instants # = 0s, = 5s and t = 15s. The blue circles in the snapshots mark the four quadcopters. (a) Att = Os, the
quadcopters started from random positions; (b) At r = 5 s, the quadcopters achieved the desired square formation while cooperatively lifting the suspended payload;
(c) Att = 1535, all quadcopters reached the final positions, and the suspended payload was also delivered to its final destination, mission complete.

namics of each quadcopter UAV. However, this is not a restric-
tive assumption since the Centre of Mass of a small quadcopter,
such as the Crazyflie 2.1 nano quadcopter, usually coincides
with the battery position.

In the experiment, we set K, (0) = 1.5 and K, (0)
1.2 Viefl,...,4, T, =0.1,T, = 005 and o = 0.1. The
initial position of each quadcopter is p;(0) = [0.35,0.31,0]7,
p2(0) [-0.36,0.28,0]", p3(0) [0.35,-0.43,0]", and
p4(0) = [-0.45,-0.41,0]". The initial position of the virtual
leader/target is ps(0) = [0,0, 1]7 and its velocity is chosen as

Om/s, 0s<t<S5s,

Vaslf) = {O.Zm/s, 5s<r<15s,
Om/s, 0s<t<S5s,

V() = {O.lm/s, 5s<r<15s, (32)
Om/s, 0s<t<S5s,

Vi (t) = {0.05 m/s, Ss<t<l15s,

resulting in a 3D diagonal trajectory.

Fig. 10 shows the trajectories of all quadcopters in 3D space.
Fig. 11 presents the snapshots of the cooperative payload trans-
portation flight experiment. Four networked quadcopter UAVs
achieved the desired square formation while cooperatively lift-
ing the suspended payload within the first few seconds, as
shown in Fig. 11(b). Then, they transported the suspended pay-
load by maintaining the prescribed square formation and track-
ing the 3D diagonal trajectory of the virtual leader/target. Fi-
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nally, as shown in Fig. 11(c), they successfully delivered the
suspended payload to its final destination. The formation errors
and controller gains K, and K, of the robust adaptive forma-
tion controller are shown in Fig. 12. When networked quad-
copter UAVs fly in the desired square formation and carry a
suspended payload, the formation error of each quadcopter con-
verges and remains close to zero, and all controller gains K,
and K, are bounded. Fig. 13 shows the velocities in the X, Y
and Z directions of all quadcopters and the virtual leader/target,
in which all quadcopters synchronise their motions with the vir-
tual leader/target while transporting a suspended payload. The
results demonstrate that four networked quadcopter UAVs suc-
cessfully accomplished the cooperative payload transportation
flight mission by implementing the proposed robust adaptive
formation control methodology.

6. Conclusions

This paper proposes a new robust adaptive formation control
methodology for networked UAVs subject to bounded exoge-
nous disturbances, which finds potential applications in coop-
erative payload transportation missions. The proposed method-
ology exploits the o-modification approach to theoretically es-
tablish the ultimate boundedness of the formation tracking er-
ror dynamics and controller gains when networked UAVs fly
in the presence of bounded exogenous disturbances. The fea-
sibility and effectiveness of the new formation control scheme
have been demonstrated through Matlab simulation case studies
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Figure 12: Formation errors and controller gains K, and K, of Experiment 2. (a) The 2-norm of the formation error ||£;(1)|| of each quadcopter. Note that the
formation error does not converge to exactly zero as the positioning accuracy of the LPS is within 0.1 m; (b) The controller gains K, of the robust adaptive
formation controller are bounded; (c) The controller gains K, of the robust adaptive formation controller are bounded.
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Figure 13: Velocities of all quadcopters and the virtual leader/target of Experiment 2. The black dashed lines represent the velocity of the virtual leader/target. Note
that the velocities of all quadcopters are estimated via the onboard estimators at each time instant.

and real-time indoor flight experiments on a multi-UAV system
(using Crazyflie 2.1 nano quadcopters [31]). The experimen-
tal results also show that the proposed scheme has been suc-
cessfully implemented to perform a cooperative payload trans-
portation flight mission. In future, Negative-imaginary theory
[38, 39, 40, 41] may be explored to develop a state-of-the-art
robust cooperative control scheme for networked UAVs, fa-
cilitating fault-tolerance and obstacle-avoidance features. The
proposed scheme may also be extended to address the colli-
sion avoidance problem between adjacent UAVs and the obsta-
cle avoidance problem using a Decentralised Artificial Potential
Field method [42].
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