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Abstract—This study investigates the formation planning prob-
lem of tethered multirotor unmanned aerial vehicle (UAV) coop-
erative transportation with unknown payload and cable length.
Normally, the transportation formation and trajectory are given
in advance or designed based on the coupled system model.
It is challenging to dynamically generate flexible formations in
response to changing environments when the payload and cable
length are unknown. This paper proposes an online formation
planning method for multirotor UAVs. First, by analyzing the
tension on cables, we propose some formation criteria and further
construct a corresponding performance function of optimization.
Then, desired trajectories/formations that can reduce the cost
functions are generated by using the admittance model. Next,
an estimation-based formation tracking control is designed,
which ensures that multirotor UAVs follow the desired trajecto-
ries/formations. Finally, numerical simulations and experiments
are conducted to demonstrate the effectiveness of the proposed
method.

Note to Practitioners—This paper is motivated by the forma-
tion planning problem of tethered multirotor UAV cooperative
transportation. In industry and production applications, a team
of multirotor UAVs has a larger load capacity than a single one.
Nevertheless, the formation planning of the tethered cooperative
transportation is challenging, especially when the payload and ca-
ble length are unknown. Rather than give a predefined formation
or trajectory, this paper suggests an online formation planning
method for multirotor UAVs in case of unknown payload and
cable length. The method is implemented through the following
three parts: 1) By analyzing the tension on cables, we propose
some formation criteria and further construct a corresponding
performance function of optimization. 2) By using the admittance
model, we generate desired trajectories/formations that can
minimize the proposed cost function. 3) By estimating cable
tension, we design formation tracking control laws for multirotor
UAVs to follow the desired trajectories/formations. The proposed
formation planning method does not rely on the knowledge of
the payload and length of cables, which makes it can be easily
applied to extensive industry, production, and military practice.
Finally, numerical simulations and experiments are conducted to
demonstrate the feasibility of the proposed method.

Index Terms—Aerial cooperative system, cooperative trans-
portation, formation planning, admittance control.
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OLLABORATIVE work is usually more effective than
a single individual. Multirotor unmanned aerial vehicle
(UAV) is considered to be a powerful air platform [1]. In recent
years, there have been growing applications of multi-UAV
cooperative operation in kinds of fields, including surveillance
[2]-[3], fixed-wing recovery [4]-[5], forest firefighting [6].
Cooperative aerial transportation has also attracted the interest
of many researchers. Employing multiple multirotor UAVs can
enlarge the load capacity and manipulate heavier payloads.
Tethered multirotor UAV cooperative transportation sys-
tem composes of a group of multirotor UAVs and a cable-
suspended payload. Since multirotor UAVs connect to the
same payload using cables, this cooperative transportation
system is generally recognized to have a coupled complex
dynamics model. However, it is difficult to establish such cou-
pled model when the payload and cable length are unknown.
Model-based formation planning methods are no longer appli-
cable. Therefore, the motivation of this paper is to investigate
a formation planning method for tethered multirotor UAV
cooperative transportation with unknown payload and cable
length.

B. Related Work

The tethered multirotor UAV cooperative transportation
system is similar to the cable-driven parallel robot [7] in
structure. Based on this characteristic, in [8]-[9], the authors
propose attitude and position control schemes for the 6-degree
of freedom (DOF) rigid body payload by analyzing inverse
kinematics. In [10]-[11], the authors design a feedback control
for the payload to obtain desired input of the payload, and then
distribute optimal input to each tethered cable by solving an
optimization problem. Thapa ef al. in [12]-[13] propose an
adaptive decentralized control method for trajectory tracking
of the payload with unknown mass. Lee proposes a geometric
control method for a point-mass payload [14] and a 6-DOF
rigid body payload [15]-[16], where the minimum-norm solu-
tion is used to obtain the desired tension on cables.

All of the above control methods [7]-[16] require some
system models. However, when the payload and cable length
are unknown, it is hard to establish the coupled system model,
and these model-based methods are hardly effective. Thereby,
some studies [17]-[22] attempt not to use the coupling model.
They regard tension on cables as the external disturbance
for multirotor UAVs. The control objective is shifted to
maintaining an appropriate formation of multirotor UAVs



under tension disturbance. The tension disturbance can be
handled by sensor measurements [17], integral terms [18],
robustness of single UAVs [19], disturbance observer [20]-
[21], and INDI controller [22]. However, pre-designed mission
formations/trajectories are always required for the formation
tracking of multirotor UAVs.

The compliance control methods (impedance and admit-
tance control) have been applied to the multi-robot cooper-
ative transportation system. [23] presents a leader-follower-
based impedance control for underwater vehicles’ cooperative
manipulator transportation system, where no explicit data
exchanging is required, and the cooperative information relies
on the interaction force and torque measurements. In [24]-[25],
admittance control method is used in dual multirotor UAVs
cooperative transportation, where UAVs are directly attached
to the payload. Tagliabue extends the results to the case of
more multirotor UAVs [26]. In [27], Gabellieri et al. propose
an admittance control scheme for a team of tethered multirotor
UAVs using a leader-follower structure, but collisions are not
considered. In [28]-[30], the potential field method is used for
collision avoidance in tethered dual multirotor UAVs coopera-
tive transportation. In [31], the authors developed a control
barrier function to handle the obstacle avoidance problem.
In [32]-[33], the cooperative obstacle avoidance problem is
taken into the model predictive control framework, where the
formation of UAVs is generated by optimization. Although
the above studies [24]-[33] can generate feasible formations
of multirotor UAV's for cooperative transportation, exact model
information is required. When the payload and cable length
are unknown, these methods can hardly work.

C. Contribution

This paper proposes an online formation planning method
for tethered multirotor UAV cooperative transportation system.
The proposed method can work without knowing the payload
and cable length. First, we analyze the tension magnitude
on cables in the transportation system, and propose some
formation criteria. According to the proposed criteria, a corre-
sponding performance function of optimization is constructed.
Then, we consider the admittance model for governing the
dynamics of the desired positions of multirotor UAVs, and
simultaneously minimize the tension- and position-dependent
cost functions. Next, an estimation-based control scheme for
multirotor UAVs is addressed to track the generated desired
formation/trajectories under tension disturbance.

The main contributions of this study are summarized as
follows:

1) For the dynamic maneuvering of the cooperative trans-
portation, we propose some formation criteria, which are
independent of payload and cable length. It allows us to
draft the desired transportation formation without knowing
the payload and cable length. Compared with model-based
planning methods [33]-[32], the proposed method is applicable
to a more extensive range of scenarios.

2) Corresponding to the proposed criteria, we construct the
performance function of optimization, which is solved online
so that the proposed formation planning method can cope with
dynamic environments.

Fig. 1. Hardware experiment with three tethered quadrotor UAVs cooperative
transportation.

3) By employing the admittance model, the proposed
method can well maintain tension on cables, meanwhile,
achieve obstacle avoidance and cooperative transportation. The
maintenance of cable tension is neglected by many existing
studies [29], [32]-[33].

4) The proposed admittance-based formation planning
method is designed for point-mass payloads, which are more
complex than bar payloads [24]-[26]. For the bar payload,
it is only necessary to keep the horizontal component of
tension on each cable as zero to form a feasible formation.
However, for the point-mass payload, the formation when the
horizontal component of tension on each cable is zero will
lead to collisions of multirotor UAVs, so the tethered cables
need to be inclined to maintain safe distances.

D. Organization

The remainder of this paper is organized as follows. First,
the dynamics model of multirotor UAVs and the formation
planning problem are addressed in Section II. The formation
planning method for tethered multirotor UAV cooperative
transportation is described in Section III. Section IV describes
an estimation-based formation tracking control to track the
generated desired formation under cable tension. Finally, the
simulations and experiments conducted to verify the proposed
design method are discussed in Section V and Section VI.

II. SYSTEM DESCRIPTION AND PROBLEM STATEMENT
A. System Description

As shown in Fig. 1, the tethered multirotor UAV cooper-
ative transportation system is composed of n (n > 3) same
multirotor UAVs and a point-mass payload. There are n cables
connecting the payload and centroid of UAVs.

In the inertial frame, the position of the ith multirotor
UAV is denoted by p, = [z ¥ zi]T. In body frame
of the ith multirotor UAV, whose attitude is denoted by
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Fig. 2. Framework of planning and control for tether multirotor UAV cooperative transportation.

Xi = [(éi 0; wi]T. o, 0;, and 1; represent the roll, pitch,
and yaw, respectively. The dynamics of ith multirotor UAV is
given as follows [34]-[35].

i, — (cos ¢; sin B; cos ; + sin); sin; )up; — Tm'7 (1a)
m;
i = (cos ¢; sin B; siny; + sin; cos Y; )up; — Tyi7 (Ib)
m;
s _Upicos ¢;cosb; —T,; +g, (10)
m;
o (I, — L) | Ty
= | Tl 1d
o 1, I, (1d)
s (L — L) Tes
0 =——F——">+ —, (le)
o I, I,
v 0i0;(Ip — L)) Ty
g = s 1
() A T (11)

where wup; represents the magnitude of thrust; 7, =
[T,m‘ Toi Twi]T is the the control torque. I, I, and I,
are the rotational inertia. g is the gravitational acceleration.
T, = [T Tyi Tzi]T represents the tension, whose direc-
tion is defined as from the payload to the ith multirotor UAV.

Typically, (1a)-(1c) describe the position motion of a mul-
tirotor UAV, and thus called position dynamics. (1d)-(1f)
describe the attitude motion of a multirotor UAV, and thus
called attitude dynamics.

B. Problem Statement

The primary objective of this study is to generate flexi-
ble formations for tethered multirotor UAVs to cooperatively
transport the payload to the target in obstacle environments.
An important condition is that the payload and cable length are
unknown, which means the height between multirotor UAVs
and the payload (or rather the height of the transportation sys-
tem) is also unknown. Thus, obstacle avoidance is considered
in the 2-dimensional Oy plane. We have some definitions as
follows:

Obstacle: There are m static or dynamic cylindrical obsta-
cles in transportation environment. The kth obstacle is defined
as a circle with the center at g, = [xk yk}T
of 7.

2D Position of Multirotor UAV: w¢ = [:Efl yd] " repre-
sents the desired 2D position of the ith UAV in Oy plane.

and the radius

}T

. T . .
Transportation Target: p, = [z, y; z] Iis the unique

transportation target location, and w; = [:rt yt]T represents
the 2D position of target in Oy plane.

Fig. 2 shows the framework of the proposed formation
planning method, where obstacles, the transportation target,
and tension estimation are informed to the formation planning,
which generates a continue desired formation {pf}jzl. Then,
multirotor UAVSs track the formation using an estimation-based
formation tracking control scheme under tension disturbance.
The designed estimator can provide the cable tension mea-
surement T’;, which is also useful in formation planning.

III. FORMATION PLANNING

This section describes the formation planning method for
tethered multirotor UAV cooperative transportation system
with unknown payload and cable length. First, we propose
some formation criteria, which is independent of the payload
and cable length. Then, corresponding to the proposed criteria,
we construct a cost function for optimization. Finally, we
employ an admittance model to minimize the proposed cost
function, generating desired formation/trajectories for further
position tracking control.

A. Formation criteria

In this subsection, we propose the following formation
criteria for cooperative transportation:
1) Balance the multirotor UAVs’ contribution to payload
transportation.
2) Swarm reciprocal avoidance.
3) Obstacle avoidance.

Swarm reciprocal avoidance and obstacle avoidance are
two general requirements in formation planning. Balancing
the multirotor UAVs’ contribution to payload transportation
represents equalizing tension magnitude on tethered cables.

It is remarked that criterion 1) is related to the tension
on cables; Criteria 2) and 3) are related to the position of
multirotor UAVs. Thereby, the proposed formation criteria are
independent of the payload and cable length. This is the basis
for achieving formation planning with unknown payload and
cable length.

In [38] and [39], similar considerations with criterion 1)
for tension magnitude can also be found. In the following,
we will explain the necessity of criterion 1) for cooperative
transportation. We first introduce the asymmetry tension here.



Fig. 3. Acceleration of multi-UAV cooperative transportation system.

Asymmetric Tension: The asymmetric tension means that
the tension magnitudes on cables are different, such that I'; #
I, 34,7, where I'; = || T,

For the payload with the mass of m, the force equilibrium
is given by

mpa, =mpg+ » Ti, 2)
i=1

whereay, = aj +ar 7 represents the acceleration of the payload;

T
a% = [* * O] is the horizontal component of ay; ai =

[0 0 *]T is the vertical component of ay,.

It can be divided into two categories according to the value
of a%

Case I, a” 0: a‘}J = 0 implies the transportation system is
static hovermg or travelling at a uniform speed. If asymmetric
tension appears, one multirotor UAV will have high output
with high tension magnitude, while the other one will have low
output. High tension magnitude is associated with high power
consumption, and its tethered UAV will have dead batteries
first. Thereby, asymmetric tension is adverse to the endurance
of the cooperative transportation system.

Case II, ag #0: a% = 0 implies the transportation system
is accelerating or decelerating. If the system maintains a fixed
formation, it can easily lead to asymmetric tension. In Fig. 3,
for example, due to the horizontal acceleration ajy, tension
magnitude on cables are not equal, namely I'y > I'y. Accord-
ing to (2), for the larger acceleration, the magnitude of I'; and
T', are required to increase for a larger horizontal component.
It is easy to reach the power limit of an individual UAV.
Thereby, asymmetric tension is adverse to the acceleration and
deceleration performance of cooperative transportation.

B. Formation Optimization

In this subsection, corresponding to the proposed criteria in
Section III-A, a cost function is constructed as follows:

J<f17...,f‘n,p‘f,...,pi):J1+J2, 3)

Obstacle

Obstacle

@
Obstacle

Obstacle avoidance of a general multi-
agent system

Obstacle avoidance of the tethered
cooperative transportation system

Fig. 4. The obstacle avoidance of a general multi-agent system enables
bypassing from both sides of one obstacle (Fig. 4 left). However, in the
tethered cooperative transportation system, due to the tethered cables, the
behavior in Fig. 4 left is not allowed. The overall obstacle avoidance behavior
is acceptable (Fig. 4 right).

with
1 n n . N2
Jo = ZZV” plp))+(1—c ZZ obs (W q1,)
i=1 j=1 i=1 k=1
+cn | Via (P?,Pt)-f-ZVobs (Wg,qk) )

k=1

where Vi;, Vi, and Vs are potential functions for safe
flight distance, transportation target guidance, and obstacle
avoidance, respectively; f‘z denotes the measured tension
magnitude; p¢ represents the desired position of ith UAV.
Parameter 0 < ¢ < 1 is the weight to adjust the policies
of individual UAVs and the overall team. Large ¢ implies
strengthening overall team policy. Small ¢ means the emphasis
on individual policies. p? is the position of the UAVs team
(or the position of the system) which can be computed by
pl=lre ye 2] =- sz, we = [rc ye]  is the 2D
position of the UAVs team

In (3), J1 corresponds to criterion 1) for suppressing asym-
metric tension; Jo corresponds to criteria 2) and 3) for swarm
reciprocal avoidance, obstacle avoidance, and transportation
target.

In the proposed cost Jo, obstacle avoidance is considered
not only for each single multirotor UAV, but also for the
overall transportation system, denoted by Vibs (w¢,q;,) and
Voos (WS, gy, respectively. Different from general multi-agent
systems, UAVs in the cooperative transportation system are
tethered and share the same transportation target. As shown
in Fig. 4, The case that UAVs bypass from both sides of
one obstacle can be avoided by the increasing parameter c to
emphasize the overall obstacle avoidance. The case in Fig. 4
right is preferred.

Remark 1: In the tethered aerial cooperative transportation
system, to maintain proper safe flight distances, cables are
inclined. The 2Oy position of the payload will fall in the
convex polygon of UAVs. Therefore, obstacle avoidance of



UAVs is sufficient for the transportation system. It is also
remarked that our formation is dynamic, when the system
is accelerating. If cables are excessively long, the Oy po-
sition of the payload may move beyond the convex polygon.
However, excessively long cables are likely to result in poor
static stability of the transportation system [44]-[45], so the
configured practical tethered cooperative transportation system
should avoid excessively long cables.

C. Admittance Model for Formation Generation

In this subsection, the desired position of multirotor UAVs
will be generated by the admittance model.

It is started from the classical virtual spring-mass-damper
model for each UAV [40]-[41]:

Mq (5 =51 ) + Da (b = b1 ) + Ka (p! —p!) = Fl, &

where M represents the inertia, Dy is the damping coefficient
and K is the stiffness coefficient. pf , and p¢ are the reference
position and the desire position of ith UAV in the inertial
frame. F¢ is the desired force acting on the UAV to be
designed.

We define Ky = 0, and p/ = p/ = 0 in (4). K; = 0
represents the force interaction is fully compliant. In our
method, there is no predefined reference position. p{ = p{ =0
represent that the reference position is an unknown stationary
point.

Then, (4) can be rewritten as

P = ki F} — kopf, (5)

where k; = 1/My > 0 and k2 = Dg/My; > 0. (5) is the
utilized admittance model, which describes the dynamics of
the desired position p¢.

We divide F{ into two parts:

F¢ =FY, + F4,, (6)

where F¢, is designed to reduce cost .J;, F4; is designed to
reduce cost Js.

We know if I; = [gpe 2 1 2?:1 I; for Vi, J; has
the minimum. Therefore, to minimize Ji, the desired tension
magnitude on ith cable is designed to be f‘ave. The current
tension on the ith cable is I';. And thus it requires the tension
magnitude to change fave—f‘i. We also know the cable tension
is always along the cable. Thereby, F fi is designed as

Filq, = (fave - fz) 5 (7)

where v; = —Q
F (117: represents thze desired variation of the interaction force
between the cable and multirotor UAV. The admittance model
(5) can convert force error into deviation of relative desired
displacement through position control that will be described
in the next section.

Jy is related to the desired position of multirotor UAVs.
To minimize Jo, we can let the desired position follow the
gradient descent direction Ap¢:

Apc»l = 7Vpg JQ.

represents the direction of cable tension.

®)

7

The objective becomes to track the velocity Ap¢. The
feedback control for the system (5) is design as
Fg; = —ks (b7 2p). ©)

So far, we know the designed F ‘11,; and F gi can reduce the
cost J; and Jo, respectively. Now let’s consider the formations
at the minimum of J; and Jo, respectively.

Define the formation set {Pu} _, corresponding to the
minimum .J;, where F = F] = F,“,e, Vi, 7. Thus, according
to the force equilibrium (2), it has

{piitic
- {mLaL_ng+Z prlz favev pTiERS}v
14
(10)

where p7 and a} denotes the payload’s position and acceler-
ation, respectively, when J; is minimized. We can find that
{p3,};—, includes a series of formations, because the force
equilibrium has multiple solutions. Moreover, {p};}""_, can
be translated in 3-dimensional space, with the translation of
pL-

Define the formation set {p};}!, corresponding to the
minimum Jy, which implies that the transpi)rtarlltion system
n > P3 = Py

i=1

PL
PLHQ

reaches the transportation target, such that

Therefore, it has
{p3iticg = {n Zl’m =p;,V2(p3;) =0, p3; € RS} )
i=1
11
where V5 (p3;) includes the constructed potential functions V;;
and Vs given in (3).
By comparing formation set {pi;};_, and {p3;}._,, we
find that their intersection is not empty. There exist a set

of formation {p;}" , = {pi;};_, N{ps};_, corresponding
to the minimized J = J; + Jg Therefore, the designed

F¢ = F¢, + F4, can minimize the proposed cost J. It has

0= ng-i-Z'ph

Ipl’L
it =
sz

This set of formatlons {pi}e

CLU@?

p
L||2 12

ptaVQ )_0717: ERS

_q 1s colhslon free and near
the transportation target, satlsfymg — Z p; = p,. Further, the

gravity of the payload is evenly dlstrlbuted to all multirotor
UAVs. It is remarked that the term aj is disappeared in (12),
because of the damping term —kzpf in the dynamics (5). The
cooperative transportation system will eventually be stationary.

In addition, it is noticed that (5) is a differential form,
which associates with the initial value problem. The initial
desired position can be selected as the initial position, such
that p¢ (0) = p; (0). and p(0) = 0.

IV. ESTIMATED-BASED FORMATION TRACKING CONTROL

This section describes an estimation-based formation track-
ing control to track the generated desired formations (Sec-
tion III). The framework of the control scheme is shown in
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Fig. 5. Estimation-based formation tracking control framework of a single
multirotor UAV.

Fig. 5. First, an observer is employed to estimate the tension
on cables. Then, we proposed an attitude control and a tension
estimation-based position control for multirotor UAVs.

The dynamic model of one multirotor UAV with tethered
cable is given in (1a)-(1f). Multirotor UAV is an under-actuated
system because there are four control inputs but six state
variables. The horizontal control is closely related to the roll
and pitch control. The desired roll angle and the desired pitch
angle need to be solved from the horizontal control component,
that is, the following nonlinear equations:

Uy = COS @; sin B; cos P; + sin P, sinY; (13)
Uy; = COS ¢; sin §; sin 1; + sin 1h; cos P, '

Solve (13), the desired attitude angle can be obtained as
below:
qbf = arcsin (Ug; Sin 1¥; — wy; cos ;)
Uz COS YP; — Uy SN 7/12') .

cos 1/)?

(14)

64 = arcsin (

A. Tension Estimation

In the tethered aerial transportation system, the tension is
caused by the interaction between the payload and multirotor
UAVs, and is therefore bounded, such that

|T;| < o1, |Tz} < 02, |T1’ < o3.

A disturbance observer modified from [48] is employed to
estimate the tension on tethered cables:

T; =¢1; + K1 (p;)

& =—Ly(p;) [miﬁu + TZ} 4T
T; =62 + Ko P:)
2i=—La(p,) [mz‘iju + Ti:|

; 15)

where T; = [T, T Tzi]T is the estimation of tension
T;. mp, = [umum UyiUF;  URi COSP; COS Oi] T represents
the gravity and control forces generated by each UAV. &;; and
&, are two auxiliary variables. Ky (p,), K2 (p,), L1 (p;), and
Ls (p;) are the designed parameter matrices, satisfying

. OK (p))

Ly (p;) o

IK; (p;) '

Lo (b)) ==,

(16)

and

—L (p;) — 0.5|[7[|2Is > 0, (17)

where

v |FLi) Is _ 033
Lp:) = |:L2(I.7i) 03><3}7 7= [ I3 ]
Theorem 1: With any Ky (p,), Kz (p;), L1 (p;), and Lo (p,)
satisfying (16)-(17) for the estimator (15) and position dy-
namics (la)-(1c) of one single multirotor UAV, the tension
estimation error is bounded.
Proof: See Appendix A. |

B. Tension Estimation-Based Position Control of Multirotor
UAV

The tension estimation-based position control is designed
as below:

..d
mi (&8 — 1480 + Coeai) + Thi
Ugs = u
Fi
«d el
_my (yZ — TySy; + ceyi) +Ty; (18)
Uy; = )
UF;
=d . 7
L (Z—rossit i —g) + T
Fi =
cos ¢; cos b;

where e,; = xf — T, €y; = yf —¥;, and e,; = zid — z; are
position tracking €rrors. sg; = Cz€z; + €zi, Syi = CyCy; + €y,
and s,; = c.e,; + é,; are designed sliding mode surfaces.
R, = diag(ry,7y,7.) and C, = diag (cz,cy,c.) are two
positive define gain matrices.

Theorem 2: For the position dynamics of the multirotor
UAV (1a)-(Ic), if R,, C,, and R, — 0.5I3 are positive define,
and the condition (19) is satisfied, the position tracking error
(exis €yi, €2;) are stable under the position control (18).

. 1
=L (p;) — 0.5]|7|[2Is — %Ie > 0. (19)

Proof: See Appendix B. |

C. Attitude Control of Multirotor UAV

The attitude control is designed as below:
i = (B8 = rossi — cotor) Lo — (Iy — I.) bit
Toi = <9f — r9Sp; — Cgégi) I, — (I, - 1) Vi, (20)
Tyi = (12}? — TSy — Cwéwi) L~ (I — I) $if

where eg; = P& — 1y, eg; = 0 — 0;, and ey; = ¢ — 1p; are
attitude tracking errors. Sg; = Cg€gpi + €4is S¢i = ChCoi + Cois
and sg; = cgegpi + €4 are designed sliding mode surfaces.
R, = diag (r4,7r9,7y) and C, = diag (ce,co,cy) are two
positive define gain matrices.

Theorem 3: For the attitude dynamics of the multirotor
UAV (1d)-(1f), if R, and C, are positive define, the attitude
control (20) can enforce the attitude track errors (e¢i, €9, €4:)
converge to zero.

Proof: See Appendix C. ]



V. SIMULATION

This section discusses the numerical simulations for tethered
multirotor UAV cooperative transportation. Although the pro-
posed methods do not rely on the information of the payload
and cable length, a coupled system model is still required in
the simulation platform to validate the proposed methods. The
simulation platform constructs the coupled dynamics model
of the cooperative transportation system using the Udwadia-
Kalaba method ([33], or Appendix A of [47]). The desired
formations/trajectories of multirotor UAVs are governed by the
proposed planning method (5). Each UAV is deployed with
the controller described in Section IV for desired formation
tracking.

Two simulation scenarios are considered. The simulation
with four multirotor UAVs will be analyzed in detail as
follows, and the eight multirotor UAVs simulation may refer
to the provided video.

A. Simulation Setup

It is considered that four 4kg multirotor UAVs collabora-
tively transport a 6kg payload in dynamic obstacles environ-
ment. The cables connecting the payload are 7.68m, 7.55m,
9.84m, and 8.66m in length, respectively. The initial desired
formation and initial formation are the same. They are given
as follows

PO =p,0=[5 3 5"m,
Pi0)=p,(0)=[ 4 -4 5"m,
p(0)=p;(0)=[-6 —6 5'm,
piO) =p,(0)=[-1 7 5'm

The initial position of the payload is p;, = [0 0 0] Tm.
There are 6 static and dynamic cylindrical obstacles in the
transportation environment with different radii. The transporta-
tion target is p, = [12 70 7} Tm.

The parameters for formation planning are chosen as k; =
1.4, ko = 15, k3 = 1, and ¢ = 0.5. The parameters for tracking
control are chosen as K; (p;) = Ko (p;) = 20p;, C, = C, =
diag (2,2,2),R, = diag (1,0.8,0.8), and R, = diag (5,5, 5).

B. Simulation Results

As shown in Fig. 6 and 7, distinct formation changes exist
when UAVs go through the dynamic obstacles environment,
and static and dynamic obstacles are all avoided. The convex
polygon consisting of UAVs is given in Fig. 7. It can be found
that the payload is always inside the convex polygon, which
implies the safety of the payload. Further, with the help of
potential functions, collisions of multirotor UAVs are avoided.
Fig. 8 shows that multirotor UAVs’ distance is always kept
within a feasible range. Fig. 8 also shows that the actual
distance d;; tracks the desired distance dfj well, implying the
effectiveness of position and attitude control.

The measured tension magnitude on cables from the tension
estimator is presented in Fig. 9. Asymmetric tension exists at
the beginning (¢=0s). With the effect of F ‘fi, cable tension
magnitude reaches a consensus, eventually.
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Fig. 6. The formation changes of UAVs during obstacles environment in the
simulation.
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Fig. 7. The convex polygon of UAVs during obstacles environment in the
simulation.
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Fig. 11. The framework of experiment system and data flow.

The cost function during the transportation is also presented
in Fig. 10. The cost function J is reduced over the whole. In
some periods, J increases temporarily. The reason is that some
new obstacle potential fields in the environment are activated
during transportation to the transportation target.

The results of the simulation show that the team of four
multirotor UAVs can collaboratively transport the payload
through the obstacle area, and reach the transportation target
in full-course flexible formations.

VI. EXPERIMENT
A. Experiment System Description

As shown in Fig. 1, the utilized UAVs are Quanser QDrone'
with pose measurement from OptiTrack? Prime 17w motion
capture systems. The framework of the physical experimental
is presented in Fig. 11. Control PC, QDrones, and OptiTrack
are all in the same LAN (Local Area Network) so that data
transmission can be achieved via the Router.

B. Scenario

It is considered that three QDrone UAVs collaboratively
transport a 0.39kg payload. The cables are 0.95m, 1.04m,
and 0.61m in length, respectively. There is a static obstacle
located on ¢; = [0.1 O.S]Tm with radius 0.4m and a
TurtleBot2® mobile robot as a dynamic obstacle initially lo-
cated on g, (0) = [0.3083 —0.8712] "m with radius 0.23m.
TurtleBot2 mobile robot would move in the negative direction
of the x-axis. The take-off positions of UAVs are

py (0) = [~1.7889 —0.1266 0] m,
P (0) = [-1.6899 —1.0471 0] m,
ps(0) = [<0.5083  0.1137 0] m.

UAVs would climb to 1m forming an equilateral triangle for-
mation, and start the transportation mission. The transportation
target is p, = [1.5 0 1.2]Tm.

The parameters of formation planning were chosen as: k1 =
1, ko =11, k3 = 1, and ¢ = 0.5. The parameters for tracking

Uhttps://www.quanser.com/products/qdrone/
Zhttps://www.optitrack.com/
3https://www.turtlebot.com/turtlebot2/
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control are chosen as K; (p;) = K (p;) = 20p;, C, = C, =
diag (2,2,2), R, = diag (1,0.8,0.8), and R, = diag (5,5,5).

C. Experimental Results

As determined from the experimental results, the coopera-
tive transportation mission starts at 35.5s, and multirotor UAV's
arrive at the destination at 65s.

Fig. 12 and Fig 13 present the formation changes during
the transportation mission. It is shown that the team of three
multirotor UAVs shrinks the formation to cross the obstacle
environment, and the oncoming dynamic obstacle TurtleBot2
is also avoided. The convex polygon consisting of UAVs
is shown in Fig. 13. It can be found that the payload is
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Fig. 14. The relative distance of UAVs in the experiment.
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always inside the convex polygon, even though the payload
is initially located at the boundary of the convex polygon (see
the subgraph t=36s). At the initial time, there is also a large
difference in the tension magnitude on cables (see Fig. 15).
Under the proposed formation planning method, the gravity of
the payload is quickly balanced to each cable. As shown in
Fig. 14, similar to the simulation, UAVs always keep at a safe
distance, and the individual UAVs track their desired position
well, which demonstrates the effectiveness of the proposed
position and attitude control.

The transportation process can be divided into three stages:

During the first period (35.5s-42s), multirotor UAVs hardly
enter the potential field of obstacles. As tension magnitude
shown in Fig. 15 and cost function in Fig. 16, J; decreases
rapidly; meanwhile, the tension magnitude tends to reach a
consensus.

Then, during the second period (42s-55s), multirotor UAV's
are close to obstacles, and the potential fields of obstacles
become active. Hence, there is an increase of J in 42s-47s.
Then, with the help of F' gi, UAVs move away from obstacles;
meanwhile, J, decrease again.

Finally, during the third period (55s-65s), obstacles are far
away from UAVs, and the transportation target is about to
arrive. Jy tends to zero. The tension magnitude on cables is
also balanced.

Throughout the entire transportation mission, the experi-
mental results conform to the proposed formation criteria in
Section III-A.

VII. CONCLUSION

This work proposed a real-time formation planning method
for tethered multirotor UAV cooperative transportation in the
condition of unknown payload and cable length. We proposed
some formation criteria independent of the payload and cable
length, and developed a corresponding optimization. This is
the crucial step to solving the problem with unknown payload
and cable length. A significant advantage of the proposed
formation planning method is the ability to maintain tension on
cables, which is not considered in those position-only-based
formation planning methods. According to the simulated and
experimental results, the cooperative transportation system can
travel through the dynamic obstacle environment with flexible
formations.

When the local minimum of the artificial potential func-
tions occurs, we can design a series of sequential waypoints
as transportation targets in the proposed formation planning
methods.

The extension to distributed or decentralized formation
planning method may be studied in future work. It would
also be interesting to extend our method to a 6DOF rigidity
payload.
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APPENDIX

A. Proof of Theorem 1
Define the tension estimation error as
T; - 7:‘ i

SR

)

According to (15), the derivative of error is:
pi =L (p;) pi + T
A Lyapunov function is considered as below
1
Vri = §P?Pz‘,
whose derivative is

Vi =p} (L (p;) pi + 1)
<—p; (-L(p;) — 0.5]7|2Is) pi + 0.503.

It is known —L (p,) — 0.5||7||2Is > 0. There the estimation
error p; is bounded.

B. Proof of Theorem 2
According to (la)-(lc), it has

p; =f (u;) + i,

where
UgiUp; [T —Tpi/mi
fui)= UyiUp; /My y 0= | —Tyi/my
up; cos ¢; cos B; /m; g—T.;/m;

The position tracking errors are defined as
P =p} —p;;
P, =pi —ps-

The sliding mode surface can be denoted by

Spi = Cpﬁl +pLia

T
where Spi = [Sm‘ Syi Szi]
. . _ 1 T
We choose the following Lyapunov function Vy; = 35,8,
whose derivative is

_ T .
Vi =SpiSpi
1 ~
_ T ) T 4.
= — sm-RpspZ + —sm-Tl
m;

1 =
< —s,; (R, — 0.513) 5, + 5T

1

Now a Lyapunov function including tension estimation
errors is defined as below:

1 1
Vi=Vpi+Vp; = isgispi + §P;Fpi7



whose derivative is given by

Vi ZVpi + Vg
1
<- S; (R — 0.5I3) spi + Tmip?pi

—pi (=L (p;) — 0.5[|7[]2I6) pi + 0.503
. 1
<= o (~L(3) - 05Ihlale ~ 51 ) 1 + 0503

— s (R, — 0.513) 5,
< - KV + G,

where

Ao (<L (5,) = 05|12l — 516 )
Amin (Rp — 0.513)

Ci = 050'§

K; = min

It implies that the position tracking error (e, €y, €,;) are
stable under the position control (18).

C. Proof of Theorem 3

It is defined x = [@- 0; wi]T. According to (1d)-(1f), it
has
Xi =h(xi) +n ).

where
91%(]3; _Iz)/Iw T¢,’/Ix
h(Xl) = ¢Z¢’L(IZ *Im)/Iy 5 n(ui> = TOi/Iy
(]5192([1—1_1/)/[2 Twi/-[z

The attitude tracking errors are defined as
Xi =Xi — Xi»
Xi =X — X
The sliding mode surface can be denoted by
Sai = CaXi + Xi>

T
where s,; = [5@' Sgi Swi]

We choose the following Lyapunov function V,;
whose derivative is

_1.T
- Esaisais

. T.
Vai =SqiSai
T

= - saiRasai < _2)\min{Ra}Vai-

It implies s,; — 0. Further, from 0 = s,; = C,x; + )L(i, we
know that ()Zi, )22) will converge to (0,0).
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