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Abstract: This paper presents a cooperative load transportation system using multiple multirotor UAVs, with a focus on
collision avoidance between the UAVs. Each aerial vehicle modeled as a fully-actuated UAV is connected to a payload via
cables. In such a system, there is a risk of the UAVs’ colliding with each other. To address this issue, the present method
introduces collision avoidance constraints based on a conic control barrier function, applied individually in the direction
of each cable. The control inputs for each UAV are then obtained by solving a constrained optimization problem. The
effectiveness of the proposed method is demonstrated through simulations.

Keywords: Cooperative transportation, UAV, Suspended payload, Optimization, Control barrier function

1. INTRODUCTION

Recently, the demand for multirotor UAVs, such as
quadrotors and hexarotors, has rapidly increased due to
their cost-effectiveness and operational simplicity. Their
applications are diverse, ranging from infrastructure in-
spections [1], construction sites [2], and entertainment
[3]. UAVs are particularly promising for load transporta-
tion, especially in depopulated areas and remote islands
with limited logistical access. Their high agility and ver-
tical movement capabilities make them ideal for rapidly
delivering critical supplies like medicine.

Research into UAVs transportation methods is ongo-
ing, and there are two main types. The first type directly
attaches the payload to the UAV [4, 5], while the second
is a suspended-type, where the payload is hung from the
UAV via a cable. The former approach constrains pay-
load sizes and shapes due to the UAV’s structural lim-
itations, which adversely affects maneuverability by in-
creasing the overall inertia of the airframe. In contrast,
the suspended-type accommodates various payload con-
figurations and enables the use of multiple UAVs for co-
operative transportation. This also enhances fault toler-
ance, as remaining UAVs can compensate for potential
failures. Consequently, the suspended-type approach is
considered in many cases more suitable for load trans-
portation, and thus this study focuses on a multiple UAVs
suspended-type transportation system.

The suspended-type offers scalability concerning the
number of UAVs, prompting extensive research on sys-
tems employing various UAVs configurations. Addition-
ally, diverse payload shapes, such as a spherical or a rect-
angular shape, have been explored [6-11]. However, the
risks of UAV collisions and cable entanglement are inher-
ent, necessitating the implementation of collision avoid-
ance constraints. Several control strategies have been
proposed to address these issues. For instance, [9] pro-
poses a strategy in which the formation of the UAVs
and the payload is predetermined by explicitly specify-
ing the desired angle of each cable. In addition, in [10],

1 Shuta Ichitani is the presenter of this paper.
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the control system imposes a constraint to ensure each
cable remains within the outer 1/4 quadrant of the pay-
load. These conservative configurations lead to unnec-
essary thrust generation that is not directly required for
payload transportation, resulting in excessive energy con-
sumption. This issue is a significant concern for UAVs,
which have a limited battery. To address this issue, our
approach defines a conical region based on the upward
vector of the payload and keeping the cable within this
region. This allows cables to point inward toward the
payload while avoiding UAVs’ collision. Allowing in-
ward cable movement is expected to enable more effi-
cient force distribution, potentially reducing unnecessary
thrust and lowering battery consumption.

In this paper, we focus on suspended-type transporta-
tion using three UAVs and propose a system that controls
the payload position and attitude while ensuring UAVs
safety through collision avoidance. Collision avoidance
for UAVs includes both avoiding collision between UAV's
and avoiding collision between a UAV and a cable. The
reason for using three UAVs is the minimum number to
control the payload’s attitude. The payload is assumed to
be rectangular, reflecting its widespread use in industrial
and logistical applications. Although the most common
type of UAVs are the quadrotors, this study focuses on
fully-actuated hexarotors, which can generate thrust in
both vertical and horizontal directions [12], to simplify
the problem in the proposed method'. Additionally, for
the towing equipment used to suspend the payload, we
adopt a cable, which is modeled as tension, being easy to
construct in the real world.

A key feature of this research is designing a con-
straint for each cable by a conic control barrier function
(CBF) [14]. This is a method of dynamically control-
ling the control input direction to remain within a part of
the spherical surface. By adopting a conical shape, more
flexible cables attitude control becomes possible.

1 For the standard quadrotor model, we can simply apply the 3D motion
tracking controller of a quadrotor [13] as a local controller, similarly to
the previous work [8].



Table 1: Definition of symbols

Symbol Definition

Y, XL Inertial frame, Body-fixed frame

mr € R Mass of payload

m; € R Mass of i-th UAV

Jp e R3S Inertia matrix of payload

xp,v, € R? Position, Velocity of payload in ¥,

x;,v; € R? Position, Velocity of i-th UAV in ¥,

R € SO(3) Rotation matrix of payload from 3, to
XL

Q; e R? Angular velocity of payload in X1,

w; €R? Angular velocity of i-th cable in ¥,,

fi eR® Thrust of i-th UAV in &,

p; €R® Point of payload in ¥, where i-th cable
is attached

lieR Length of i-th cable

q; € 52 Unit direction vector of i-th cable in X,

geR Magnitude of gravitational acceleration

u; € R® Thrust input force for i-th UAV

A, A, €R? Disturbance of position of payload and
i-th UAV in X,

AR, € R? Disturbance of attitude of payload in
Sw

es=1[001]T € R® | Unit vector

2. PROBLEM SETTING

This section defines the problem setting of multiple
UAVs transportation of a rigid payload suspended by ca-
bles, and outlines the control objective.

2.1. Model of three UAVs transportation

As shown in Fig. 1, this paper considers three UAVs
connected to a rectangular payload via massless cables
that do not stretch, twist, or deflect. The payload’s ori-
gin is at the center of gravity in the frame ¥ ;. Using the
symbols shown in Table 1, the dynamics of this aerial
transportation system are formulated using Lagrangian
mechanics, as detailed in [15], and take the form

3
M, (&1, + ges) — ZmiQiQiTRLﬁiQL

i=1

3
i=1

_miQiqiTRLQQLPi) ; (1)
3 .
(JL - ZmiﬁiRz(qu;rRLﬁi> QL
=1
3 A
+) mipiRLqia] (&1 + ges) + Qr I
i=1

3
=An, +> piR] (ul + Al
i=1

+mil; ||wil* @i — miqiqiTRLQQLpi) , (2)
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Fig. 1: Transportation system with three UAVs.

. 1. /.. L A
Wi =74 (ﬂJL +ges — Rpp;Qp + RLQ%pi)
1 .
+—Gi (u + A7), 3)
mlll ¢
R, =Ry, 4)
g = w;q;. )

Here, M, = mpI3 + X ;m;q,q] € R3*3, and I
denotes the 3 x 3 identity matrix. Additionally, the wedge
‘At R® — s0(3), is defined so that gz = y x z for all
y,z € R?, and the vee ‘V’: s0(3) — R3, is defined the
inverse of the wedge.

The control input of the present transportation system
is thrust u; of each UAV, which is divided into parallel
and perpendicular components. The symbols ‘||” and ‘L’
denote the components of the vector that are parallel and
perpendicular to g;, respectively. They are respectively
defined as

I _ T
u; = 4q;q; U,

f=—¢ui=(I;—-q'q).

(6)
(7

u

Furthermore, the relationship between these components
is as follows:

1
ui:uy—&—ui.

Similarly, the disturbance of position of i-th UAV is de-
composed as

Al
AL

®)
)

—Gi Ay, = (Is — q/ q;) A,

2.2. Control objective

The control objective is to achieve position and atti-
tude tracking control of the payload for their desired tra-
jectories while ensuring safety by avoiding UAVs’ colli-
sion and cable entanglements between a UAV and a cable.
Collision avoidance is prioritized, followed by position
and attitude tracking.
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Fig. 2: Block diagram of entire control system

3. CONTROL SYSTEM DESIGN

In this section, we design the control input to transport
a payload. Fig. 2 illustrates the block diagram of the en-

tire control system. As mentioned previously, the control

input consists of uy parallel to g;, and u;- perpendicular

to g;. This is because only the force along the direction of
the cable can influence the motion of the payload. Then,

uy is designed such that the payload follows the desired
position and attitude. w;- is designed so that the actual
cable direction g; follows the desired direction q? €S2
The control system designed in this section is based on

[8].

3.1. Design of parallel component

Since each UAV can exert force on the payload only
along the direction of the cable, it is necessary to intro-
duce the ideal tension force that each UAV should gener-
ate to control the payload under this constraint. To model
this, we first define a; € R? as the acceleration of the
point on the payload where the i-th link is connected. It
is given as follows [8]:

a; =&+ ges + RLQipi — RppiQr.  (10)

Then, we introduce p; € R® as a virtual control input.
It represents the force applied at the cable’s attachment
point on the payload, taking q; into account. With this
force specified, the parallel component of the control in-
put is designed considering the force that has been gener-
ated as follows:

I _
U; = My

(1)

Second, we define the desired control force F'¢ € R3
and moment M9 € R? acting on the payload. This force
is designed track the desired position and attitude trajec-
tories of the payload. The control law is formulated using
a PD-type approach as follows:

—milil|w;|*q; + miqiq; a;.

F = mr, (_kmLezL - kiLé:bL + :13% + 963)

3
~A,, -Y Al (12)
=1
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Md = —ARL — kRLeRL — ]{ZQLEQL
+(RIRLQY) J.RIRIQY

3
+JLRIRIQ] - ) piRLAL, (13)
i=1

where k., , ki, , kg, ,kq, > 0 are positive gains. 3¢ €
R? is the desired acceleration of the payload, and
R}, Q4 Q9 € R? are the desired attitude, angular
velocity and acceleration, respectively of the payload.
A, A, , AR, €R?areestimates of disturbances, and
these will be provided in Section 3.3. Additionally, the
position, attitude, and angular velocity tracking error vec-
tors for the payload are

d
€y, =L — T,

1 v
€R, = E ((R%)TRL - RI(R%)T> ’
eq, =0 — R R{QY.

To generate the desired force and moment, we design
a control scheme. However, each p; is constrained to be
parallel to g;. Therefore, we choose the desired a virtual
control input ¢ € R? to satisfy

3 3

pi=F Y piRpl =M (14)
i=1 i=1
These equations ensure that the sum of the virtual control

inputs results in the desired force and moment.
Let us define a matrix P € R%*? as follows:

pP= {{3 I3 {3] . (15)
P1 P2 P3
Using the matrix P, we can rewrite Eq. (14)
Ry pf T pd
R; F
PR ps| = [ Agd } (16)

R} p§

We solve Eq. (16) for the desired virtual control input £}
using the minimum-norm solution. The solution is given



d . T T\-1 [R}F¢
M(zi = diag[R, R, RL]P (PP ") A

a7)

Then, the virtual control input p; is selected by projecting
pd along g, as follows:

Hi = Qiqz'TM?- (18)

3.2. Design of perpendicular component

The objective of designing the perpendicular input is
to apply the desired force to the payload by aligning g; to
the desired direction q? € S2, which is defined as

C el

19)

From this definition, the desired angular velocity of each
cable w{ € R? is obtained from the kinematic equation
as

wd

P =

4 q:. (20)
To achieve this alignment, we design the perpendicular
component u;- of the control input. Before proceeding,
we reformulate the equation of motion for the i-th link.
Substituting Eq. (10) into Eq. (3), we obtain

. 1. 1 .
Wi = —7q;a; + —(;

1 1

2y

To ensure the acceleration’s effect on the dynamics at the
cable’s attachment point on the payload, the perpendicu-
lar component is designed as follows:

1

u;

= —miGla; + ;. (22)
Here, the term 4} € R? is an arbitrary input. This
control law is formulated using a geometric PD-type ap-
proach, which is a standard PD-type controller for motion
on a sphere given by

f‘ = —m;liq; (_kqe(Ii —koew, — (Qi -w?) g
—qjwf) — Az (23)

U

Here, kq, k., > 0 are positive gains, and ey, e,,, € R?
are respectively the direction and angular velocity track-
ing error vectors defined as follows:

e,

~d ~2 d
€q, = 4, 4, ; = Wi T giw; .

Then, Eq. (21) can be rewritten as

g (i + A7) (24)

w; =

m;l;
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3.3. Disturbance estimation

We estimate the disturbances using integral actions
following the approach in [8]. This method is carried
out by compensating for the cumulative impact of errors,
which is aimed for the tracking errors to converge to zero
based on Lyapunov stability approaches [8]. However, it
should be noted that asymptotic convergence of the esti-
mation error is not guaranteed. The update law for the
disturbance estimate is given by

N Ya .
A, = m[L, (€r, +coesy), (25)
Ag, =g, (eq, + crer,), (26)

- 1 X
Ay, = 'Va:iQiqiT (mL (€z, +cu€sy)

N Voi
—Rrp; (eQL + CReRL)) - = qi (ewi + quth) .
mzll
27
Here, c;,cr,cq; € R are positive constants and

Yer> YR Yx; € R are integral gains.

4. COLLISION AVOIDANCE METHOD

We present our control approach to address the prob-
lem of potential collision between the multiple UAVs.
The method constrains the cable angles using a conic
CBF [14].

4.1. Collision between UAVs

To detect collision between the UAVs or between a
UAV and a neighboring cable, we define the minimum
distance D, as illustrated in Fig. 3. The distance D is
defined as
p = iy = @jepll =5 iflwie) — 26| <w

1Piay = Tjaall = 5 ifl2iz) =250 > w
Here s and w are the size and the thickness of the UAV.
For any vector A = [z y z] T, we define A, ) as the its
projection onto the zy-plane, and A ;) as the z-axis com-
ponent. Additionally, p; € R® represents the position of
the cable at the same height as the neighboring UAV.

@) [&i(z) — Tj2)| <w ®) |Zi(2) — xj(2)| > w

Fig. 3: Image of the distance between adjacent UAVs.



Fig. 4: Conic constraints.

4.2. Constaints based on a conic CBF
As shown in Fig. 4, we consider a cone with a restrict-
ing angle 6. > 0 with the unit vector e3 as the conic axis.
First, we determine 6.. As a sufficient condition for
ensuring D > 0, the angle 6. is determined such that
each cable satisfies as follows:
1
l; tan(0.) < 3 (B—3s). (28)
Here, B is the smaller of the width and depth of the pay-
load. Furthermore, the value of B is chosen in this way to
impose the collision avoidance condition with respect to
the more restrictive side of the payload. As B becomes
smaller, it becomes more difficult to maintain sufficient
spacing between UAVs, and thus the allowable minimum
distance D also decreases. Based on 6., the constraint
keeps the angle of each cable within 6, is expressed as

a;

ez > cosl,. (29)
To achieve this requirement during trajectory tracking,

we introduce a constrained optimization based control.

Following Eq. (29), we define a conic CBF h; € R as

hi(q) = q;' e — cosb.. (30)
In this case, the safe set is represented as follows, and
by satisfying the CBF condition in Eq (30), a safe set C'
becomes forward invariant.

C = {q; € $*|hi(q) > 0}. 31
The approach of this work is a modification of the method
proposed in [12], adapted to represent the attitude of the
cable. This condition ensures that each cable maintains
an angle less than 6. from the vertical direction. How-
ever, this constraint cannot be directly applied because
the relative degree of the CBF h; is 2. Therefore, to derive
the input conditions for the cable angle constraints, we
take the second-order time derivative of the conic CBF
and introduce a High-Order CBF [15].

In this paper, we adopt simple proportional functions
with gains «, 3 > 0 as an extended extended class K
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function. Based on Eq. (29), the CBF condition for an-
gular acceleration is obtained.

hi+ (a + B)hi + aph
=G es+ g es+ B (g es + o (g es — cosb.))
= (wiqi) "es + (W7 qi) "es + (o + B)(@iqi) e

+ af(q es — cosb.) > 0. (32)

Using Eq. (24), this constraint can be rewritten with the
control input ;- as

T 22
€3 4;

T
~ o € £D ~ ~

< (@qi) " es+ (a+ B)(@iq:) es

+ a,é’(q;reg —cosf.). (33)

Since the disturbance is unknown, the expression is re-
formulated using the bound of the size of the disturbance,
denoted by ¢, which satisfies max || A, || < ¢ and we as-
sume that the bound § is known by a prior experimental
test or supplementary information. Then, the following
inequality is used

es i A, =e3 (Is— q q;) Ag,
=e3 Ay, + (e5q) (a) Az)

< Jlesll| Al + (lle llail) (gl As, 1)
—9|A, || < 2. (34)

Therefore, the constraint can be rewritten as follows:

63qu2 ~ | ~2 NT - T
U < (W) es+ (ot f)(wig) es
20

Myt

+ afB(q es — cosb.) — (35)

4.3. Collision avoidance controller

Based on the constraint (35), we propose a method for
avoiding collision between the UAVs as a solution of the
quadratic programming: quadratic programming.

~ | el =L 2
(u’i )* = argmlnHui - ui,nom”
;i €R3
s.t. Constraint (35) (36)
where '&f’nom is nominal perpendicular input, given by

Eq. (22). Following this solution, the optimal perpendic-
ular control input (@;)* is obtained by minimizing the
squared Euclidean distance to the nominal input '&f,nom.

This allows the UAV to apply the desired force to the pay-
load while ensuring that the cable angle remains within
the specified limit.

In summary, the total control input for each UAV is
given as follows:

P~

u; = uy + (u)* = u) —miq2a; + (a;)*. (37)



5. SIMULATION

5.1. Parameter setting

In this simulation, we define the restricting angle 6, =
/16 [rad]. The gravitational acceleration is set to g =
9.81 [m/s?]. The mass of the payload is m;, = 1.8 [kg],
and the rectangular payload’s width, depth, and height
are 0.8 [m], 0.6 [m], and 0.4 [m]. Inertia matrix of the
payload is J;, = diag[0.0780 0.1200 0.1500] [kg - m?].
The mass, size, and thickness of three UAV's are common
given m; = 1.0 [kg], s; = 0.2 [m], w = 0.15 [m]. The
length of all the cables is set as [; = 1.0 [m], and they are
attached to the following points of the payload:

p1=1[04002]" [m], ps = [-0.40.30.2]" [m],
p3=[-04 —0.30.2]" [m].

The desired trajectory of the payload is given as
x$ (t) = [1.0t 2.55in(0.27t) 0] " [m)].

Then, the desired attitude of the payload is cho-
sen so that the orientation around the vertical axis
(yaw angle) faces the direction of motion while the
other attitudes are parallel to the ground (roll and
pitch angles are 0). Initial conditions are chosen as
’JCL(O) = 03><1 [m], ’UL(O) = 03><1 [m/s], RL(O)
I3, QL(O) = 03><1 [rad/s], iL‘l(O) = 03><1 [II‘I]7 1]1‘(0) =
03x1 [m/s], qi(0) = e3, w;(0) = 034 [rad/s] Vi.
Moreover, the disturbances are set as

A,, = [0.340.25sin(1.8t) 0.2 + 0.2 cos(2.2t)
0.2 — 0.2sin(1.9t)] 7,
A, =[0.2540.15sin(2.1¢) 0.2 — 0.1 cos(1.8t)
(

0.1+ 0.1sin(2.3t)] T,
AR, =[0.34+0.2cos(1.9¢) 0.15 + 0.15sin(1.2t)
— 0.1 —0.05sin(1.6t)] "

Therefore, since max || A,, || ~ 0.48, we set § = 0.5.

5.2. Result

The simulation results are shown in Figs. 5-10. Figs.
5-8 show the time responses of the position and attitude
of the payload. Fig. 9 shows the time responses of the
distance D between ps and ps3 with the shortest distances
of the cable’s attachment point on the payload. Moreover,
Fig. 10 shows the time response of h;, which indicates
how much the cable is tilted with respect to the axis es.

From Figs. 5-8, it can be observed that the position
and orientation of the payload are well maintained under
disturbances, regardless of the application of the CBF. As
shown in Fig. 9(a), the UAVs collide when the CBF is not
applied. However, when the CBF is applied, as shown
in Fig. 9(b), the distance D is always maintained above
0, which means no collision occurs. This is because as
shown in Fig. 10(a), the cables move without restriction
before the CBF was applied, whereas, as depicted in Fig.
10(b), the angle of each cable is restricted.
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6. CONCLUTION

In this paper, we proposed a method to avoid collision
between the multiple UAVs in a load transportation sys-
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tem using three UAVs and demonstrated its effectiveness
through simulations. The key feature of this research is
the use of a conic CBF to construct constraints, allowing
the system to transport a load while ensuring the safety
of multiple UAVs. For future work, we plan to utilize the
relative cable vector because it is often the case that the
more one cable tilts, the greater the allowable angle for
the others becomes. Additionally, we intend to test the
proposed system through actual experiments.
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