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Abstract: The cooperative transportation of a cable-suspended load by two unmanned rotorcraft
is analyzed. Initially, the equations describing a system composed of three point masses and two
rigid cables are derived. The model is then linearized about the hovering condition, and analytical
expressions are derived to describe the eigenstructure of the open-loop system. Thanks to the specific
parameterization of the problem, the different dynamic modes are outlined and discussed within an
analytical framework. A novel controller is designed to enable the UAVs in the formation to perform
trajectory tracking, maintain formation geometry, and stabilize payload swing simultaneously. A
preliminary investigation of closed-loop stability is conducted using a linear approach. Validation is
performed in a realistic simulation scenario where two drones are modeled as rigid bodies under
the effect of external disturbances and rotor-generated forces and moments, as obtained by Blade
Element Theory. The proposed method demonstrates relative simplicity and significantly improves
the flying qualities of delivery operations while minimizing hazardous payload oscillations and
reducing energy demand.

Keywords: urban air mobility; drone delivery; cooperative use of drones; formation control;
suspended load transportation; swing damping

1. Introduction

Two approaches are typically employed in unmanned air delivery scenarios [1]: the
payload can either be rigidly attached to the drone or suspended by a cable. The rigid
connection represents the most common solution, which involves the use of clamps or a
sufficiently large fuselage. This configuration ensures higher stability during flight and a
greater degree of controllability, as there are no additional degrees of freedom related to the
payload. However, it leads to an increased takeoff mass and may be unsuitable for large
payloads or on—site deliveries where landing is not possible [2-4]. The payload suspension
technique allows for the delivery of a package without the need to land, which improves
mission efficiency. Drone performance and system simplicity are preserved, with the
possibility of carrying larger and heavier loads. Unfortunately, additional non—actuated
degrees of freedom related to swing—induced instability are introduced [5]. For this reason,
the impact of the load on the underlying system dynamics should not be neglected, as
significant feedback forces may be induced on the vehicle during certain flight conditions.

Despite the relative simplicity of using a single drone to transport a single load, it
is clear that the limit on payload carrying capacity poses several challenges for future
air delivery scenarios and paves the way for flexible multi—agent systems. To this end,
cooperative solutions have been investigated in many papers. In [6], a PID controller was
developed to address the transportation of a common object with quadrotors via cables.
However, the proposed control method struggled to reduce oscillations in the underdamped
system. In [7], the authors developed an LQOR controller combined with a Kalman filter for
cooperative load transportation using two UAVs. Validation was performed experimentally
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using two commercial quadrotors equipped with an ultrasound altimeter, IMU, and frontal
cameras. In [8], a hierarchical control scheme was designed for two quadrotors carrying a
slung load. A linear controller was used for position stabilization, while a quaternion-based
nonlinear controller managed the attitude loop. Finally, the authors validated the approach
for both a rigid and a flexible wire through numerical simulations. In the case of an
unknown payload mass, a cooperative algorithm robust to environmental disturbances was
investigated in [9]. The proposed controller was designed with a decentralized architecture,
where each multirotor utilizes the relative velocity and position of its neighbors to reach the
desired formation shapes. A decentralized Lyapunov-based controller was also presented
for aerial co—manipulation of a cable—suspended payload with two aerial robots in [10].

In the last few years, the problem of cooperative control within multi—agent scenarios
has been a research focus for some of the authors, and recent papers have presented different
types of control algorithms to address cooperative transportation problems. In Ref. [11], a
control architecture for a two-agent formation was developed with the aim of performing
trajectory tracking and maintaining formation geometry, whereas in Refs. [12,13], the
formation controller was supported by an auxiliary contribution based on the proportional
feedback of swing angle and rate information, obtained from an ad hoc parameterization
of the payload position. In this context, it was shown that the architecture of the proposed
algorithm is suitable for implementation in commercial off—the—shelf control solutions [14],
with applications in search and rescue, disaster relief, environmental monitoring and
surveillance, transportation, and construction.

Nonetheless, a generalized approach simultaneously allowing for (1) formation keep-
ing, (2) trajectory tracking, and (3) payload swing damping tasks for (4) a generic rotary
wing configuration is still lacking in the literature. Thus, the present research aims to fill this
gap by proposing a novel control strategy that reshapes the cooperative load transportation
problem into a formation stabilization task, where the dynamics of the suspended load
are treated as an external disturbance to be mitigated. The controller is based on a set of
simplifying assumptions that include modeling both the lifting drones and the load as point
masses, according to the Lagrangian method. The highly nonlinear model is linearized
about the hovering condition with the payload at rest, allowing for both stability and
controllability investigations within an analytical framework. The control strategy effec-
tively handles the nonlinear dynamic model by leveraging linearization and state feedback
techniques, ensuring stability and optimal performance in cooperative UAV transportation
tasks. The validity of the approach and the performance of the controller are evaluated
through numerical simulations in a realistic test case, where a formation of two octarotors is
detailed in terms of electric propulsion system components and blade—element characteri-
zation of propellers. Sample maneuvers are proposed in a non—dominant scenario in the
presence of environmental disturbances, model uncertainties, and noisy sensor readings.

The contribution of this paper is multifold. First, a Lagrangian—based mathematical
model of the loaded formation is derived and organized in a compact form. Thanks to the
novel parameterization of the problem, the system representation is shown to be simple
and provides the reader with a deep insight into its physical properties. After linearization,
a completely analytical framework is outlined, where the natural dynamics of the coupled
slung—load system are related to a reduced set of formation parameters. The simplicity
of the approach is a valuable aspect when the design process or the synthesis of control
laws is at a preliminary stage. In this context, the control gains of the suggested formation
and payload controllers can be tuned to achieve the desired properties of dynamic modes
in response to assigned flying—quality requirements. The method is of general validity
and can be extended to different rotary—wing drone configurations, showing encouraging
advantages in terms of maneuver times, safety of operations, and energy efficiency.
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2. Mathematical Model

This section presents the mathematical description of the system. The reference frames,
single—agent equation of motion, formation kinematics, and load position kinematics are
presented and described according to the Lagrangian approach.

2.1. Reference Frames

An Earth—fixed North—East—Down frame, Fg = {Of; X, y, zg }, is first considered,
according to standard practice in flight mechanics. Provided P; is the center of gravity of
the i-th agent, three sets of right—handed orthogonal reference frames are introduced:

1. Two Body—fixed frames, F; = {P;; x;, ¥;, 2Bi}, i = 1, 2. The longitudinal axis xp;
is positive out of the nose of the i-th platform in its selected plane of symmetry, z;
aims in the direction of the fuselage/frame bottom, and yg; completes a right-handed
triad.

2. Two Local—Horizontal—Local —Vertical frames, Fy; = {P;xy;, Yvir zyit, i =1,2.
The frame is attached to the aircraft’s center of gravity and, under the assumption of a
flat and non—rotating Earth, is always parallel to Fg.

3. A vehicle structural reference frame, 75 = {Og; xs, Ys, Zs }, used to locate the center
of gravity and all platform components: the axes are parallel to the Body—fixed frame
axes such that x; = —xp, yg = yp, and zg = —zp. Stationlines (ST) are measured
positively aft along the longitudinal axis. Buttlines (BL) are lateral distances, positive
to the right, and waterlines (WL) are measured vertically, positive upward. In what
follows, without loss of generality, a sample multirotor configuration is considered.
In such a case, Og lies on the top surface of the frame and is aligned vertically with
the drone’s geometric center over the xg — y¢ plane.

A sketch of the i-th agent, including the selected reference frames, is shown in Figure 1.
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Figure 1. Body—fixed reference frames for a sample multirotor from (a) lateral and (b) top views.

Vector transformation between Fr and Fp; is provided by the rotation matrix
Tge(n;) [13], where n; = [¢;, 6, ;)T defines the attitude of the i-th vehicle through the
classical ‘roll’, “pitch’, and “yaw” angles that characterize the ZYX Tait—Bryan extrinsic
rotation sequence [15]. In what follows, the subscript ‘E’ is dropped for simplicity.

2.2. Equations of Motion

Let r; = [ryi, Ty r2i]T be the position of the i-th agent and v; = [vy;, Uy, v,;]T its
velocity with respect to the inertial frame. A suspended load with mass m; is connected
at P; by a cable to the i-th agent. The drones and the suspension cables are assumed
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to be identical. The dynamics of each agent, as expressed in F, are described by the
following equations:

i =j 1)

) 1
vi:a(mg_l'fli—'—fdi—i_fci) (2)
where m is the mass of the multirotor, g = [0, 0, g]T is the gravitational acceleration

vector, f); is the force exerted on the i-th agent through the cable, and f; is the vehicle
aerodynamic disturbance. The net thrust f_;, directed along zg; and pointing upwards,
represents the only control input to Equation (2). It is assumed that the i-th cable is directly
connected to the center of gravity of the i-th agent such that f;; has no effect on attitude
motion. Each cable is modeled as massless and rigid with a constant nominal length L.

With respect to the payload position r; = [ry, 1y, r21]T, an ad hoc parameterization is
proposed which stems from the approach in [16]. Let P, be the midpoint between P; and P,
with the position vector obtained by the average of r; and rp, namely r,,, = (r1 +12)/2 (see
Figure 2a). Define y = r; —rpy and B = (/) X zg, where v = ||y||. Consider the reference
frame Fy = {Pu; Xy, Yy, zr }, characterized by unit vectors xg = B/B, yy = v/, and
zy = xg X yy = (B/B) x (y/7), with B = ||B]|. Note that y;; and zp lie on the local
vertical plane I' that contains the vehicles, while xp identifies the plane’s normal direction,
as shown in Figure 2b.
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Figure 2. Definition of oscillation angle { from (a) perspective and (b) rear views.

The rotation matrix Tpy = [¥xy Yy zpg| is defined by unit vector components
expressed in Fg, namely

xp = [ty =Ty T2 =121, 0] /B 3)
Yg = [T’x1 —Tx2, Tyy — Vyps Y21 — rZZ]T/'y (4)
zy = [—(rx1 = 1x2) (121 = 122), = (ryy = 1yy) (121 — 722), (5)

(ret = ra2)” + (ryy = 10,)]"/ (B)

where

B=(r1—1x2)*+ (ryy — 1) ©)
Y = \/(rxl - rx2)2 + (ryl — ryZ)Z -+ (7’21 - 7’22)2 (7)

Letl =1/ |l1]| be the unit vector directed from P, to P;, where I = r; — ry, and
l¥; — #m|| = \/L? — 7% /4. The payload position is defined by the angle { € [—7n1/2, /2],
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which characterizes rotations about y ;. Given 1="Tgyly wehavely = [sing, 0, cos ] T
and the payload position is calculated as a function of {, r1, and r,. It follows that

t; =t + ||| Tgn [sinC, O, cosC]T (8)

= (r1+1)/2+ (\/L? —92/4) Tgy [sin{, 0, cos )T

Let A = [rlT, r2T , g]T € R” be a vector of generalized coordinates. The Lagrangian
equation with respect to A is [16]
d (oE oE
d (a/\) T ®)

where E = K — U is the Lagrangian function and T € R’ is the vector of generalized forces.
In the present framework, K is the system kinetic energy given by

1 1
K:imghﬁ4yg+§mﬂﬁl (10)
where #; denotes the load velocity obtained from Equation (8), namely

i = (i1 +i2)/2— Tgy [sing, 0, cos )T (11)

Y
2\ /4L2 — 2
+ (/12— 72/4){TEH [sing, 0, cos¢]T + Trp [cos, 0, —sin@]Té}

With respect to the time derivatives Try and 7 in Equation (11), we have

Tey = [%n ¥y 2H] (12)

while
in = (BB—BP)/P (13)
= Gr—r7)/7 (14)
ty=[(BB—BB)/B] x (v/7) + [(v7—77) /7] x (B/B) (15)

with

ﬂ = Vyl = Typs Txy = Ty, O]T (16)
p= [("’xl - fxz) (rX1 - ”X2) + (i’yl - ?yz) (ryl - ryzﬂ /B (17)
Y= [7;3‘1 =Ty, Tyy = Typs T2y — i’Zz} ’ (18)
7= [y = 7x) (re1 = 7x2) + (yy — 1y,) (ryl - ryz) + (2 = 72) (rz1 = 122) [ /7 (19)

The potential energy U is related to the vertical displacement of the agents and the
suspended load and is given by

U=-mg (7’21 + 7’22) — Mgtz (20)

Given the energy contributions in Equations (10) and (20), and taking into account the state

of the load as described by Equations (8) and (11), the Lagrangian equation is manipulated
into the system:

A=p (21)

MA)p+CAump+GA) =T (22)

where u = [v], v1, {]T € R”. For brevity, the highly nonlinear and lengthy expressions

of terms M(A), C(A, ), and G(A) are not detailed in the present framework but can be
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provided to the reader upon request. The extended force vector T = 7, + T4 consists of a
control contribution, T, = [ulT, uzT , 0]7, and a disturbance term, 74 = [f le, f dzT ,0T —Dupu.
This last term accounts for the effects of payload drag at low oscillation speeds, where

D = diag(0,0,0,0,0,0,d) € R”*” and d > 0 is a drag coefficient.

3. Problem Statement and Solution

This section addresses the stability and control issues of the system described by
Equations (21) and (22). The cooperative transportation problem is converted into the stabi-

lization of a formation with the optional capability to actively damp payload oscillations.
(FC) (PC)
+u

; ., where
is an auxiliary Payload

In this context, the control input to the i-th agent is expressed as u; = u

uEFC) is the contribution from a Formation Controller (FC) and ufpc)

Controller (PC).

3.1. Controller Design

Assume the i-th agent is required to keep a specified distance from a reference
point P,, identified by vector position r, and moving with velocity v,. Let D; be the
i-th agent’s required position, identified by #;. The relationships are given by r, +d; = r;
and r, +d; = #;, where d; = [dy;, dy., d;)T and d; = [dy,, dy,, dz,]T indicate the current and
required relative distances between the i-th agent and the reference point, respectively (see
Figure 3).

Do D,

TE

ZE

Figure 3. Definition of current (P;) and desired (D;) positions of the i-th agent.
The following equation is derived:
di — di =7 — 1 (23)

Let #; = 9;, and consider Equation (1). The time derivative of Equation (23) yields

d; — di = 0; —U; (24)

where 9; represents the desired velocity of the i-th agent. Assuming %; equals v,, the
position dynamics of the i-th vehicle with respect to the reference point become

dl' = ;11' — Uy + 0 (25)
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Define ¢; = [0y, dy,, 5,i]T = d; — d; and €; = ey, €y €:i]T = v, — v; as the relative
position and trajectory error variables, respectively. Considering Equation (25), we have
5; = €;. The following FC is proposed, based on the idea in [11] and adapted to the
present application:

(FC)

u;

=@t; +m (Ks6; + Ke€;) (26)
where @;, i = 1,2, is a trim contribution, while K; = diag(Ks,, K(;y, K;, ) and
K. = diag(Ke,, Key, K,) are positive gain matrices. Without loss of generality, it is
assumed that when the i-th agent reaches the desired position D; (namely §; = 031,
€; = 031, 1 = 1,2), the formation midpoint Py, exactly tracks P,. Let ¥ = [¥x, Ty, 0T
be the prescribed mutual distance vector between the agents of the formation, with com-

ponents expressed in Fr and selected such that ¥ = /72 + '?5 < 2L. It follows that

‘-11 = *HZ = ['7x/2; '7y/2/ O]T‘
The trim contribution #;, i = 1,2, allows the system described in Equations (21) and (22)

to maintain the equilibrium ¥ = [)_tT, al)T = [rf, (rr —%)7, 051]" € R, which represents

a hovering flight where the three point masses lie on the local vertical plane I' (see Figure 2).
In such a case, { = 0 and é_ = 0 are the desired swing-state variables, and Agent 2 is
required to maintain the prescribed position 7, = r; — ¥. Disregarding the aerodynamic
disturbances affecting the drones and the payload, the generalized equilibrium control force
is calculated from Equation (22) as T = 7. = G(A). Considering the first six components
in 7, the equilibrium input # = [y, #t;]” € R® is derived with components

- - T
mz{ gMiy: 8Ty ,—gM} 27)
2412 72" 2\/412 — 42" 2
- - T
i = {— gMiys &Yy ,—gM} 28)
2\/412 - 42" 2,/412 42" 2
where M = 2m + m; is the total mass.
The proposed PC is structured as
ugpc) = uépc) =m (kpl+kyQ) xp, (29)

and is directed over the local horizontal plane in the direction of xy, where k, and k,; are
positive gains. The proportional contribution in Equation (29) allows the formation to
track the payload position over the local horizontal plane along the preferred direction xp.
At the same time, the derivative contribution damps the motion of the relative position
vector I with respect to Fp. This approach follows strategies used for stabilizing inverted
pendulums on moving carts, where various control strategies are employed, ranging from
standard PID [17] to MPC algorithms [18].

3.2. Stability and Control Analysis
In what follows, the stability of the coupled slung-load system described in Equations (21)
(FC) + #T% detailed in Equations (26) and (29), is

i i
addressed within a linear framework. Let x = [AT, 4]T € R™ and u = [y, up]” € R® be
the state and input vectors describing the dynamics in Equations (21) and (22), respectively,

linearized about the equilibrium (¥, #). The standard state—space representation

and (22), with the control law u; = u

x=Ax+Bu (30)

R14x14

is derived where A € is the state matrix,
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0757 I7
A8,1 Ag,z . A8,7
A= | Asx Agp ... Aoy , (31)
) ) . . 0757
A1 A ... Auy
and B € R!*%® js the input matrix,
07><6
Bg,l Bg/z - B8,6
B=| Bo1 Bop ... Bog (32)
Biag Big2 ... Bug

The components of the matrices in Equations (31) and (32) are detailed in Appendix A.

The stability of the linearized system with the control action in Equations (26) and (29) is
first addressed in the case when v, = [0, 0, 0]” such that #, = [0, 0, 0]” and 7, is a constant.
Let e = x; — x be the error with respect to the desired state x; = [1"1T , 1"2T , leg]T. The error
dynamics are obtained from Equation (30) as

e=Ae—Bu (33)

Based on a simple manipulation of Equations (26) and (29) in the linear framework, we
have u = K e, where K € R®*!. The feedback—controlled system evolves according to
¢ = Ae, where A=A — BK and

Ks 0O3x3 kpy Ke 03x3 kg7
K=m Pt C 34
05x3 Ks kpy O3x3 Ke kg7 4

To outline the dynamic modes in A, the error vector is conveniently rearranged
according to the order

3 T
xflip = [er/ Ox1, Yx2, Ox2, C/ g/ rylz Uylx r]/z/ Z]]/2/ Y21, Uz1, ¥z2, UZZ] (35)

Without loss of generality, consider the situation where 7, = 0 and 7, = 7 for a prescribed
¥, which allows the dynamic analysis to be performed about the Fp-frame axes. Based
on the results in Appendix A, it is straightforward to verify that the closed-loop dynamic
matrix assumes the block—diagonal form:

R A 06><8:|
A = | M Y6 36
flip |:08><6 Alv ( )
where
Afs(Vfsys Vsys Vfsys Vs Vfsss Vfsg) (37)

with eigenvalues l/fs]., j=1,...,6,is the subsystem matrix that describes the coupling
between the vehicles’ forward motion (along xp) and the payload swing state, while

App (Vlvlr Viv2s Vivads Vivar Vivss Vivs, Vivy, Vlvs) (38)

with eigenvalues v, k = 1, ..., 8, is related to the lateral and vertical behavior of the
formation (along y and zpy, respectively). In the most general case, the closed —form
expressions of the eigenvalues in Equations (37) and (38) cannot be determined. In this
context, numerical methods can be employed for a dedicated analysis of the system’s
eigenstructure [19]. Also, there exist K with the structure in Equation (34) such that both
Equations (37) and (38) are Hurwitz. Consider now the general case where v, # 0341 and
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¥y # 0351. Provided the origin of the feedback dynamic system ¢ = Ae is stable and
vy, Uy € L£3[0,00) N L]0, 00), one still obtains |le|| — 0 as t — 400 as a consequence of
Lemma 1 in [20].

In the case when K = 0414, formation open—loop dynamics are analyzed. In particu-
lar, A fs is characterized by null eigenvalues with multiplicity 2 and a set of purely complex
poles given by

3 (39)

Vg, =] | ——
2= N a2

4 §M
R PV W

Similar considerations hold for A;,, which is defined by 4 null eigenvalues and two pairs
of complex poles:

and

. gmy ML?
v ==+ 41
012 ]¢mQMU—mVM@B—# &
. 2gmy ML?
v =+ 42
ro3 ]¢QOﬂMwWﬁ¢ﬂP~V 42

Given the absence of dissipative effects related to the aerodynamic drag (which is disre-
garded), all dynamic modes related to Equations (39)—(42) are representative of a purely
oscillating motion about the equilibrium with no damping.

4. Results

An analysis of the proposed approach is performed through numerical simulations, in
which two multirotors are required to execute sample transportation tasks. Performance
indicators are also defined to characterize the overall effectiveness of the proposed test cases.

4.1. Simulation Platform

Simulations are performed in Matlab® using a fourth-order Runge—Kutta solver with
a frequency of 500 Hz [21]. The agents are two identical octarotors, modeled as rigid bodies
following the approach and nomenclature detailed in [22]. The payload is assumed to be a
point mass attached through a hook point H and is affected by aerodynamic drag, with
Aj = 7 R? representing the frontal area of an equivalent sphere with radius R; = 0.5 m and
drag coefficient C;; = 0.5. The relevant system parameters are summarized in Table 1. Air
data are calculated using the International Standard Atmosphere (ISA) model as a function
of altitude [23]. Local gravitational data are provided by the World Geodetic System 1984
model as a function of vehicle latitude, longitude, and altitude [24]. Given ¢; = r; — r;, the
force f;; in Equation (2) is calculated as

f1; = (KAL; + CAL;) & (43)

where K is the elastic constant; AL; = ||¢;|| — L and AL; are the elastic deformation and its
time derivative, respectively; and ¢; = ¢;/||c;||. Compared to the classical Hookes” model
in [22], cable internal damping is included with coefficient C # 0 (see Table 1).

Control tasks are managed through a cascaded controller inspired by the PX4 mor-
phology and notational framework [14]. The control algorithm stabilizes the i-th agent
by tracking an Earth—fixed set—point position rs,,, velocity vs,, or acceleration asp,

(see Figure 4, where aé%c) is the acceleration set point generated by Velocity Con-

troller). In this framework, the desired acceleration for the i-th multirotor is given by
FC PC FC FC PC PC
asp, = [asp ., asp, aspzi]T = aé,,l. ) 4 aS(Pi ), where agpi ) = ué,,l. ) /m and agpi ) = uﬁ,,i ) /m

are computed using Equations (26) and (29), respectively.
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Non—ideal sensor behavior is considered following the approach in [22], where noise,
bias, and sensor positioning errors are introduced and described from a numerical stand-
point. The onboard computer operates at a frequency of 100 Hz, and a fixed time delay,
t; = 0.04 s, is implemented to account for local processing and communication issues
between the agents of the formation. In this context, the dotted lines in Figure 4 depict all
broadcast signals, including reference trajectory information (provided, for example, by a
ground control station) and the mutual transmission of agent position data to reconstruct
the xy = xp(r1, r2) term in Equation (29). The swing angle and rate are assumed to be
available to each agent, as discussed in [16,22]. Zero—mean Gaussian white noise is added
to each estimated value, with standard deviations of o7 = 0.3 deg and ¢0; = 0.6 deg/s,
respectively.

Table 1. System parameters.

Parameter Symbol Value Units
Multirotor
Mass m 70 kg
Center of gravity position STAp = BLp 0 m
WLp —0.15 m
Moments of inertia 11 10.61 kgm?
T2 10.31 kgm?
Ja3 19.74 kg m?
Jio 0.037 kg m?
13 —0.043 kg m?
23 —0.003 kg m?
Center of pressure position STAcp = BLcp 0 m
WLcp —0.125 m
Frame drag areas A=Ay 0.22 m?
Az 1.03 m?
Propeller
Number of blades i 2
Radius R 0.5 m
Mean aerodynamic chord ¢ 0.086 m
Chord @ 75% R c75 0.103 m
Lift-curve slope a 5.9 rad !
Pre-cone angle ag 0 rad
Root pitch angle 6o 0.7854 rad
Total twist 0; —0.6981 rad
Load
Mass mj 100 kg
Reference area A 0.785 m?
Drag coefficient (sphere) Ca 0.5
Cable
Nominal length L 15 m
Hooke’s constant K 90,950 Nm™!
Damping coefficient C 215 Nm~'s
Hook point position STAy = BLy 0 m
WLy —0.2 m

Remark 1. A detailed analysis of PX4 control functions and the multirotor’s capability to track a
set-point acceleration is beyond the scope of the present paper. In general, different control strategies
can be employed to perform attitude control and generate the required thrust, including standard
PID techniques [25], linear quadratic requlators [26], active disturbance rejection controllers [27],
backstepping control or feedback linearization [28], and sliding—mode methods [29,30]. Regardless
of the control approach used, it is essential that attitude regulation and thrust generation have
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a bandwidth significantly larger than that of the closed—loop system under the control actions
described in Equations (26) and (29).

.
J
T T T T a(PO)
¢, ¢ PAYLOAD CONTROL SPi
(PC)
T
FC
v; FORMATION a(s,,l )
R CONTROL —®®
T?" b ’UT (FC)
————— —
Tsp. Vsp, VELOCITY ay® Qs
SPi POSITION | ~5Pi | — NS 5P
CONTROL ) ACCELERATION | 7]y, TR
AU CONTROL
TO ATTITUDE
Vsp;

Figure 4. The i-th agent control scheme based on the PX4 autopilot architecture [14] (i,j € {1,2},
i # ).
4.2. Performance Indicators

The following performance indicators are defined to quantitatively characterize the
performance of the closed—loop system with and without the auxiliary support of a PC:

e  Maneuver time, f,;. The simulation is assumed to be concluded at time t,, when
two conditions are simultaneously satisfied: (1) the formation control residual er-

ror ¢, = H (6T el 57 el H falls below 0.2, where §; and e; are expressed in m and
m/s, respectively, and (2) the absolute value of { remains below 0.5 degrees for a

predetermined time of 5 s.
*  Average swing angle, {;,. This is calculated as {4, = Ig(tm) /tm, where the integral

t"‘l
Ie(tn) = [ 16()] s (@4

is evaluated over the maneuver time domain and provides an indication of how much
and for how long the payload deviates from the local vertical plane I'.

*  Propulsive energy, Eyop. This measures the total energy delivered by the motors to
the propellers and is calculated through the integral

tm 8
Eprop :/o Y Pa(s) ds (45)
k=1

where Py, = Qi () is the output shaft power generated by the k-th motor, obtained
from required torque Qy and angular rate (); under the assumption of null friction
torque. In the present case, Epyop is evaluated for Agent 1 only.

4.3. Test Cases

Consider the formation identified by 4 = [0, 10, 0]7 m, with components expressed
in Fg. It follows that d; = —d, = [0, 5, 0]7 m, given 9y = 0 m and ¥y = 10 m. In the
absence of external disturbances, the nominal trim contributions in Equations (27)and (28)
are it; = [0, 173.36, —1176.80]7 N and @, = [0, —173.36, —1176.80]" N, respectively. The
non—null eigenvalues of the open—loop forward-swing dynamics in Equations (39) and (40)
are Vs 5 = +70.7038 1/s and Vfszy = +71.0903 1/s. With respect to the lateral —vertical
dynamics, Equations (41) and (42) give vj,1, = £70.7278 1/s and vj,34 = 4+ j1.0143 1/s.
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FC gains are selected as K5 = 0.1 - I3 N/m and K¢ = 0.6 - I3 N's/m, while the PC is char-
acterized by k;, = 1 m/(rad s?) and ky :A5 m/ (racAl s). Table 2 lists the eigenvalues obtained
for the closed-loop dynamic matrices A and Ay, in Equations (37) and (38), with and
without the auxiliary contribution of the PC. In both cases, the hovering equilibrium is sta-
ble, as both A s and Ay, are Hurwitz matrices. While the effect of the PC does not influence
the linearized lateral —vertical behavior, it does affect the forward motion, particularly the
complex—conjugate poles —0.1242 £ j1.0607 1/s, which shift to —0.3029 £ j0.9966 1/s,
resulting in increased damping of the oscillatory behavior. Specifically, the damping ratio
increases from 0.116 to 0.291 (+151%), while the natural frequency slightly decreases from
1.068 rad /s to 1.042 rad /s (—2.43%).

Table 2. Eigenvalues of the feedback—controlled subsystems at hover (units: s~ 1.

Subsystem FC FC+PC
A —0.3000 £ j0.7109 —0.3000 % j0.7109
Afs —0.1758 £ j0.1729 —0.1739 £ j0.1835
—0.1242 £+ j1.0607 —0.3029 £ j0.9966
—0.2913 £ j0.7330 —0.2913 £ j0.7330
A —0.1750 £ j0.1671 —0.1750 £ j0.1671
fo —0.1756 £ j0.1722 —0.1756 + j0.1722
—0.1648 £ j0.9936 —0.1648 £ j0.9936

4.3.1. Simulation Case 1

Drones are required to leave the initial state r, (0) = [0, 5, —20]7 m, r,(0) = [0, —5, —20]”
m, and v1(0) = v2(0) = [0, 0, 0]" m/s at ty = 0's, with the payload at rest. The initial attitude
is represented by #,(0) = —#,(0) = [0.1462, 0, 0] rad. The reference point is constant at
r,(t) = [10, 0, 0]T m, and the desired yaw angle is ¢sp; = sp, = 0 rad. A comparison is
made between the sub—case with simple formation stabilization and the sub-case where
active payload stabilization is added to the control action. Figure 5a shows the time history of
the formation—keeping error e, characterized by an asymptotic behavior that is essentially
unaltered by the PC contribution. Figure 5b shows the effectiveness of the PC, where the
maneuver time is reduced from 23.5 s to 17.9 s and the swing behavior rapidly fades. In
Figure 6, the control mechanism is exemplified. To this end, the set-point acceleration compo-
nents generated for Agent 1 over the local horizontal plane are reported. The provided PC is
operative, and as,, = aﬁif) + ag,’f), with the two input contributions depicted separately to
show partial vector opposition. For example, in the very first part of the maneuver (f < 3s),
the induction of a negative oscillation angle determines aggﬁ) < 0in opposition to agﬁfﬁ >0,
thus mitigating the aggressiveness of the maneuver for reduced payload swing. Table 3 lists
the main performance parameters and percentage variations. The activation of the PC, which
improves disturbance rejection capabilities, produces a noticeable reduction in propulsive
energy to conclude the delivery task. Moreover, considering the quantity I.—the integral of
the oscillation angle over the maneuver time t,,—a reduction of —30.5% is obtained. The same
considerations apply to the average value (,;,, for which a reduction of —9.2% is calculated.

Table 3. Case 1: Performance analysis.

Index FC FC + PC Variation [%]
tm [s] 23.5 17.9 —23.8

I [degs] 22.96 15.95 —30.5

Cav [deg] 0.98 0.89 -9.2

Eprop [K]] 327.05 249.31 —23.8




Drones 2024, 8, 434

13 of 19

15 T
—FC
> FC + PC
€ 10F =
E
—_ 5 [ 7
[3)
\ a)
0 : : :
4
oL _
s 0 \/ N——— |
o
2 4
b)
4 I I I I

time [s]

Figure 5. Case 1: Stabilization of (a) formation—keeping residual error and (b) payload swing angle.
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Figure 6. (a,b) Case 1: Set—point acceleration contributions for Agent 1 with operative PC.

4.3.2. Simulation Case 2

Drones start from the same initial condition as Case 1 and are required to track a
rectilinear trajectory with reference point r,(t) = [At, 0, —20] m and speed v, = [A, 0, 0],
where A = 2m/s and v, ¢ £;[0,00). The desired formation geometry is reconfigured to
7 = [10, 0, 0]T m such that #; = [173.36, 0, —1176.80]" N and i1, = [—173.36, 0, —1176.80]7 N.
A constant wind w = [0, —5, O]T m/s perturbs the system during time interval 13 < t < 155,
thus simulating a discrete gust. In this case, the proportional formulation in Equation (26)
for a system affected by external (drag) disturbances is expected to determine the steady-
state residual errors in terms of J1 and §,. Conversely, the tracking of the desired speed v,
theoretically occurs with zero residuals, that s, ||e1||, ||€2|| = 0 m/s for t — +oc0. With this
in mind, Condition 1 in Section 4.2, which defines the maneuver time, is adapted here to
the reduced —order speed error e;s = H [elT, ezT ]||, required to fall below 0.02 m/s. Figure 7a
depicts the time history of e,;, which indicates the correct stabilization of both agents to
the reference velocity. Figure 7b shows the swing angle ¢, where the effect of wind gusts is
evident in the induction of unwanted oscillations in addition to the deviation of the formation
from the prescribed trajectory (see gray areas).
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The time behavior of the positioning error is depicted in Figure 8, where the formation
residuals remain bounded with [|d1]], ||d2|| = 1.99 m for t — +co. In steady—state
conditions, the components of €; and e; oscillate about zero with standard deviations
of 0.011 m/s over the horizontal plane and 0.004 m/s along the local vertical. Finally,
the results of the performance analysis are reported in Table 4, highlighting the favorable
effect of the PC. It should be noted that the proposed control strategy represents a starting
point for implementing more complex algorithms with improved disturbance—rejection
capabilities. For example, the proportional-derivative formulation in Equation (26) could
benefit from an additive integral term applied to the formation error J;. In such a case, the
accuracy of both formation—keeping and trajectory —tracking tasks would improve at the
cost of extending the system state in Equation (33).

5 T

s/\\ —FcC
Ar FC+PC

[m/s]

e
rs
N

I
1

a)

4 T

= /
% 0 ﬁ\/ﬂ /\ /\/—\ B
= A4

-2 —
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-4 | | 1 | | | |
0 5 10 15 20 25 30 35 40

time [s]
Figure 7. Case 2: Stabilization of (a) formation—keeping residual error and (b) payload swing angle.
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Figure 8. Case 2: Convergence of positioning errors to a steady—state value (FC + PC).
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Table 4. Case 2: Performance analysis.
Index FC FC + PC Variation [%]
tm [s] 38.1 31.0 —18.6
I7 [degs] 26.90 15.62 —41.9
Cav [deg] 0.71 0.50 —28.7
Eprop [K]] 530.53 431.77 —18.61

5. Conclusions

This paper presents a methodology for cooperative load transportation by two multi-
rotors. A set of nonlinear equations describing the coupled slung-load system was derived,
and a controller was proposed that allows the lifting drones to simultaneously perform for-
mation keeping and trajectory tracking. The particular parameterization used to represent
the payload swing state enabled the generation of an auxiliary control law that actively
damps unwanted oscillations. Model linearization was performed about the hovering
flight with the payload at rest, and descriptions of both the open-loop and closed-loop
eigenvalues were provided within an analytical framework. In this context, two decoupled
subsystems were shown to characterize (1) the forward and (2) the lateral and vertical
formation motions, respectively.

Although the sample controller was designed for a nominal formation consisting of
three point masses, its application to a realistic simulation scenario with model uncertain-
ties, external disturbances, and measurement noise demonstrated the effectiveness of the
approach. The activation of the auxiliary payload controller was shown to significantly
improve the accuracy of delivery operations, with a notable reduction in both maneuver
time and battery energy demand.

Numerical simulations related to different case studies showed how the proposed
generalized approach guarantees overall system stability, allowing for formation keeping
and trajectory tracking while providing satisfactory suspended load dynamics. This makes
the proposed approach a promising solution for mission scenarios where the transportation
of heavy load cannot be performed by a single drone or where the payload does not have a
near—spherical shape.
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Appendix A. Elements of Matrices A and B

In what follows, the elements of matrices A and B, as defined in Equations (31) and (32),

respectively, are listed.

gmy (2ML* —my;)

2m (2M L2 —m4?) /412 — 52

Agq = — =—Ags = —A111 = Ana

2T QM2 —my?) JALZ - 52

=—Ags = A9 = —Anp = Ans = —Ann1 = Aa

gm? Y, L2

Aga — —
53 m % (2my L2 + m ¥?)

= —Ags = A1z = — A1

Agp = — = —Ags = —App = Ans

2~ 12
_ gmiyyL _ _ _
Agz = T @m 2+ m7?) —Age = Az = —A1ze
.
Agy = 73'271’)_% = Ay
mry
2~ 12
gmi yx L
10,1 @2 —72) M2 —m7) 104 131 134
2~ 12
gmy Yy L
Ao = — = Aps=Aps= —A
102 @2 —7) 2M —m7) 10,5 132 13,5
gm; ML2
A = — = —A16 = —A133 = A13p

m (2m; L2+ my%) \/4L? — 72

Aoy =0= Ay = Ais1 = Auap = Aa3 = Arga = Aras = Arae

(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)

(A10)

(A11)
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Ay = _m\/fLAz/Ii_,?z (A12)

Boa = o - e z\n/;lL(élm:mTy)zL(sz%z —)] P (A13)
Bga=—- 1 mlm]\lA(gi:nnlz) ,;Z(ZXLZ}, ] = By,1 = Bi15 = Biza (A14)

Bgs = mr[zlr;(:]\;li_lﬁllij; (:5_;2)] = Bio1 = —Bi16 = —Bi3a (A15)
P54 = o lam, M 1(5;15 272_ (ZZL)Z —)] P (A16)

Bgs = T4 ml’;&zz zyng f; (_4122)_ 2 = Bos = Bi1p = Bi2g (A17)

Bg o = _Z[Z;Tﬁiii_mzzzyz é ii : ;i)] = —Bios = —Bi13 = Bz (A18)
Bop= o~ - ;ngm:ngzL(szﬁz - Biss (A19)

Bos = mr[zln(f];]lelij; (:Ii _;2)] = Bio2 = —=Biz6 = —Bi3s (A20)
P95 = 3 lam, m Ilf? iif 272 (ZZL)Z —)] Pz (Aazl)

Boe = — Z[Z;T];\/Eiii_mzzf; (i ii : ::2)] = —Bios = —Biz3 = Bi3p (A22)
s = G T S a0 ] =P e

Bus = 575 ;': ](éi::;)g ZL_Zf )72” = Bi3s (A24)

Ty = (A25)

Bl4,1 = —m Bl4,4
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Yx
By VAL 7 Biys (A26)
Bis3 = Biae =0 (A27)
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