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Dual Quaternion Control of UAVs with Cable-suspended Load

Yuxia Yuan! and Markus Ryll?

Abstract— Modeling the kinematics and dynamics of robotics
systems with suspended loads using dual quaternions has not
been explored so far. This paper introduces a new innova-
tive control strategy using dual quaternions for UAVs with
cable-suspended loads, focusing on the sling load lifting and
tracking problems. By utilizing the mathematical efficiency and
compactness of dual quaternions, a unified representation of
the UAV and its suspended load’s dynamics and kinematics
is achieved, facilitating the realization of load lifting and
trajectory tracking. The simulation results have tested the
proposed strategy’s accuracy, efficiency, and robustness. This
study makes a substantial contribution to present this novel
control strategy that harnesses the benefits of dual quaternions
for cargo UAVs. Our work also holds promise for inspiring
future innovations in under-actuated systems control using dual
quaternions.

I. INTRODUCTION

In recent years, interest in using aerial robots, commonly
known as unmanned aerial vehicles (UAVs), across diverse
applications has experienced fast growth. The multifaceted
capabilities of UAVs—vertical takeoff and landing, hovering
with directional changes, and lateral and altitude adjust-
ments—have opened an extensive array of applications,
including surveillance, photography, rescue missions, cargo
delivery, and so on [1], [2]. Notably, the realm of cargo
transportation has gained substantial popularity, evidenced by
major online retailers like Amazon, Google, DHL, and Wal-
mart announcing the incorporation of UAVs into their parcel
delivery operations [1]. Utilizing a cable to connect a UAV
and its load is efficient and cost-effective, but it introduces
greater control challenges for UAVs due to the potential
swinging of the cargo, which can impact UAV dynamics [3].
Consequently, a crucial aspect of UAV transportation control
is to limit the swing and oscillations of the load suspended
beneath the UAV. In this paper, we use the term ’cargo UAV”
to denote a UAV with a cable-suspended load beneath it.

Controlling UAVs poses challenges due to the nonlinearity
of their dynamics and the under-actuation. A UAV’s control
typically involves managing attitude and altitude through
four thrust inputs. Researchers have made several efforts in
developing control systems, such as proportional-derivative
controllers, linear quadratic regulators (LQR), and nonlinear
controllers [4]. Among these, a geometric controller pro-
posed in [5] stands out. It expressed UAV dynamics globally
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Fig. 1: Dual quaternion transformations among three frames. Ry is
the inertial frame, ¢, denotes the transformation from R; to R,
frame, and § is the transformation from Ry to R;. ¢! indicates the
transformation from R; to R,.

on the configuration manifold of the special Euclidean group
SE(3). Compared to other geometric control approaches, it
performed well in controlling an underactuated UAV. The
reseachers then further extended their work on a cargo UAV
system, defined on the configuration space SE(3) x S2 [6].
This geometric controller was then widely applied to cargo
UAV control [3], [7], [8]. For example, the authors proposed
a hybrid model in [7] to lift a cable-suspended load based
on this geometric controller. They decomposed the lifting
maneuver into three modes in this study: Setup, Pull, and
Raise to formulate the dynamics of the cargo UAV system
separately.

Further explorations into cargo UAV systems include LQR
control algorithm [9], decoupling of cargo UAV dynamics in
longitudinal and lateral planes [10], and a fixed-time control
approach to enhance system robustness considering external
disturbances [11]. Additionally, researchers also trained neu-
ral networks for cargo UAV control, as demonstrated in [12],
where a convolutional neural network was used to estimate
the position and orientation of the load.

This paper introduces a novel control strategy for cable-
suspended UAVs using dual quaternions to enhance the
efficiency and compactness of sling load lifting and trajectory
tracking. Dual quaternion transformations between different
frames are shown in Fig. 1, which provides a mathematical
framework that allows us to represent both the dynamics
and kinematics of the UAV and its sling load in a unified
representation. Dual quaternions can be seen as an extension
of unit quaternions to represent the position and orientation
of a rigid body [13]. They provide several advantages com-
pared to homogeneous transformation matrices [14], [5] for
the representation of pose transformation, such as higher
computational efficiency, mathematical compactness, lack
of singularities, and optimal rigid transformation blending.
These features of dual quaternions have been used for the
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description of rigid-body kinematic models like the pose
following control law in [15], and the modeling of kinematics
and dynamics of systems like UAVs [16], [17]. The authors
of [16] provided a trajectory tracking controller based on unit
dual quaternions for a rigid body, where the error dynamics
were described by a unit dual quaternion. [17] adopted a
similar approach for quadrotor aerial manipulator control.
The manipulator in their work also modeled an external load
for the quadrotor, despite being connected using rigid links
rather than a flexible cable.

To the best of the authors’ knowledge, modeling the
dynamics of UAVs with cable-suspended loads using dual
quaternions has not been addressed in the literature so far.
To explore and meet this research gap, this paper provides
a novel control strategy to control cargo UAVs using dual
quaternions. The cargo UAV system can be treated as two
subsystems, the UAV and the sling-load, involving three
orientation frames (the inertial frame, the sling-load frame,
and the UAV frame).

The main contributions of this study are twofold: First, we
formulate the dynamic model for under-actuated cargo UAV
systems using dual quaternions, which facilitates the analysis
of the translational and rotational dynamics of a UAV with a
sling load. Second, we develop a novel control strategy for
UAVs with cable-suspended load to track a desired trajectory.
The development of this controller is inspired by the unit dual
quaternion tracker [16] and geometric control [6]. Finally, we
tested our approach using two sets of simulations. The first
one shows that our developed controller performs well for
load lifting and trajectory tracking maneuvers. The second
simulation evaluates the efficiency and robustness of our
control strategy by considering system uncertainties and
external disturbances and comparing it with the geometric
controller. Our work not only addresses the technical chal-
lenges associated with cargo UAV control, but also opens up
avenues for further innovation in the realm of cargo UAV
control using dual quaternions.

The rest of this paper is structured as follows. Sec. II
outlines the assumptions for the cargo UAV systems and
introduces the mathematical basis of dual quaternions. The
dynamic models of the cargo UAV system considering the
cable state are presented in Sec. III. Then, the control
strategies to address lifting and tracking problems are stated
in Sec. IV, along with the decomposition of the lifting
maneuver into three modes. In Sec. V, the system setup
and the simulation results are discussed. Finally, Sec. VI
concludes our work.

II. ASSUMPTIONS AND PRELIMINARY KNOWLEDGE

A. Assumptions and Notations

The cargo UAV studied in our work consists of a UAV
and a sling load. It can be considered as two subsystems and
each of them is a rigid body, which involves three orientation
frames, as shown in Fig. 1. The load is physically attached
to the UAV by a cable. Modeling all internal and external
forces can quickly become very complex. For this study, we
made the following simplifications and assumptions:

1) We ignore elastic deformations of the rope, the UAYV,
and the load.

2) The load is considered as a point mass.

3) The cable is mass-free, and only forces and no torques
are transmitted via the cable.

4) The offset between the attached point of the load with
the CoM of the UAV is considered as zero.

5) The air drag and other disturbances are ignored.

Before going further, the following notation rules are

adopted:

vyl s Subscripts indicate UAVs, loads, and cables.

d Superscript d represents the desired states.

b Superscripts b indicate the body frame.

¢, ¢ € H Quaternions and dual quaternions.

v €R3 Vectors (vector quaternions).

veH Dual vector quaternions.

I,0 € H Unit quaternion [1,0,0,0] and zero quaternion.
0eH Zero vector quaternion.

B. Dual Quaternion

As described in [13], the components of a dual quaternion
are both quaternions belonging to H, which is represented as
4= qr + qa€,qr,qa € H.

The involved operations for dual quaternions are listed
below:

o Sum: 1 + G2 = qir + G2r + [q1a + Gaale

o Product: 1 ® g2 = q1r ® q2r + [q1r ® G2d + q14 ® Gar )€

o Conjugate: §¢* = g} + qjje

e Norm for unit dual quaternions: ||§||> = 1+ Oe

o Inverse for unit dual quaternions: ¢~ = §*.

o Natural logarithm mapping: In § = %(5 +Te); 0 is the
rotation angle vector.

« Adjoint transformation: Ad;7" = ¢® 7 ® ¢*

o Dual vector quaternion: v = v,. +Vvg4e. V can be treated
as 0 = [0,v,] + [0, vq]e.

C. Dual Quaternion Dynamic Model

Using the Newton-Euler approach, the rotational dynamics
of a rigid body can be expressed as

Job 4w x (Jub) =71 (D

where J € R3*3 is the inertia matrix of the body, and 7 €
R3 is the sum of the control input torques and the external
torques. Similarly, the translational dynamics relative to its
body frame is given by

mT? =F )

where m € R is the mass and F € R? is the sum of the
control input forces and external forces (e.g., gravity) in the
body frame.

The kinematics of a rigid body in terms of its orientation,
position, and twist is given in [16] by

. 1 N
g=510¢ 3)

£ = Wb + [’ x T + T?)e 4)

where fb is the twist, which is a dual quaternion combining
rotational velocity w” and translational velocity T. Then the
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dual quaternion dynamic model of a rigid body is given by
Eq (5). For details, readers can refer to [16].
b
} 4)

=)o 19

> Iy

with

’ﬁ)
I

a+[ax T+ wb x T)e
U=J Y+ [J T x T+ m™1F]e
a=—J Wb x Juwb

D. Dual Quaternion Error Dynamics

Given the desired configuration ¢%, and the twist £%, the
errors can be found as

& =q"®4q, (6)
b =£° — Adg.€? (7

where §%* is the conjugate of ¢ and Adq:éd is adjoint
transformation. For calculation details, readers are referred
to [16].

By taking the derivative of {AZ, we get

& =g~ Ey. ®)

with By 64 = 5 @ €@ g + Adg-64 + 4f @ 4 @ 4.
From Eq. (5), we have

g =F+a- Bt ©)
III. THE CARGO UAV SYSTEM

The cargo UAV system contains a sling load attached
to the CoM of the UAV, which can be separated into
two subsystems, the sling-load and the UAV, to study its
dynamics. In the following, we develop cable state-dependent
scenarios to derive the complete model.

A. Dual Vector Quaternion of the Dynamics of the Sling-load

In our research, the sling load is attached to the UAV
by a cable. We treat the load and the cable as a sling-load
subsystem. Though we assume the cable is rigid, there is no
torque transmitted by the cable to the load. The dual vector
quaternion q is adopted to describe the configuration of the
sling load as

(10)
(1)

qQ =qc + Tie
& =q = 4.+ Tie,

where q. is the direction vector from the UAV to the load
and T is the position of the load in the initial frame.

B. Dynamic Model with Slack Cable

When the cable is slack, the UAV and the sling load can
be considered as two separate subsystems. The kinematics
and dynamics of the UAV can refer to the rigid body model
formulation in Sec. II-C. For the sling load subsystem it is

static on the ground or in free fall. The motion equations of
the system are as follows

b

Joih 4+ wh x (Jywh) =7, (12)
m,T? = F, (13)
m'T) = —myges, (14)

Combining the dual quaternion dynamic model presented in
Sec. II-C, the dynamic model in this case is

b j, o8

i:_ §'U — F’U'+ uU (15)
@ Te
glb —gese

C. Dynamic Model with Taut Cable

When the cable is taut, the configuration of the system is
defined by the position and attitude of the load with respect
to the inertial frame, and the UAV attitude. The position
and velocity relationships between the UAV and the load are
expressed as

T, =T, + qu
T'u = Tl + ZQL

(16)
a7

where T, and T are the positions of the UAV and the load,
and [ is the length of the cable between the UAV and the
load.

The motion equations of the sling load are obtained from
previous work [6], [8]. The motion equations of the cargo
UAV system are

Joio? 4+ wb x (Jyw?) = Ty + Text (18)
mT) +mul(de - Ge)de = (de  Fur)de + Fex  (19)
mvlélc + mvl(qc : QC)qc =qc X Q¢ X FuI» (20)

with m = m, + m; as the sum of UAV’s mass m, and
load’s mass m;. F,; = ¢, ® Fy, ® ¢ is the expression of
thrust vector Fy;, of the UAV in the initial frame. The full
dynamical model has then obtained according to Sec. II-C

ql ql qc + r:i:‘l6
r=| & |,x=1] & | = F+ o 21
& gb Fy +
with
oy = Jy 4 [ x T2 + Te (22)
ay = Jv_l(Text — wg X vag) (24)
c c Fu c’ Fu c
ﬁl:q X qe X I+(q I)q6 (25)
Myl m
~ . . Fex — myl(qe - € c
Frm —(Qe - o) + [ =M (9c - 4c)q le. (@6

m
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Fig. 2: The lifting maneuver of the cargo UAV is separated into
three modes: Setup, Pull, and Raise.

IV. CONTROL DESIGN FOR CARGO UAV SYSTEM

A. Lifting Modes and Desired Motion States

The lifting maneuver is sketched in Fig. 2, which is broken
into three modes: Setup, Pull, and Raise. In this way, the
dynamics of the cargo UAV system in specific regimes during
the maneuver can be characterized separately according to
the state of the cable. During the Setup and Pull modes, the
makes preparations to lift the load, and in the Raise mode,
the load is finally lifted off the ground.

Setup: As shown in Fig. 2, the UAV has to fly to the point
above the load from its initial position. During the process,
the cable is slack, so the system can be considered as two
separate subsystems. The dynamics of the UAV and the load
are given in Sec. III-B, while the load remains static.

The UAV is expected to reach the point right above the
load with the distance between them as the cable length.
Then, the desired configuration of the UAV is given by ¢%*
and TZ* in Table 1.

The cargo UAV system turns to Pull mode when the
distance between the UAV and the load is equal to the cable
length [, which means the cable is fully extended. It can
be expressed as | = ||T, — Ty||. To avoid swinging when
lifting the load, we also consider that the UAV should b(} in
a stable condition, which is measured by the errors (qy.c, £8,)
converging to (I,0).

Pull: Even though the cable is not slack anymore after
Setup mode, the force on the cable is initially not sufficient
to lift the load. Therefore, the load is still static in dynamic
model (21). We assume the cargo UAV turns into Raise mode
until ||T, —T;|| = and m,g < ||Fyz]||, where [ is the cable
length.

Raise: The UAV is ready to raise the sling load when
I = ||T, — Ty||- During this mode, the load is not static
anymore. The motion equations for the cargo UAV system
are as well coupled as described in Sec. III-C. From pulling
until the end of raising, the load is expected to reach a desired
height, which is given by H in Table I. The corresponding
desired states are given by T¢" and T¢".

B. Control Law for Slack Cable

When the cable is slack during Sefup, the load remains
static on the ground. We just consider the control of the UAV.
A control law coming from [15], [16] is adopted to cancel
the non-linearities of the UAV subsystem éfj = F, + i, and

then we get

iy, = _21;;011 In @ve - l;vvége - Fv + Et},,’,‘eéq(f7 27

where ﬁpv = kpur + Kppq€e and f{w = Kyur + Kypg€ are

control gains. Both of them are dual vector quaternions.
Combining Eq. (15) and Eq. (27), we obtain the control

commands for the UAV

Text = _Jv (kpvrgve + kvvrwge + av) (28)

F,=F, —F =—-m, [kpvdT?;e + k’uvd(wze X Tze (29)

+T5,) + (a0 x T +wh x Th)] — m, 3.

Tu = Ty —

As the assumptions mentioned in Sec. II-A, we have the
external torque Ty, = 0, and the external force F = m,g
with § = ¢ ® ges ® ¢, as the representation of the gravity
in the body frame.

C. Control Law for Taut Cable

We aim to track a desired trajectory with the sling load
while keeping the desired yaw angle of the UAV. The position
of the sling load is governed by the control of the UAV
and the direction vector of the cable. We define the desired
configuration and twist of the sling load as qgl =qd+ Tfe
and £ = q?+T¢e, where T and T{ are the desired position
and velocity of the load. q? is the desired load attitude. The
desired yaw angle of the UAV is set as zero. From the dual
vector quaternion error dynamics of the sling load, we have
the tracking errors as

(30)
3D

qle = Qce + ’]:‘le6
gle = qce + Tlee~
where T, and T, are the load position and velocity errors.

gee and .. are the errors of load attitude, which are
expressed as

(32)
(33)

dee =qc X (ge X qg)
qce :(.IC - (qg X qg) X Qc-
From the dynamic model (21), the control force F,; has
coupling terms between the UAV’s attitude and the load’s
position and attitude. Meanwhile, we can see that the UAV’s
attitude is determined by its desired yaw angle and the
load’s position and attitude. Therefore, a controller for the
load’s attitude and position is designed as Eq. (34), and a
controller for the UAV’s attitude is designed considering the
dual quaternion error dynamics described in II-D as Eq. (35).

(34)
(35)

W= *(f{pzflz@ + kyibre + Fy)
Ty = *Jv(kpvgve + kmzwve + av)

where lA{pl = kplr + kpldea va = kyir + Kyia6, kznn and Kk,
are control gains.

The desired attitude of the sling load is determined by
the tracking errors and the desired acceleration, which is
calculated by

¢ —kpaTe — kyaTie + T§ + ges

qt = et 2 (36)
|| — kpiaTie — kpiaTie + T + ges|
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Combining Egs. (21), (34), and (36) we obtain that the
desired control force satisfies

(qc . Fu[)qc = *m(kpchle + kvchle + f“;j) (37)
qc X Q¢ X Fu[ = _mvl(kpquce + kvquce + ﬁ‘;); (38)

where ]?‘;" and ﬁ‘f indicate the real part and the dual part of
F; respectively. Then, we obtain the desired F,r

FuI = (qc . FuI)qc — Qe X Qe X FuI (39)

== *m(kpchle + kvchle + Fl) + mvl(kpquce + kvquce)-

It is important to note that the desired control force F,, of
the UAV in body frame that is necessary to move the load
to the desired reference is given in Eq. (19) is referenced to
the initial frame. F',, is obtained by quaternion product

Considering that the quadrotor is an under-actuated sys-
tem, the actual force exerted by the motors is given by

Fip =[00 [[Fu[]T"=[001]7|[F|| =b[[F.]| @D

For the attitude of the UAV, a quaternion ¢; exists that rotates
the UAV such that the thrust force vector Fy;, coincides with
the desired control force F,; in the inertial frame, and it is
defined as
_ (b Fur +|[Fur]|) + b x Fyc
O 10 Fur + [[Furl) + b X Fo]

where F,,. is the current thrust force vector with respect to
the inertial frame. Then if the desired rotation around the z
axis is defined with a quaternion g¢.4, then ¢, is completed
using a quaternion product [17]
9 = ¢a® q (43)

Till now, qff is used as the complete attitude reference to
feedback the rotational control input from Eq. (35) and Fy;,

dictates the thrust driven by the rotors.
TABLE I: Simulation Parameters of the cargo UAV system'

(42)

UAV my = 0.7, Jy = diag[0.005,0.007,0.006], d =
[0,1/2,0,0] Tyo = Tyo +d, Tyo =0, guo = I
Load || m; =0.05,1=0.3, T;p =0, Tjp=0
Controller || kpy = [10,10,10] + [1,1,4]ekyy = [1,1,1] +
[1>1:4]€» kpl = [272’2} + [171’4}6’ ky =
[0.5,0.5,0.5] + [1,1,4]e
Trajectory || ¢d* = 1, T¢s = [0,0,0,l], H = 3l
T¢r = H, T¢" =[0,0,0.5sin(3))], t € [0,6],
Tt = [sin(F),0.5sin(F ), max(0,0.5sin(3))],
t €10,6]

V. SIMULATION
A. Simulation Settings

The performance of the proposed control strategy is tested
in a set of numerical simulations with a time step of 0.01s.
The parameters of the cargo UAV system, the control gains,
initial values, and parameters for the desired trajectories are
depicted in Table L.

IParameters in this paper, such as J, m, T (), and w, are all using
International System of Units (kg * m?, kg, m, and rad/s). The units are
omitted therein.

.
Rot. vel. [rad/s]

5 10 15 20 25
Time [3]

Fig. 3: States of the UAV during the lifting and trajectory tracking
process. In these figures, the vertical black dashed lines indicate the
time at which the UAV switches the mode to the next one, colored
lines show the real values and shade areas are the errors with the
desired values. The first figure depicts the position of the UAV and
the second one presents the translational velocity. The two figures
in the bottom row show the attitude and angular velocity of the
UAV.

—dr =y = 4:

A

€0 T

I

I

T Rl I
Lol

Time |5

Fig. 4: States of the load during the lifting and tracking process.
The vertical black dashed lines indicate the time at which the UAV
switches the mode to the next one. The two figures in the first
row show the position and translational velocity of the load. The
figures in the bottom row depict the unit direction vector q. and
its derivative.

Unit vector ¢
Devivative of ¢

B. Simulation 1: Lifting and Trajectory Tracking

In this simulation, we conduct the tracking of a trajec-
tory including the take-off maneuver and the tracking of a
trajectory with the load. The sling load lifting maneuver is
simulated following the three modes [7] illustrated in Fig. 2
and explained in Sec. IV-A. After the sling load reaches
a desired height, the reference trajectory is generated and
the sling load tracks the trajectory. The desired trajectory is
determined by T in Table L

The simulation results are depicted in Fig. 3, Fig. 4, and
Fig. 5. The UAV takes about 3.9 s to finish the setup process.
Then, in a very short time, the UAV completes the Pull
mode (about 0.2s) being in a stable state avoiding cable
oscillation [18]. The total time of accomplishing the load
lifting maneuver takes ~6.9s. The results show that the
UAV maintains stable status above the load throughout the
Setup and Pull phases. During these phases, the unit direction
vector q. adapts to the UAV’s position, as depicted in Fig. 4.
Upon entering the Raise mode, the load ascends from the
ground and approaches the desired height. Notably, the errors
dce and .. in this mode remain close to zero, indicating
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-0.01
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Unit vector ¢ B

-0.05

-0.1
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Fig. 5: State errors of the load during the lifting and tracking
process. The vertical black dashed lines indicate the time at which
the mode jumps from one to the next. The two figures in the first
row show the position and translational velocity errors of the load.
The figures in the bottom row depict the errors for the unit direction
vector q. and its derivative.

4
I dqcontroller ) 1

g
2 I geocontroller| &, 5

0.6

o 0
. =04
E, B
= ~02
S5 &
0 , . ) . \
0

0 2 4 6 8 10 0 2 4 6 8 10
Time [s] Time [s]

Fig. 6: The comparison results of our dq (dual quaternion) controller
and the geo (geometric) controller. The left figure shows the
distribution of tracking errors, and the right one depicts the velocity.

——dq controller
—— geo controller|

Tiz [m]

By

minimal swing of the sling load, as shown in Fig. 5.

During the tracking maneuver, the position and transla-
tional velocity of the UAV are determined by the position
of the sling load and the direction vector q., as shown in
Fig. 3. The attitude of the UAV is obtained from Eq. (43).
Combining the unit vector q. and q¢ shown in Fig. 4, we
can see that the attitude of the UAV changes when the sling
load tracks the reference trajectory. After the tracking task
is completed, the attitude of the UAV stabilizes horizontally
with minimal tracking errors.

The state errors of the sling load are depicted in Fig. 5. The
position errors in the first figure indicate the sling load is able
to track the desired trajectory with a maximum error around
—0.02m. Combining the translational velocity in the second
figure, we can see the developed dual quaternion controller
performs well for the sling load lifting and tracking tasks.
The errors of q. and q., shown in the second row, indicate
that the proposed control strategy is able to minimize the
swing of the load during the maneuver sufficiently.

C. Simulation 2: System Evaluation

The purpose of this set of simulations is to test the
robustness of the proposed controller. To do that we con-
sidered both, external disturbances for control inputs, forces
F and torques 7, and system uncertainties. For system
uncertainties, we focused on system parameters that can not
be measured precisely including m,,, m;, [, and J,. In our

——dq controller
——geo controller

Ly-norm of T

0.02 - 4

0 . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
Time [s]

Fig. 7: The La-norm of tracking errors for the proposed dq (dual
quaternion) controller and the geo (geometric) controller.

simulation, we added white Gaussian noise to these variables
with the signal-to-noise ratio of 35. For comparison of the
performance of our proposed model, we implemented the
geometric controller presented in [6] with the same settings
as the baseline. The simulation was conducted 100 times
for the two controllers and each time these parameters were
initialized randomly by adding noise to the ideal values. The
comparison results are shown in Fig. 6 and Fig. 7.

The left figure in Fig. 6 presents the average tracking
errors for 100 times simulations. The right one depicts the
corresponding velocity. From the left figure, we can see
the tracking errors of both our controller and the geometric
controller are very small. However, the norm of tracking
errors shown in Fig. 7 indicates that our controller performs
better than the geometric control. This conclusion is also
supported by the velocity plots Fig. 6. The dual quater-
nion control yields smooth velocity control. The reason for
the fluctuation happening around 7s might be the sudden
changes of velocities on the x-axis and y-axis, and the effects
of control gains. These results demonstrate that the sling is
able to track a desired trajectory with small tracking errors
and minimum swing using our developed controller.

VI. CONCLUSION

By utilizing the mathematical efficiency and compactness
of dual quaternions, this study introduces a novel control
strategy, where the kinematics and dynamics of the UAV
and its sling load are represented by dual quaternions. This
representation significantly improves the control performance
of the cargo UAV system. Two simulations were designed to
assess the proposed control strategy. The lifting and tracking
maneuver simulation results show that the sling load is able
to track a desired trajectory with small tracking errors and
swings. The second simulation indicates that the proposed
control strategy is robust to system uncertainties and distur-
bances. The comparison results with the geometric controller
show that our controller is more stable and performs better
for tracking tasks. In future work, we will consider a potential
offset between the attachment point of the load and the CoM
of the UAV. Then, we will test the proposed controller on
real UAVs.
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