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Abstract— Fixed-wing Uncrewed Aerial Vehicles (UAVs) can
be used for remote package delivery missions by connecting
a package to a UAV via a long tether. With a circular flight
path at a calculated loiter radius, tether length and orbiting
velocity, a package can be lowered to the ground in a quasi-
stationary manner. This method achieves this with significantly
less energy than hybrid hovering aircraft, which are currently
used. UAV operating limitations pose a challenge for this
method as ensuring the package stabilises such that it can be
safely deployed without damage or posing a risk to people or
property is challenging in most environmental conditions. To
improve tether and package stabilisation, we introduce a novel
Mid-Tether Drag Device (MTDD) which enables compliant
delivery missions within regulatory frameworks. We present
a mathematical model of the delivery with a UAV and MTDD.
We verify the accuracy of our model with real-world flight
tests in low wind conditions without the MTDD, which have
not been previously conducted at this scale in literature. Further
validation is presented with flight tests at a flight range using a
UAV instrumented with a package deployment system with both
UAV and package tracking data acquisition. Our work enhances
the abilities of UAVs to conduct aerial package delivery.

I. INTRODUCTION

Uncrewed Aerial Vehicles (UAVs) are a steadily growing
part of the aerospace industry with various use cases. In the
logistics sector, UAVs improve delivery times and offer a new
and environmentally friendly method of package delivery [1].
With the rapid rise of online purchases [2], UAVs can avoid
road congestion for uninterrupted delivery missions and
have a greater growth potential compared with ground-based
deliveries. Commercial development [3] currently focuses
on multi-rotor systems in urban environments, with Vertical
Take-Off and Landing (VTOL) capabilities. While multi-
rotor UAVs are suitable for urban small package delivery
missions, they are limited by their battery, affecting range
and payload capacity, which are significant for long-range
missions. Hybrid VTOL vehicles have shown promise in
expanding the capability of UAV package delivery as they
can offer longer range and payload capacity. This has been
proven in large scale operational trials in Australia [4] where
small household items can be delivered via a phone app
with a VTOL UAV. However, these aircraft still require a
hover state to deliver packages, which consumes a substantial
proportion of the battery capacity. Fixed-wing UAVs can
offer package and range capabilities that go beyond those
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Fig. 1. Illustration of our tether package delivery design stabilising a
package to a small orbital radius with a fixed-wing UAV, featuring a Mid-
Tethered Drag Device

of hovering aircraft. Due to the low-energy cruise state of
a fixed-wing aircraft, endurance is significantly extended,
and thus, multiple packages can be delivered in a single
flight mission. Fixed-wing UAVs operate with the least
energy usage compared to other aircraft configurations as
they have no hover or high-power flight phases [5]. However,
without a landing strip at the delivery site, the package
must be “delivered” from the UAV while in flight by either
dropping the package via parachute or lowering the package
to the ground via a tether. While both have trade-offs, we
prefer the tethered approach as dropping a package from a
UAV is risky within residential, urban or suburban settings.
Current fixed-wing tether designs are unsuitable for UAV
operation, especially in variable wind conditions. We present
and experimentally evaluate a novel design of a tethered
package delivery system (Figure 1) for a fixed-wing UAV
by introducing a Mid-Tethered Drag Device (MTDD), which
enables reliable package delivery in variable wind conditions.

Saint [6], a pilot for the Missionary Aviation Fellowship
in the 1950s, delivered supplies to Christian missionaries
working among the Indian tribes in Ecuador, often in remote
locations where landing was not possible. He devised a
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delivery method by attaching a large canvas bag to a rope
and slowly fed it from his plane as he flew in a circular
orbit above the delivery location. Illustrated in Figure 1, the
package with a sufficiently long tether stabilises to a small
orbital loop, where it “hovers” near ground level and is safe
for a human to physically “catch-and-detach” the package.

This concept is what we build upon. However, UAVs must
also comply with the aerospace regulations they operate,
which can be more restrictive than those of crewed aircraft.
In most circumstances, regulations limit uncrewed aircraft
to an altitude ceiling of 120 metres (400 feet) [7]. Existing
research considers scenarios that are not legally permitted
and indicates that the tether length should be maximised
to achieve a sufficiently small and stable orbit for the
package. As shown in Figure 5, we have found that to
achieve appropriate delivery radii and comply with the 120m
operating ceiling, the system must complete orbital turns that
exceed normal safe operational limits of commercial UAVs.

We fill this gap by developing a MTDD which enables
reliable package delivery within the above constraints. To
aid real-world experimentation, we also develop a simulation
of the tethered system to test the different variables. This
simulation is validated experimentally on a small UAV with
the package deployment system attached. The simulation
can then be calibrated to real-world conditions where our
MTDD design and its effects on the tether dynamics and
package behaviour can be investigated. We aim to reduce the
package orbital radius to an acceptable value of less than one
metre while the UAV operates within flight limits and ICAO
regulations. Our novel contributions are:

• The investigation of a MTDD for a tethered fixed-wing
package delivery UAV that allows for stable delivery of
a package in varying wind conditions within operational
and legal restrictions.

• Simulation of the fixed-wing UAV delivery system both
with and without the MTDD in various wind conditions.

• Field tests experimental results without the MTDD to
validate the simulator.

II. RELATED WORK

Saint [6] pioneered the concept of a tethered package
delivery system for a fixed-wing aircraft. Subsequent studies
investigate how to optimise the system across varying condi-
tions and operating restrictions for crewed aircraft. Huang [8]
proposes a steady-state numeric model that predicts the
behaviour of the tether as an aircraft is flying a circular path.
Their model shows that regions of multi-valued solutions
exist in the steady state model, which can and should be
avoided during operation. Huang suggests that the transition
from straight flight to orbital flight should be gradual, with at
least three orbits flown before the package orbit stabilizes.
Additionally, they discussed the use of a stepped diameter
towline, which can eliminate the multi-valued region and tow
load. This towline has similar characteristics to the MTDD,
where a larger diameter tether, and therefore drag, is attached
to the UAV and a smaller one towards the package ends.

Skop & Choo [9] propose an equilibrium equation using
non-dimensional analysis for a non-extendable and flexible
tether with a fixed spherical mass as the package. They
confirm Huang’s findings that multi-valued solutions exist
with certain parameters. Their model shows that to avoid
these multi-valued solutions and have a small delivery radius,
a larger ratio between the tether length and loiter radius
results in preferable package radii. However, increasing this
ratio is not viable for tethered UAV delivery designs as the
ICAO restrictions prevent using a suitably long tether, and
aircraft operating limits restrict the minimum orbital radius.
Additionally, the models are not verified in real-world flight
tests.

Additional considerations must be made towards using
UAVs for tethered delivery missions. Merz et al. [10] pro-
vides insight into the design characteristics required for
optimal performance. A low-wing loading design with a
longer tether yields the best results. However, the altitudes
and tether lengths mentioned are against the ICAO regulation
and, therefore, currently unfeasible for UAV delivery. Merz et
al. also investigate path planning strategies [11]–[13] for
UAVs and the ability of the UAV to maintain circular orbits in
windy conditions. They concluded that with wind velocities
above 5m/s, additional means of compensation are required
for steady package hover. Trivailo & Williams [14], [15]
analyse three crewed aircraft types: a P-3C Orion aircraft,
a light recreational aircraft, and a high-performance military
aircraft. Light recreational aircraft can achieve small package
radii better due to better stall limits.

Lapthorne & Trivailo [16] note that a knot in their tether
experiments, a simple form of a MTDD, reduces the delivery
radius. The knot creates additional drag, causing the tether
below this point to be more vertical and closer to the
orbital centre. This concept has been minimally explored
with no in-depth field testing. Our work extends this concept,
investigates the impacts of an MTDD that produces higher
aerodynamic drag and provides insight into how environmen-
tal conditions influence package behaviour.

III. MODEL AND METHODOLOGY

Our design for a fixed-wing package delivery UAV, in-
cluding our novel Mid-Tether Drag Device (MTDD), is
depicted in Figure 1. A tether (such as a cable or rope) is
attached at one end to the underside of a fixed-wing UAV.
The other end of the tether is attached to a package (or
payload) as a box. A MTDD in the form of a hemispherical
parachute with a drag coefficient of 1.42 [17] is attached
to the tether between the aircraft and the package. As the
MTDD impacts the delivery phase of the mission, we focus
our study on this mission phase, where the UAV circles
above the delivery location with the tether fully extended. We
assume an existing flight controller sufficiently maintains a
circular orbit for the UAV and numerically model this design
as described in the following section.
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A. Model of Package Delivery Dynamics

Our model uses the discrete Lumped Parameter
Model (LPM) and is based on existing models of tether
systems [15], [18]. The delivery location, D, of the inertial
frame of reference, (Xg, Yg, Zg), in Cartesian coordinates,
defines the desired delivery location, with D being at ground
level. By convention, the Xg and Yg axes are co-planer with
the ground plane, and the Zg is upwards, giving altitude
above the ground. The UAV maintains a circular orbit
of radius, RU , around origin, O, which is at altitude H .
The local frame of reference of the UAV, (XU , YU , ZU )
is described in Cartesian coordinates with YU along the
conventional longitudinal axis of a fixed-wing UAV in the
direction of motion, ZU parallel to Zg , and XU defining
a right-hand-rule coordinate frame point towards, O. The
angle θ is defined as the angle between Xg and XU , giving
the effective location of the UAV in its orbit. The orbital
“loiter” rate of the UAV around O is denoted as ω as
radians of θ per second.

The tether is modelled by discretising it into a set of or-
dered nodes N = {n0, . . . , nN}. Under the LPM approach,
each node, ni ∈ N , is a point mass connected by mass-less
springs to adjacent nodes, ni−1 and ni+1. The spring models
the tether’s elasticity (both tension and strain). The first node,
n0, attaches to the package, and the last node, nN , attaches
to the UAV. All the external forces on the tether are applied
to each node, eliminating inertial coupling between elements.
The tether segments’ tensile, gravitational, and aerodynamic
forces are lumped on each node. The tension, Ti, in each
element is calculated according to Hooke’s law:

Ti =
EA

le
(l− le) (1)

Where E is the young’s modulus of the tether and A its
cross-sectional area. The unstrained distance between each
node, that is, the length of the tether segment before the
application of forces, le, is equal such that le = LT/N where
LT is the total tether length. l donates the new element
length after the application of forces. It will be assumed
that l > le, such that the tether maintains tension for small
motions around the equilibrium position. The total tension,
T total
i , applied to the ith node with respect to the body-fixed

coordinate frame is:

T total
i = Ti

li
|li|

− Ti+1
li+1

|li+1|
(2)

The gravitational force of each element is:

Fgi = −mgzi (3)

The tether has diameter, dt, and density, ρt, which can be
used to determine the segment mass, m.

Finally, the aerodynamic forces, lift and drag, are calcu-
lated off the cross-flow principle presented in Heorner [17].
Lift and drag are summed together to get a resultant aero-
dynamic force, Faero:

Faeroi = FLi + FDi i = 0, 1, 2, . . . , N (4)

Fig. 2. Experimental test set up during a flight mission before deployment
of package

The MTDD is modelled as a hemispherical parachute with
a drag coefficient of 1.42 [17] and a radius of 0.5m. The
MTDD is attached to the tether at a node, nMTDD, where
MTDD ̸= 0 or N . The MTDD mass and aerodynamic drag
are added to the node, nMTDD, altering Equations 3 & 4:

FgnMTDD
= −(mnMTDD

+mMTDD) g zMTDD (5)

FaeronMTDD
= FLnMTDD

+FDnMTDD
+FDMTDD (6)

Where mnMTDD
, FLnMTDD

and FDnMTDD
are the origi-

nal mass and drag characteristics of the tether nodal element
where the MTDD is positioned. The package is modelled
similarly by adding its mass and aerodynamic drag to the
tether node n0.

B. Wind Modelling

To model environmental wind conditions, the LLLJP wind
shear formula [19] is chosen as it provides wind velocities
at any height, z, by:

u(z) = uz0 ·
(

z

z0

)α

(7)

where, u(z) is the wind velocity at height z, uz0 is the
reference wind speed at the reference altitude z0, and α is
the wind shear exponent. We set α = 0.2 and z0 = H as
we presume delivery missions are conducted in an open field
without trees, and the wind velocity can be measured by the
UAV. The wind velocity for each tether node is thus derived
by setting z to the node’s height. The nodal wind velocity
and direction are then combined with the nodal velocity for
use in the aerodynamic equations.

C. Simulation

We implemented our model in simulation in MATLAB
and Simulink® [20]. We limit the simulation to only model
the behaviour of the tether. Thus, the movement of node,
nN , is set to the movement of the UAV, and the simulation
predicts the movement of all other nodes based on the
mathematical model. We note that our model of the tether
and environment conditions, and by extension our simulation,
are ideal forms without variance of real-world conditions.
Thus, the simulation will not exactly predict the dynamics
of the UAV and package in a real-world condition. Instead,
our model provides projections of the range of dynamics of
the UAV and package across conditions.
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Fig. 3. UAV and package trajectory from experimental flight vs. averaged
simulated conditions with a standard deviation of 1.94m

IV. REAL-WORLD FIELD TEST RESULTS

First, we compare the simulator to real-world flight tests
without the MTDD. These real-world field tests are con-
ducted with a Phoenix Model Piper J3 Cub UAV, chosen
for its sufficient manoeuvrability and carrying capacity. It is
fitted with a Holybro Pixhawk® 6C flight controller flashed
with ArduPilot (V4.4.4) [21]. This autopilot system has a
loiter function that, when activated, will hold a circular
flight path around a specified GPS location. During the
experiments, the GPS position, airspeed, and flight surface
controls of the UAV are tracked. Another flight controller is
attached to the package, allowing us to gather GPS position
data with accuracy similar to that of the UAVs.

The flight tests require the UAV to complete a full deliv-
ery mission, including take-off, delivery, and landing, even
though the scope of this study is just the delivery phase.
For this, we attach the package to the undercarriage of the
UAV by a quick-release mechanism while retaining the tether
within a spool, also attached to the UAV undercarriage,
as shown in Figure 2. Approaching the loiter phase, a
remote command drops the package through the quick-
release mechanism, and the tether gradually unwinds. The
UAV requires between two to three orbits after the loiter
phase has begun to stabilise the cable and package. After
the delivery mission, the tether is released from the UAV
via a second quick-release mechanism, where the UAV can
land safely. All experiments are conducted under strict safety
rules at a controlled airfield.

To verify our model and simulation, we conducted 12
flight tests in light wind conditions, which can be defined
as under three on the Beaufort scale [22]. We present two
flights here, with the other flights following similar trends.
The first test is conducted in a light breeze (2.07m/s), and
the second in a gentle breeze (4.12 m/s). Figures 3 and 4
show the UAV and package trajectories for the light and
gentle wind conditions, respectively. The top two plots are
from a top-down North-East perspective, and the bottom two

Fig. 4. UAV and package trajectory from experimental flight vs. averaged
simulated conditions with a standard deviation of 3.84m

plots show a side-on East-Down perspective to showcase
altitude variation experienced by the package. The trajectory
of the UAV is the left plot, and the package is the right
plot. In each plot, the solid black line shows the recorded
GPS trajectory of the UAV and package. The average loiter
and velocity of the UAV and the average wind velocity and
direction during the mission were used in the simulation.
The trajectory of this flight path is illustrated with the dotted
red line in the centre of the shaded regions, with the arrow
indicating the direction of the wind, with the velocity noted
in the title. The simulation model predicts where the package
is orbiting based on this mean loiter radius and up to two
standard deviations from the mean. These are represented by
the blue and orange shaded regions in Figure 3 & 4.

In both flight tests, the UAV does not maintain a perfectly
circular orbit, with slight variations in its flight path per
rotation. This variation impacts the package, which also
wanders in a non-circular orbit. This was expected as real-
world wind conditions are turbulent in nature, and envi-
ronmental effects are known to influence autopilot loiter
tracking. Low-altitude flights operate in the atmospheric
boundary where homogeneous turbulence is always present.
This turbulence is significant, even at low wind speeds, as
the relative size, weight, and scale of both the UAV and
package allow for significant fluid energy transfer, perturbing
the UAV and package movement. Accurately modelling
the turbulence within the operating environment requires
complex modelling methods outside the scope of this current
research. However, including some form of flow disturbance
to provide a better environmental representation is of interest
and part of ongoing research. In both flight tests, the UAV
trajectory drifts around a mean loiter radius with movements
up to two standard deviations from the mean. The tracking of
the UAV remains particularly circular even though deviation
from the target loiter is experienced. The greatest error in
loiter tracking is when the aircraft moves from the tailwind to
the headwind condition, where it overshoots the target loiter
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radius and consistently does this with each loiter rotation.
Figure 3 shows the package trajectory for an average

wind condition of 2.07m/s at UAV level. The mean loiter
radius of the UAV is 29.39m with a standard deviation of
1.94 m. As the flight-test UAV trajectory approaches one
standard deviation from the mean, the corresponding flight-
test package trajectory matches the predicted trajectory. For
the majority of the flight time, the horizontal component of
the flight-test package trajectory sits within this predicted
region, with a slight shift in the westerly direction to what
our model predicts.

There are greater tracking errors in altitude. Our assump-
tion for the simulator is that the UAV can hold its altitude
for the mission’s duration. However, as can be seen, there
is a variation of approximately five metres for this test. The
flight test data shows a rotation of the horizontal plane about
an axis perpendicular to the wind direction, with the peak
altitude occurring as the UAV transitions from a tailwind
to a headwind and dips at the opposite point. This can
be explained due to the presence of wind. With wind, the
package and UAV are loitering around different locations on
the North East plane. As the UAV is flying away from the
package, the tension in the tether increases as the relative
distance between the package and the UAV increases. This
additional force causes the UAV to be ”pulled” down, causing
the reduction in altitude. The autopilot then increases the
throttle to regain altitude. Still, as the UAV continues the
loop and transitions back toward the package, the tension in
the tether minimises due to the distance between the package
and the UAV decreasing. The result is that the UAV, with
increased velocity, overshoots the altitude mark and reaches
a peak altitude closest to the package before starting the same
cycle again for the next rotation. This effect can be adjusted
by altering the UAV’s PID control parameters.

The effect of this flight path on the package trajectory
produces an interesting effect. In simulation, the package
trajectory shows this horizontal plane rotation about an axis
perpendicular to the wind direction. This is damped out in
the experimental data, with a more horizontal flight path.
There is still an altitude variation of approximately eight
metres, still within the bounds of the simulator’s predicted
region. Merz et al. [12] discussed this situation, where
they concluded that to counter the vertical translation of
the package in windy conditions, the UAV should alter
its altitude to compensate. However, it appears that, even
without programming this feature into the autopilot, there
is a natural tendency to perform this manoeuvre due to the
tether/UAV interaction.

Figure 4 shows the trajectory and package results for
gentle breeze conditions. The UAV’s mean loiter radius
is 31.86 m with a standard deviation of 3.84 m. With a
doubling in wind velocity, the variation between predicted
and observed flight paths of the UAV and package increases;
however, the majority of the flight behaviour and dynamics
are maintained from both the UAV and package. The UAV
shows a greater variation in maintaining tracking in the turn
from the tailwind to the headwind condition in a constant

Fig. 5. Delivery radius vs. tether length as a function of radial velocities

attempt to maintain the target loiter profile. The package
traverses beyond two standard deviations with a maximum
radius of 27 metres, significantly more than the average
predicted variance in simulation. This suggests that both
the wind speed and turbulence experienced by the tether
and package provide significant disturbance. Although the
UAV moves between a larger standard deviation within the
horizontal plane, the flight-test package trajectory corre-
sponds to the predicted horizontal trajectory at each standard
deviation. In the vertical plane, the observations are similar
to the light breeze conditions. That is, the flight-test package
remains within the predicted envelopes when accounting for
the vertical movement of the UAV. We conclude our model
suitably predicts the likely region of the package, and thus,
our model is experimentally verified for low-wind conditions
without the MTDD.

V. SIMULATION RESULTS OF THE MTDD

We present the predictions of our model in simulation to
demonstrate why the MTDD is required, shown in Figure 5.
We model various loiter rates, ω, for various tether lengths
and measure the radius of the package’s orbit. The white area
represents dynamics which fit within ICAO requirements
(UAV operating under 120m) and a suitably small package
radius for collection (under 1 m). A valid delivery can be
achieved for sufficiently high ω, corresponding to small loi-
tering radii and high velocity turns. This causes high aircraft
structural loading, which may exceed the UAV’s structural
limitations and cause a high power draw that reduces the
UAV’s mission time. We target values of ω < 0.8 rad/s to
avoid incurring unnecessary structural damage. Therefore,
it’s of great benefit to minimise the loiter rate and thus
necessitates a MTDD.

Figure 6 shows the impact of the MTDD in ideal con-
ditions without wind, where the MTDD is placed at 60%
along the length of the tether. This highlights the significant
change in the dynamics of the tether and orbit of the package.
The additional drag of the MTDD moves the tether closer to
the centre of the orbit at the location of the MTDD. After
this point, the remaining tether is reduced to smaller orbit
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Fig. 6. Simulation results depicting the steady state tether system without
a MTDD, left, vs. the same steady state simulation with a MTDD, right.

Fig. 7. Effect on the package delivery radius at different radial velocities
with different MTDD locations up the tether, measured from the package

radii. The package orbital radius is significantly reduced,
demonstrating the MTDD benefit.

We consider different positions of the MTDD on the tether.
Figure 7 shows how the orbital radius of the package changes
for different ω as the MTDD is moved along the tether, which
is held at a constant 120 m. A position of 0% is the same
as being without the MTDD attached. The MTDD has the
greatest benefit when placed between the 50% and 70% of
the tether length. This is intuitive given the tether dynamics
without a MTDD shown in Figure 6. A MTDD at 10% of
the tether length would not be effective as the tether already
has a small orbit velocity and radius. Alternatively, attaching
the MTDD at a high percentage would not allow the MTDD
to move the tether to the orbital centre sufficiently to see
any great effect. Rather, the MTDD would trail behind the
UAV, causing larger power demands. Figure 7 also shows
improvement across all radial velocities with more significant
impacts at lower velocities. We concluded that setting the
MTDD position to 60% for all situations will yield the
best results, thus eliminating the need for adjustment during
missions. These findings also reinforce minimising ω and the
load on the UAV.

To demonstrate that the MTDD permits the UAV to work
within ICAO and structural limitations, we model various
loiter rates, ω, for various tether lengths and measure the
radius of the package’s orbit, with the MTDD positioned at
60% of the tether length. Figure 8 shows that the MTDD
reduces the required loiter rates so that velocities of ω ≥

Fig. 8. Effect on the package delivery radius for different tether lengths
at various radial velocities with a MTDD at 60% tether length

1.0rad/s now fall within the acceptable (unshaded) window,
allowing deliveries to be achieved at lower radial velocities.
The impact is reduced power consumption, resulting in more
battery power being available to increase the UAV’s range
and endurance. It also means that heavier packages can be
flown as the structural load from loitering can be traded for
carrying capacity.

VI. CONCLUSIONS AND FUTURE WORK

We present a novel design of a fixed-wing tethered pack-
age delivery UAV that employs a Mid-Tether Drag Device
(MTDD). The MTDD has the possibility to enable the UAV,
while flying a circular orbit above a delivery location, to
stabilise the orbit of the package to within an acceptable
parameter of < 1 m radius. We show that the MTDD can
enable a fixed-wing aircraft to be a viable option as a delivery
vehicle for long-range delivery missions, as the loiter radius
during delivery can be reduced. This enables the UAV to
be lighter, reduce structural demand during the delivery
phase, conduct slower turns, carry more mass onboard, and
require less energy from the motor, leaving more energy for
missions. These results also align with ICAO regulations of
a 120 m flight ceiling. We present a model of our UAV
dynamics, including the MTDD, and implement this model
in a MATLAB® simulation. We experimentally verify and
validate the outputs of our model and simulation with real-
world field tests in environmental conditions similar to those
acceptable for this type of mission. With our simulation
model, we demonstrate the impact of our novel MTDD, and
show the MTDD is optimally placed at 60% of the tether
length. Our results enable us to build on the deployment
mechanism of the MTDD in future work so that we can
conduct flight tests with the MTDD at the optimal location
to experimentally test the model and prove the concept
in real-world flight conditions. This paper has discussed
the key findings relating to the system; future work will
expand on these findings with further investigation into other
characteristics.
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