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Abstract— Automatic landing of tethered unmanned aerial
vehicles (UAVs) is an important issue. Typically, UAVs rely
on location sensors such as global navigation satellite system
(GNSS) and external cameras to obtain location data. However,
harsh environments such as denial GNSS or strong winds make
it difficult for UAVs to approach the landing area, and common
solutions cannot be used for automatic landing. A tethered
lifting-wing multicopter has a structure and static stability
similar to a kite. Inspired by kites, this paper proposes a new
landing method for tethered lifting-wing multicopters, which
can be used without location or velocity sensors. During the
landing phase, the tethered lifting-wing multicopter only needs
to keep the rotor thrust to actively straighten the tethered
cable and a constant attitude similar to that of a kite to keep
position stability and increase damping. Meanwhile, the winch
only needs to recover the cable at a constant speed until the
tethered lifting-wing multicopter returns to its base. Real flight
experiments demonstrate the feasibility and practicability of
this method.

I. INTRODUCTION
In recent years, technology development has led to the

increasingly widespread application of unmanned aerial vehi-
cles (UAVs) [1]. However, in tasks that require long hovering,
such as emergency communications and lighting, common
UAVs are incompetent due to their short endurance, so
tethered UAVs are a choice. The tethered UAV is connected
to the ground base station through a cable, which can play the
role of data transmission and power supply [2]–[4]. Common
tethered UAVs can be divided into tethered multicopters,
tethered fixed wings, and kite-like aircraft. However, tethered
multicopters have weak wind resistance and poor static
stability; tethered fixed-wings and kite-like aircraft cannot
vertically take off, land, or hover.

In the face of the problems existing in common teth-
ered UAVs, lifting-wing multicopters can be employed in
tethered unmanned systems to create tethered lifting-wing
multicopters. The lifting-wing multicopter is a new kind of
vertical takeoff and landing (VTOL) UAVs [5], [6]. Unlike
traditional hybrid VTOL UAVs or tail-sitter VTOL UAVs,
the mounting angle of the wing relative to the rotor is
generally around 45 degrees for lifting-wing multicopters,
which makes them have better static stability [7]. Tethered
lifting-wing multicopters have both structures of tethered
multicopters and kites. They can use rotors for vertical
takeoff and landing, as well as use wings to provide wind
energy and improve static stability.
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Fig. 1. Landing experiment of the tethered lifting-wing multicopter
conducted outdoors. The figure is composed of multiple photos to show
the whole landing process.

The landing of tethered UAVs on mobile platforms is an
important issue. Typically, the UAV needs sensors such as
the global navigation satellite system (GNSS) to obtain the
position relative to the mobile platform [8]. In GNSS-denied
environments, locating UAVs relies heavily on other external
sensors. It is common to use external cameras to achieve
precise landings by identifying the visual features of the
landing area or using infrared guidance modules [9]–[11].
However, it is difficult to approach the landing area in strong
winds for the UAV, so the area was outside the observation
range of the camera, which led to the failure of the landing.
Another method is sensing or measuring the length and angle
of the tether cable to locate the UAV. However, it is difficult
to measure accurately or require redundant sensors [12], [13].

Observing kites in daily life, it is found that they have
many advantages in the recovery process. Firstly, they have
good static stability [14], [15]. Secondly, they do not need
external sensors to obtain location data. Lastly, the recovery
of kites is absolutely accurate under the constraints of teth-
ered cables. It is noted that tethered lifting-wing multicopters
have a similar structure to kites. The wing has a similar pitch
angle to the kite because of the installation angle, which
makes them perform similarly [16].

Inspired by kites, this paper proposes a new method
for tethered lifting-wing multicopters automatic landing on
mobile platforms, which can be used only with onboard
Inertial Measuring Unit (IMU) and without any location or
velocity sensors. During the landing process, the tethered
lifting-wing multicopter actively straightens the cable by
increasing the rotor thrust in the altitude direction and keeps
a constant attitude, forming a structure similar to a kite in
the wind or an inverted pendulum, which can improve static
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stability with the help of the taut cables. At the same time, the
cable winch starts recovering the tethered cable at a constant
speed. Finally, as the tethered cable is recovered, the tethered
lifting-wing multicopter is dragged like a kite, completing the
automatic landing. The main contributions of the paper are
as follows.

• A new kite-like landing approach for tethered lifting-
wing multicopters, including the lifting-wing multi-
copter control and the winch control. The control
method is straightforward but reliable because (i) the
tethered lifting-wing multicopter control imitates the
control principle of a kite without any location or
velocity sensors but obtaining stability; (ii) the winch
control is also simple but works and is independent of
the lifting-wing multicopter control by assigning slower
dynamics.

• The real autonomous landing experiments without lo-
cation or velocity sensors further demonstrate the fea-
sibility and practicality of this approach.

II. PRELIMINARIES AND PROBLEM
FORMULATION

A. Definition of Coordinate System

Tethered lifting-wing multicopters involve multiple coor-
dinate systems, shown in Fig. 2.

(a) Definition and relationship of eF , bF , and lF

(b) Definition of aF and relationship between aF and lF

Fig. 2. Definition and Relationship of Coordinate Frames

Define the earth-fixed frame as eF , the lifting-wing frame
as lF , the multicopter frame as bF , the mobile platform
frame as mF , and the wind frame as wF . The frame mF is

parallel to eF . Coordinate points ob, ol and ow are coincided
with the center of gravity (CoG). The transformation from
bF to eF is represented by the rotation matrix Re

b, which
is expressed by Euler angles under Z-Y-X order as

Re
b =

 cθcψ sϕsθcψ − cϕsψ cϕsθcψ + sϕsψ

cθsψ sϕsθsψ + cϕcψ cϕsθsψ − sϕcψ

−sθ sϕcθ cϕcθ

 (1)

where ϕ, θ and ψ denote the roll, pitch and yaw angle re-
spectively. The transformation from lF to bF is represented
by the rotation matrix Rb

l , written as

Rb
l =

 cosκ 0 sinκ

0 1 0

− sinκ 0 cosκ

 (2)

where κ is the installation angle of the wing relative to the
rotor. The transformation from wF to lF is represented by
the rotation matrix Rw

l , written as

Rl
w =

 cosα cosβ − cosα sinβ − sinα

sinβ cosβ 0

sinα cosβ − sinα sinβ cosα

 (3)

where α is the angle of attack, and β is the angle of sideslip.

B. Dynamic Model of Tethered Lifting-Wing Multicopters

Considering the aerodynamic forces and tethered cable
forces effect, based on the dynamic model of lifting-wing
multicopters [7], the dynamic model in this paper is written
as

eṗ = ev (4)

ev̇ =
1

m

(
eTr +Re

b ·Rb
l ·Rl

w · wFa+
eFc

)
− g (5)

Ṙe
b = Re

b

[
bω

]
× (6)

bω̇ = J−1
(
bτr +

bτg +
bτc +Rb

l · lτa − bω × J · bω
)
(7)

where ep, ev, Re
b and bω denote the position, velocity,

orientation and angular rates of the tethered lifting-wing
multicopter respectively. The matrix J is the inertia matrix
of the tethered lifting-wing multicopter. Moments bτg, lτa,
bτc and bτr denote the gyroscopic moment, the aerodynamic
moment, the moment produced by the cable and the moment
produced by rotors, respectively; g=[ 0 0 g ]T, and g is
the gravity acceleration. Force wFa is the aerodynamic force
in wF ; eTr is the cable drag in eF ; eFc is the rotor thrust
in eF , written as

eFc = − Fc

∥mp∥
mp (8)

where Fc = ∥eFc∥ is the magnitude of the cable drag, mp is
the position of the tethered lifting-wing multicopter in mF .

11812



C. Model of Cables and Cable Winches

The recovering speed of the cable vc is expressed as
the derivative of its length L. Considering the relationship
between the recovering speed of cable vc and the angular
speed of the cable winch Ωw, the model is written as

L = ∥pe∥ (9)

L̇ = vc (10)

Ωw =
vc
r

(11)

where r is the radius of the cable winch.
The cable winch receives its own torque τw and cable drag

Fc. When τw < 0, the cable winch tends to recover the cable.
Therefore, the model of cable winches is written as

JwΩ̇w = τw + rFc. (12)

D. Problem Formulation

This paper aims to control tethered lifting-wing multi-
copters landing only with onboard IMUs. To simplify the
problem, we make several assumptions.

Assumption 1: Cables are taut during recovering processes.
Remark 1: Tethered lifting-wing multicopters can actively

straighten cables by increasing the thrust of rotors greater
than gravity in the altitude direction [17]. On the one hand,
straightened cables allow forces of cables to act directly on
tethered lifting-wing multicopters during recovery. On the
other hand, taut cables can improve the static stability of
tethered lifting-wing multicopters [18], [19].

Assumption 2: The diameter of cable winches does not
increase during recovering processes. And masses of cables
are ignored. Cable drags act on the center of gravity of
lifting-wing multicopters.

Remark 2: Cables are lightweight compared to tethered
lifting-wing multicopters, and have a smaller diameter than
cable winches. Therefore, the mass and diameter of cables
can be ignored at lower heights.

Assumption 3: Winds acting on tethered lifting-wing mul-
ticopters are head-on, with β = 0.

Remark 3: The wing structure of lifting-wing multicopters
makes them have good self-stability. If the lateral wind
speed is small, the lateral force and the sideslip angle can
be ignored to simplify the problem. In the case of high
wind speeds, the tethered lifting-wing multicopter can self-
stabilize in the direction of the wind [7], resulting in a slight
sideslip angle that can also be ignored.

Based on the above assumptions, the problem to be solved
in this paper is to design controllers that can be used
only with onboard IMUs and without location or velocity
sensors, which are respectively used on tethered lifting-wing
multicopters and cable winches. The landing problem on
mobile platforms is considered as follows.

Objective: Given an initial state mpinit, the current state

mp(t) and a time T ⩾ 0, design a control law that:

lim
t→∞

∥mp (t)∥ = 0

s.t. Eqs. (4), (5), (8), (9), (10), ∀t ∈ [0,∞)
mp(0) = mpinit

(13)

The position mp = 0 when L = 0. Therefore, the tethered
lifting-wing multicopter can land on the mobile platform
when cable recovery is complete.

III. KITE-INSPIRED LANDING CONTROLLER
DESIGN

In this section, firstly, the stable mechanism of kites is
discussed, and a kite-inspired controller is designed. Sec-
ondly, stability proof demonstrates that tethered lifting-wing
multicopters exhibit similar stability to kites. Finally, the
winch controller is designed.

The total control architecture is shown in Fig. 3.

Attitude Control
Eqs.(16,17)

Aerodynamic Forces
Eq.(18)

Tethered
Lifting-wing

Dynamics
Eqs.(4-7)

Top Control
Eqs.(14,15)

Winch Control
 Eq.(26)

Cable and Winch 
Dynamics
Eqs.(9-12)

w
aFav

e
rT

dR

cv

b,R 

w cF

b
r

cdv

Fig. 3. Control closed-loop of the tethered lifting-wing multicopter

A. Tethered lifting-wing multicopters Landing Controller
Design

The landing controller of lifting-wing multicopters is in-
spired by kites. Kites are only subjected to gravity, aerody-
namic force, and cable pull in the air, with airlift greater
than gravity. Therefore, kites are very similar to inverted
pendulums because they can autonomously return to stable
equilibrium points without external disturbance, shown in
Fig. 4.

In the altitude direction, the lift is greater than gravity for
kites. Therefore, they constantly move toward the highest
points, and tethered cables can be actively straightened. In
the horizontal direction, kites are naturally damping by wind
resistance. When the kite has a forward speed, the velocity
relative to the wind becomes larger, and the air resistance
increases, thus forming a kind of velocity-negative feed-
back to keep the kite in equilibrium. Compared to tethered
multicopters, the kite-like structure of tethered lifting-wing
multicopters can increase aerodynamic lift and drag, thereby
increasing damping and reducing oscillation.
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F

F
mg

mg

cF

cF

Stable Equilibrium Point

for Inverted Pendulums

(a) Inverted pendulum with its sta-
ble equilibrium point

(b) Kite with its stable equilibrium
point

Fig. 4. Kite is similar to inverted pendulum

Based on the above idea of kites, the tethered lifting-wing
multicopter controller in the altitude direction is designed as

Tr,z = (1 + ϵ)mg (14)

where Tr,z is the rotor thrust of the tethered lifting-wing
multicopter in the altitude direction of eF , ϵ is the proportion
of additional gravity provided by rotors, m is the mass of
the tethered lifting-wing multicopter.

In the horizontal direction, the lateral rotor thrust Tr,x and
Tr,y are used to maintain attitude stability. Control quantity
of the tethered lifting-wing multicopter is expressed as a 3-
dimensional vector of thrust, written as

eTr =
[
Tr,x Tr,y Tr,z

]T
. (15)

Moreover, the attitude controller is designed. The refer-
ence angular rate bωd is written as

bωd = −KΘeΘ (16)

where eΘ =
[
ϕ θ ψ − ψd

]
, and KΘ is angular feed-

back matrix. The angular rate controller is designed for Eq. 7,
written as

bτr = sat(−Kpωeω −Kiω

∫
eω −Kdωėω,−τmax, τmax)

(17)
where eω = bω− bωd; bτrd is reference rotor torque; Kpω ,
Kiω and Kdω are angular rate feedback matrices.

Apart from that, the tethered lifting-wing multicopter is
subjected to aerodynamic forces. Notably, the install angle κ
is large and exceeds the common stall angle. Therefore, we
consider aerodynamic forces as velocity-negative feedback,
written as

wFa = −ρSΦva =
[
FD FY FL

]T
(18)

where FD, FY and FL denote the aerodynamic drag, lateral
and lift force respectively, ρ is the air density, S is the
wing area of the tethered lifting-wing multicopter, va is the
velocity of the tethered lifting-wing multicopter relative to
the wind, written as

va = ev − vw (19)

where vw is the air velocity.

In Eq. (18), the matrix Φ is used to represent aerodynamic
parameters, written as

Φ=

 CD 0 0

0 CY 0

0 0 CL

 (20)

where CD, CY , and CL denote the aerodynamic drag, lateral
force, and lift coefficient, respectively.

B. Kite-like Stable Proof

In this subsection, we demonstrate that the tethered lifting-
wing multicopter has the ability to autonomously return
to a stable equilibrium point when using the kite-inspired
controller in this paper.

Tethered lifting-wing multicopters can automatically align
with the direction of the wind. At the same time, the tethered
lifting-wing multicopter is only subjected to aerodynamic
force and cable drag in the horizontal direction, so it can
automatically align with the moving platform, shown in
Fig. 5(a). The angle Γ is the angle between the cable and
omzm; omxmc is the projection of cable on the horizontal
plane.

(a) Relationship between the di-
rection of the tethered lifting-wing
and the cable in the horizontal
plane

(b) Longitudinal plane where the
cable is located

Fig. 5. Tethered lifting-wing multicopter can automatically align with the
moving platform.

Let the cable be recovered at a slowly constant speed,
which is a slower dynamic process than the oscillation in the
tangential direction of the cable. In this case, the two controls
can be decomposed rather than mixed together to affect the
stability of the whole system in theory. The scarification is
the recovery speed. Since we ignore the effect of cable length
changes on stability, this problem is analyzed in the mobile
platform coordinate, which is considered as follows.

Problem: Given a stable equilibrium state qs =
[ Γs 0 ]T, the current state q = [ Γ Γ̇ ]T and a time
T ⩾ 0, it has:

lim
t→∞

∥q− qs∥ = 0

s.t. Eqs. (5)(14)(18), ∀t ∈ [0,∞).

(21)
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We choose the Lyapunov function as follows

V =
1

2
mLΓ̇2 + (1− cos Γ)(ϵmg + FL0)

+ (1− sin Γ)(−FD0)
(22)

where FL0>0 and FD0<0 denote the aerodynamic lift and
drag force in a stable equilibrium state, respectively. Further-
more, taking the derivative of V yields

V̇ = Γ̇mLΓ̈ + sin Γ(ϵmg + FL0) + cos ΓFD0. (23)

In the tangent direction of the cable, there is a dynamic
model written as

mLΓ̈ = −(FL + Tr,z −mg) sin Γ− FD cos Γ

FL = FL0 + ρSCLLΓ̇ sin Γ

FD = FD0 + ρSCDLΓ̇ cos Γ.

(24)

Substituting Eq. (24) into Eq. (23) results in

V̇ = −ρSCLΓ̇
2sin2Γ− ρSCDΓ̇2cos2Γ (25)

where CL>0 and CD>0. It is obtained that V̇ <0 when Γ̇ ̸=
0. Since the Lyapunov function V is positively definite, while
its derivative V̇ is negative definite when Γ̇ ̸= 0. We can
conclude that Γ̇ → 0 then Γs → Γ.

In summary, in the face of Problem, the tethered lifting-
wing multicopter can converge from the initial state qinit to
the target state qs.

C. Cable Winched Controller Design

In this paper, the cable winch is controlled to recover
the cable at a constant speed. For a real winch motor, the
rotational angular speed and output torque of the motor are
read and controlled, so it is necessary to design a controller
that inputs the rotational angular speed of the motor and
outputs the torque of the winch motor, written as

τw = ϵmgr − kpΩeΩ − kiΩ

∫
eΩ − kdΩėΩ

eΩ = Ωw − Ωwd

(26)

where τc is the controlled output torque of the winch motor;
Ωwd = vcd/r is the reference angular speed of the winch;
Ωw is the real angular speed of the winch; kpΩ, kiΩ and kdΩ
are feedback coefficients.

IV. SIMULATION AND REAL-WORLD
EXPERIMENTS

In this section, we conduct simulations and outdoor real-
world landing experiments of tethered lifting-wing multi-
copters. The results demonstrate that the controller designed
in this paper can reliably complete the autonomous landing
task only with onboard IMUs.

A. System Composition and Parameter Settings

The system consists of a mobile platform and a tethered
lift-wing multicopter connected by a cable. Parameters of the
tethered lift wing multicopter are shown in Table I.

TABLE I
PARAMETERS OF THE TETHERED LIFTING-WING

MULTICOPTER

Explanation, Notation Value

Mass of the tethered lifting-wing
multicopter, m

1.2 kg

Inertia matrix of the lifting-wing
multicopter, J

diag (0.0126, 0.0055, 0.0158) kg·
m2

Lifting-wing installation angle, κ 0.59 rad
Wing area of the lifting-wing, S 0.09 m2

Proportion of additional gravity
provided by rotors, ϵ

0.2

TABLE II
ENVIRONMENT PARAMETERS FOR SIMULATION

Explanation, Notation Value

Velocity of the Mobile Platform,
evm

[ 1.4 1.4 0 ]T m/s

Init Relative Position of the
Tethered Lifting-wing
Multicopter, ep(0)

[ -5 -5 10 ]T m

Reference Recovering Speed of
the Cable, vcd

1 m/s

Wind Velocity, vw [ -2 -2 0 ]T m/s

B. Simulation

Before the real-world experiment, it is necessary to verify
the reliability of the controller through simulation. We set
several simulation environment parameters, shown in Table
II.

The detailed state data of the tethered lifting-wing multi-
copter and the reference mobile platform in the simulation is
shown in Fig. 6(a). The whole landing process observed from
the side of the simulation is shown in Fig. 6(b). Based on
the simulation, it is observed that the controller can complete
the landing task reliably.

C. Real-World Experiment Results

1) Hardware: The Hardware used in experiments is
shown in Fig. 7.

The cable winch is mounted on the mobile platform.
Because a large torque may be generated during the landing
process, a motor with a planetary gearbox is required as the
winch motor in the experiment [20]. Therefore, we use the
GO-M8010-6 motor produced by Unitree Technology.

The lifting-wing part of the tethered lifting-wing mul-
ticopter is machined from expanded polypropylene (EPP)
foam and connected to the multicopter body by a 3D-printing
connector with a fixed installation angle. The power system
includes a 1300mAh six-cell lithium polymer (LiPo) battery,
Tmotor F60PROV-LV motors, GF51499-3 propellers, and a
Tmotor F55A electronic speed control (ESC). A Pixhawk4
flight controller is mounted in the center, with a barometer on
the board to provide altitude and an inertial measurement unit
(IMU) to provide Euler angles. A set of GNSS is installed
only to record data.
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Fig. 6. Landing process in simulation, xc is the moving direction of the
mobile platform

Fig. 7. Hardware used in experiments

The controller designed in this paper is built on the MAT-
LAB/Simulink platform, which is automatically generated
and uploaded to the Pixhawk4 board through the RflySim
toolchain [21], [22].

2) Experiment Results: Sets of experiments verify the
feasibility and reliability of the controller. We set the initial
length of the cable as L(0) = 3m.

The whole landing process is shown in Fig. 1. The
detailed location and velocity data of the tethered lifting-
wing multicopter and the mobile platform are shown in
Fig. 8.
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Fig. 8. Process of the real-world landing experiment

From the experimental results, it is found that the tethered
lifting-wing multicopter can track the position and velocity
of the moving platform under the drag of the cable, although
there is an error in the initial position. It can complete the
autonomous landing successfully.

V. CONCLUSIONS

In this paper, a kite-inspired tethered lifting-wing mul-
ticopter automatic landing controller is designed, which is
used without location sensors (only with onboard IMUs).
The kite-like stability proof is made. Simulation and real-
world flight experiments are provided to show the feasibility
and reliability of the proposed method. In the future, the
cooperative control of the lifting-wing multicopter and winch
deserves to be studied to improve the landing speed and
transient process.
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