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Abstract— This paper describes an experimental set-up for
AWE systems. A novel approach of launching a rigid wing
tethered airplane, using a rotational start-up, is presented.
A test set-up performing this rotational start-up has been
designed and built at KU Leuven. A scale analysis of this
novel approach is conducted and provisions are made to
accommodate future modifications to the experimental set-up. A
sensor suite consisting of a stereo vision system and an inertial
measurement unit are used for sensor fusion with an extended
kalman filter (EKF). This EKF estimates the position, velocity
and orientation of the airplane. Numerical and experimental
validation of the EKF are presented in this paper as well.

I. INTRODUCTION

In the search for a sustainable and safe alternative to

today’s nuclear and fossil fuel based energy production,

renewable energy sources have received much attention. High

altitude wind energy is an emerging development within

the renewable energy sector. It is well known that the

wind velocity increases with altitude. Since theoretical power

extraction is proportional to the wind velocity cubed, any

gain in altitude to an increase in the power available [7].

In order to capture this high energy wind, a new class of

energy systems collectively known as Airborne Wind Energy

(AWE) systems are under development at several start-up

companies and universities. The AWE paradigm has two

main methodologies: In both methodologies, an airfoil flies

fast in crosswind direction. In the first method the generators

are airborne and are driven by on-board propellers. The

power is transmitted to the ground through a cable [12].

For this methodology the cable drag, on-board machines

and power electronics are major points of concern. In the

second methodology the airfoil is anchored to a ground-

based generator via a tether. The airplane produces a high

tension in the tether while the tether is being reeled out.

This causes the generator to produce electricity. The reel out

speed of the tether during this power phase is optimally 1/3

of the operating wind speeds [15]. At the end of the power

phase, the airfoil is steered to a low lift condition such that

the tension in the tether is reduced, allowing the generator

to reel-in the tether with a fraction of the energy produced

during the power generating phase. This periodic motion will

produce a pumping cycle which will generate net power. The

concept of AWE is first proposed in [15], and recently there
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is a lot of focus towards this technology from the control

community, see e.g. [8], [9], [11], [19].

The concept of a laddermill is proposed in [16]. The

laddermill is a self supporting AWE system having an

endless tether connected to the high lifting airfoils moving

upwards in a linear fashion and the low lifting foils moving

downward. This loop movement of kites drives the generator

at the ground [13].

An AWE system using the pumping motion and a carousel

design is proposed in [8], [9] . In the pumping configuration

the airfoil is attached to two ground based electric generators

via two tethers. The airfoil is controlled by differential

pulling of these two tethers. The power is generated during

the reeling out of the tethers. In the carousel configuration,

several airfoils are attached to the arm of a vertical axis rotor

with their own control systems. The control of each kite is to

maximize the torque exerted on the rotor which is coupled

to a generator. Simulation studies have shown that both

configurations are similar in power generation potential. The

selection of these two configurations are based on technical

implementation, power generation density, construction cost

etc. The experimental results of the set-up for the pumping

design are given in [8], [9].

The main challenges that have to be faced when realizing

an AWE system are:

• An automatic launching and recovery system for the

kite,

• Improving the lift to drag ratio of the airborne system,

• Improving the strength to weight ratio and reducing

cyclic loading of the cable,

• Stability and control of the overall system during

launching, flight and recovery.

The AWE methodologies for the ground and the airborne

power generations differ in their launching/recovery

systems. Similarly, the aerodynamic properties of the rigid

and flexible airfoils dictate their unique launching and

recovery system. A separate power generation and lift

generation system is proposed in [18]. The lift system is

lighter than air with lateral and longitudinal control. The

power generation turbine is supported by this lifting system

but it is totally independent. The launching and recovery

of an AWE system with an on-board power generating

system which is acting as a propelling system is proposed

in [12]. The on-board turbine is used as a propeller and

the generator is operated as a motor. The power is supplied

to this motor from the ground based power supply. This

proposed system can be maneuvered like a helicopter to

its operating zone. Makani Power has a similar system



to launch and recover the airborne system [1]. Skysails’

flexible kite launching system has a telescopic mast which

lifts the kite to a certain height where the wind unfolds the

kite to its full size and the system launches the kite and

then the towing rope is released [4]. KiteGen has proposed

two heavy duty air blowers to generate artificial wind across

the flexible airfoil [2]. These blowers have two degrees

of rotational freedom to control the wind vector over the

airfoil. A piggy back-chin docking of the flexible airfoil on

an aerostat is proposed and tested in [5].

This paper presents a novel approach of launching and

testing rigid wing tethered airplanes. A rotational start for

AWE systems is proposed. This means that an arm rotating

about an axis brings the airplane to high speed and hence

generates artificial wind over the airfoil. Once passed the

take-off speed of the airplane, the tether is further reeled

out allowing the airplane to gain altitude. Rotational forces

keep the tether tension and ground clearance. Landing

of the airplane is done in a reverse order. The rotational

start-up acts like a ground based propulsion. This eliminates

the need for an on-board propulsion system for take-off.

An experimental test set-up that performs the rotational

start is built at the K.U.Leuven. This set-up would generate

artificial wind over the airfoil to generate enough lift for

the take off in places of low ground wind speeds. A similar

set-up is also built by Ampyx power [3].

For all different methodologies, automatic control the

airfoil is needed. Therefore it is required to have an

estimation of position, velocity and orientation of the

airplane. In our methodology, the estimate is especially

important during the rotation start and landing. A sensor

fusion technique using an Extended Kalman Filter (EKF) is

applied for this purpose. This EKF fuses the stereo vision

and the Inertial Measurement Unit (IMU) measurements to

estimate the states of the airplane.

Section II gives an overview of the developed set-up.

Section III describes the implementation of an EKF on this

set-up that estimates the position and orientation of the

airplane. Section IV shows the result of simulations and

experiments, and Section V gives conclusions.

II. TEST SET-UP

The goal of the set-up is to perform a rotational start

and landing of a tethered airplane. In the rotational start-up

an arm rotates around an axis and the airplane is tethered

to the arm. During the design of the test set-up, a scale

analysis was performed. This analysis shows the operating

boundaries of the rotational start-up and helps in making

decisions for the dimensions of this launching system. This

test set-up constitutes of hardware, sensors and software.

These constituents are integrated, tested and validated.

A. Scale Analysis

In the rotation start, the rotating arm tows the airplane.

The rotation generates rotational and aerodynamic forces on

the airplane. This is shown in Figure 1 as a top- and side-

view. FL and FD are the aerodynamic lift and drag force

of the airplane, respectively, Fi is the rotational force, FC

is the force from the cable, and L and r are the arm and

tether length respectively. Due to the lag angle of the airplane

with respect to the arm, defined as φ in the Figure 1, the

arm performs work on the airplane, allowing the airplane

to overcome drag and gain energy. A scale analysis of the

rotational start can be performed with the help of Figure

1 [10]. In the depicted set-up an airplane is being towed

around the main axle. The centre of mass is at arm-level and

the wings make a 45◦ angle with the ground. The gravity

���������
�	�

������


�����������

��������

�	� �����	

����

Fig. 1. A schematic top view of the arm towing the airplane

of the airplane mg is balanced by the vertical component of

the lift force FL of the airplane: mg = FL cos(45◦). The lift

force equals FL = 1

2
ρv2ACL in which ρ is the density of

air, v is the speed of the airplane relative to the air, A is the

surface area of the wings of the airplane and CL is the lift

coefficient of the airplane. This leads to a required nominal

speed of:

v = 2
3

4

√

mg

ρACL

. (1)

Which is effectively the take-off speed for the airplane at

a 45◦ angle. Referring to Figure 1 the following can be

formulated:

d2 = L2 + 2 cos(φ)rL+ r2 cosine rule

sin(ψ) = sin(φ)L
d

sine rule

Fi = m v2

d
inertia force

FL = ACLρ
v2

2
lift rule

FD = ACDρ
v2

2
drag rule

tan(ψ) = FD/(Fi +
FL√
2
)

(2)

The above set can be seen to define a function φ =
f(ρ,A,CD, CL,m, r, L), independent of v. φ is a measure

of ‘how easy it is’ to tow the airplane. In the limit of ψ = 0
the tether cannot deliver a force component to balance the



drag force. Assuming that r > L, this situation happens for

φ = 0 and φ = 180◦.

Applying the Buckingham pi theorem for base units (L
and m) allows to rewrite f in terms of dimensionless pa-

rameters φ = g(CL, CD, L/r,A/r
2, ρr3/m). This promises

the existence of a limiting expression for L/r. Expanding

the last equation of 2, taking the first order Taylor series for

L→ 0 and choosing φ̂ = π, which is the limit where towing

the airplane by an arm becomes infeasible, gives:

r

L
=

r2C2

L
A2ρ2 − 8m2

CDr2CLA2ρ2
√
2− 4CDmrAρ

(3)

Taking the limit for r → ∞ towing gets more difficult with

increasing tether length r and decreasing glide ratio CL/CD:

r

L
∝ CL

CD

(4)

It is observed that to power an airplane with long tethers,

the length of the arm should also be increased.

B. Hardware

One of the advantages of a rotational start-up is that only

limited space is required to speed up the airplane to high

velocities. This allows the experiments to be done indoors,

in a controlled environment, without wind disturbances. The

available indoor space is only 36 m2, and is enclosed by

nets for safety reasons. This space limits the arm length

to be 1 meter. The carousel is designed with a provision

to increase the arm length and hence increase the towing

length of the tether, as shown in Section II-A. The height

of the set-up is chosen to be 2.5 m, allowing some ground

clearance for the airplane. Figure 2 shows the final design of

the test set-up, called ‘the carousel’. It is designed for high

stiffness, such that the forces on the airplane have minimum

influence on the structure of the carousel. The carousel is

driven by an Electrocraft S-19 3 motor with an E-motion

DA4709 controller, which rotates it at a maximum speed of

80 rotations per minute. A winch is designed and built to

be placed on the carousel. This winch will control the tether

length for outdoor experiments.

The airplane (Ariane P5) that is used for the experiments

has a wingspan of 1 m, a surface area of 0.1 m2 and a

weight of 0.6 kg. It is made out of carbon fiber, such that it

can withstand the high wing loadings due do rotational and

aerodynamic forces. This airplane has ailerons to control the

lateral dynamics and an elevator to control the longitudinal

dynamics. For reference please see [17].

C. Sensors

The sensors available on the test set-up include an encoder

for measuring the carousel angle, a stereo vision system and

an IMU (see Figure 3). The data acquisition system consists

out of a microcontroller (Texas Instruments LM3S9B92)

and an EtherCAT box, connected to a computer based on

a quad-core Intel Core i7 running at 2.8 GHz. on top of the

carousel. The stereo vision systems consists of two Flea3

cameras from Point Grey that are mounted on the carousel.

The cameras observe three markers (red, green and blues

LEDs). The markers are mounted on the airplane and are

detected by means of color filtering algorithms. The position

of the markers in the images provides information about

the position and orientation of the airplane, which allows

us to estimate it. The cameras take pictures at a sampling

frequency of 15 Hz. Although the cameras give an absolute

measurement of the position and orientation, the sampling

frequency of the cameras is too low for the design of a

controller for the airplane based on camera state estimates.

This leads to the necessity of a high frequency inertial sensor.

A six degrees of freedom IMU with a maximum sampling

frequency of 800 Hz is selected to measure three linear

accelerations and three angular speeds. The IMU (Analog

Devices ADIS16367) is mounted near the center of gravity

of the airplane inside its fuselage. The position, velocity

and the orientation of the airplane can be estimated with

numerical integration of the measurements. This integration,

however, is subject to drift due to noise and bias present

in the measurements. Therefore an EKF is used to fuse

the IMU measurements with the camera measurements to

provide a drift-free estimate of the position and orientation of

the airplane at a high sampling frequency. This is discussed

in Section III.

D. Software

An important part of every test set-up is the underlying

software that is used to control the test set-up. For this

purpose, the Orocos toolchain is chosen [6]. Orocos stands

for ‘Open Robot Control Software’. It is an open source

software framework which provides a functional basis for

robot and machine tool real-time control.

III. STATE ESTIMATION

An Extended Kalman Filter is implemented for the

estimation of the position, velocity and orientation of the

airplane. It combines the camera and IMU measurements at

a sampling frequency of 15 Hz and 800 Hz respectively. The

Fig. 2. The final design of the test set-up
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Fig. 3. Schematic for AWE data aquisation and estimation

state of the filter is given by1
[

q p v ba bω

]T
, where

q is the quaternion vector that represents the orientation

of the airplane, p and v are the position and the velocity

of the airplane respectively, and ba and bω are the biases

on the measurements of acceleration and angular speed of

the IMU respectively. Figure 4 shows the different frames

used in the filter. The reference frame is located at the

bottom of the carousel and is fixed to the world. The anchor

point frame is connected to the end of the arm, and rotates

with the carousel. The camera frames are connected to the

center of the cameras, and the body frame is connected

to the IMU reference point inside the airplane. The

quaternion is defined as q =
[

q1 q2 q3 q4
]T

=
[

ex sin(θ) ey sin(θ) ez sin(θ) cos(θ)
]T

where

[ex, ey, ez] and θ are the Euler axis and angle of rotation

that represent the orientation of the body frame with respect

to the reference frame. It is clear that the quaternion should

satisfy ‖q‖2= 1. An overview of the definition and use of

quaternions can be found in [14].

The EKF set-up is such that the IMU measurements are

used to propagate a kinematic model of the states, and the

camera measurements are used for the measurement update

of the filter. This way, there is no need to have a dynamic

model of the airplane.

The state propagation is given by the following kinematic

1In this paper the vectors are denoted by small bold letters and matrices
are capital bold letters.

equations:

ṗ = v, (5)

v̇ = RB

W(q)T â −
[

0 0 1
]T
g, (6)

q̇ =
1

2
[ω̂]q, (7)

ḃa = η1, (8)

ḃω = η2, (9)

where â and ω̂ are the estimates of the acceleration and

angular speed of the airplane in the body frame respectively,

[ω̂] is the skew symmetric matrix, g is the gravitational

constant, η1 and η2 are noise terms which are introduced to

influence the propagation of the bias. The estimates of the

acceleration and rotation speeds of the airplane are related

to the measurement of the IMU by

â = aIMU − ba − η3 (10)

ω̂ = ωIMU − bω − η4 (11)

where aIMU and ωIMU are the measurements from the IMU

for linear acceleration and angular speed respectively, and

η3 and η4 are noise terms present in these measurements.

The terms η1, η2, η3 and η4 are the noise terms influencing

the propagation of the filter. These terms are assumed to be

zero mean white noise, and their covariances are given in

the process noise covariance matrix used for the propagation

covariance matrix of the state estimate.

The measurement model for camera i (i = 1, 2) for the

position of marker j (j = 1, 2, 3) in the camera image, used

by the EKF, is given by





us
vs
s





ij

=
[

PCami

] [

RR

Cami

] [

I3×3| − p
Cami

]

3×4









xj
yj
zj
1









R

,

(12)

where u and v are the pixel coordinates of the marker,

s is the homogeneous scaling factor, PCami
is the matrix

of intrinsic parameters of camera i that depends on the

focal length and the principal point of the camera, RR

Cami
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Fig. 4. Definitions of frames



is the rotation matrix representing the orientation of the

reference frame in the camera frame, I is an identity matrix,

p
Cami

is the position of the camera frame in the reference

frame and [xj , yj , zj ]R is the position of marker j in the

reference frame. Note that RR

Cami
changes when the carousel

rotates, and thus the carousel angle needs to be measured.

The relationship between the position of marker i and the

position/orientation of the airplane in the reference frame is

given by









xj
yj
zj
1









R

=
[

TrBW(p)
] [

RB

W(q)
]









xj
yj
zj
1









B

(13)

where TrBW(p) is the transformation matrix describing the

translation from the body frame to the reference frame,

RB

W(q) is the transformation matrix describing the attitude of

the airplane with respect to the world reference frame, which

is dependent on q, and [xj , yj , zj ]B , the position of marker

j in the body frame. The measurement noise is given by a

diagonal covariance matrix and is used in the update of the

covariance matrix of the state estimate. Both the process and

measurement noise covariance matrices are tuned by hand.

It is important to note that the covariance matrix of the

state estimate will become singular because of the quaternion

norm constraint, as shown in [14]. This singularity is difficult

to maintain numerically due to round-off error. One approach

used to maintain the singularity is to represent the covariance

matrix associated with the quaternion by a smaller dimen-

sion. This can be done by using the 3-dimensional Gibbs

vector to represent a deviation from a reference orientation

that can be represented by a reference quaternion [14]. The

Gibbs vector is defined as ag =
[

q1 q2 q3
]T
/q4. As three

variables are used in this definition, this representation will

have a singularity issue. It can be seen that the singularity

occurs when q4 is equal to 0. This happens for rotations of

180◦. As the Gibbs vector will only be used to represent

deviations from a reference quaternion, this will pose no

problems. These deviations (Gibbs vector) are updated at

a sampling frequency of the cameras which is quite high in

comparison to the lateral and longitudinal dynamics of the

airplane.

To summarize, this section presents an EKF that fuses the

measurements from two cameras that observe three markers

on the airplane with IMU measurements. This results in

an estimate of the position, velocity and orientation of the

airplane, and of the biases present in the IMU measurements.

The filter is propagated with the IMU measurements using

equations (5)–(9) at a frequency of 800 Hz. The filter is

updated with the camera measurements using equations (12)

and (13) at a frequency of 15 Hz.

IV. RESULTS

The filter described in Section III has been implemented

and tested both in simulation and experimentally.

A. Simulation results

Figures 5 and 6 show simulation results of the filter de-

scribed in Section III. The simulations replicate the airplane

which rotates around a central axis of a carousel. The camera

and IMU measurements are generated, and zero mean white

noise and biases are added to these measurements. Figures

5 and 6 show the residual (difference between estimated

and actual states) of the position and the bias estimates

respectively. These residuals should be at least 68% of the

time within the theoretical bounds. These bounds are derived

from the covariance matrix as the 1σ values. It is clear from

the figures that this is the case, which shows that the filter

is working properly.
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Fig. 5. The residuals (full lines) and theoretical residual 1σ-bounds (dotted
lines) of the position estimate

B. Experimental results

Figures 7, 8 and 9 give the estimate of the 2D-position of

the airplane in horizontal plane, the velocity in x-direction of

the reference frame, and the roll with respect to the anchor

point frame respectively. The carousel is turning at about 70

rotations per minute. The airplane is thus flying in a circle,

which is shown in Figure 7. The radius of the estimated circle

conforms to the expected value. The x-velocity is changing

periodically. The roll is nearly constant at -110◦. There is a

small oscillation in the roll attitude of the airplane, which

is observed in the estimate. This oscillation is probably due

to aerodynamic disturbances. This frequency is about 1 Hz,

which is within the lateral mode of the airplane.

V. CONCLUSION

A test set-up for rotational start-up for an AWE system

is designed and built at the K.U.Leuven. The set-up was

successfully tested for a rigid wing tethered airplane. A

scale analysis is performed, showing the constraints of the

rotational start-up of tethered airplanes.



An Extended Kalman Filter is successfully designed, imple-

mented and validated in simulation and on the experimental

set-up. The filter is stable and converging. This shows that

all the data acquisition systems and communication links are

working satisfactorily with a reliable state estimate.
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