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Abstract: Airborne Wind Energy refers to systems capable of harvesting energy from the wind
by flying crosswind patterns with a tethered aircraft. Tuning and validation of flight controllers
for AWE systems depends on the availability of reasonable a priori models. In this paper,
aerodynamic coefficients are estimated from data gathered from flight test campaign using
an efficient multiple experiments model based parameter estimation algorithm. Data fitting is
performed using mathematical models based on full six degree of freedom aircraft equations of
motion. Several theoretical and practical aspects as well as limitations are highlighted. Finally,
both model selection and estimation results are assessed by means of R-squared value and
confidence ellipsoids.
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1. INTRODUCTION

Airborne wind energy (AWE) is a novel technology emerg-
ing in the field of renewable energy systems. The idea of
using tethered aircraft for wind power generation, initially
motivated by Loyd (Loyd, 1980), has never been closer to
a large scale realization than today. High power-to-mass
ratio, capacity factors, flexibility and low installation costs
with respect to the current established renewable tech-
nologies, encourage both academia and industries to invest
on these systems. However, complexities arise significantly
in terms of control, modeling, identification, estimation
and optimization. Among the different concepts in the
landscape of AWE (Diehl, 2013), one interesting case study
is the so called pumping mode AWE system (AWES).
In a pumping mode AWES, the airplane delivers a high
tension on the tether which is anchored to a ground-based
generator. During production phase, the tether tension is
used to rotate a drum that drives an electric generator.
Due to finite tether length, a retraction phase is needed,
hence the tether is wound back by changing the flight
pattern in such a way that less lifting force is produced,
with significant lower energy investment than what was
gained during the production phase. A pumping mode
AWES is being developed by Ampyx Power (AP, 2016).

� This research was supported by Support by the EU via ERC-
HIGHWIND (259 166), ITN-TEMPO (607 957), ITN-AWESCO (642
682) and by DFG in context of the Research Unit FOR 2401.

Fig. 1. Example of a pumping cycle with a production and
retraction phase

The airborne component is referred to as a PowerPlane.
An artist’s rendering of the two main phases of a pumping
mode AWES is shown in Fig. 1. The PowerPlane, is a high
lift aircraft designed for extremely challenging operational
environment including high tension from the tether and
high accelerations that arise during the pattern. A concept
design of the PowerPlane 3rd generation (AP3) is shown in
Fig. 2. System simulators require adequate models of the
entire system, including the PowerPlane. Existing analysis
tools such as Computational Fluid Dynamics (CFD) (Ver-
steeg and Malalasekera, 2007) or lifting line (Anderson Jr,
2010) are able to provide initial estimates of parameters,
but in most cases the full dynamic effects on the real
system have to be determined through flight testing. In
this case, the main issue is to describe mathematically
the aerodynamic forces and moments as a function of
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point of view, embedding the full mathematical model
shown in (2), would add complexity to the estimation al-
gorithm without any particular benefit since the trimmed
dynamics will not provide meaningful experimental data.
As far as it regards the translational dynamics (2a), denot-
ing θ and φ respectively pitch and roll angle and g gravity,
the decoupled equations of (2a) will be

u̇ =
X

m
− qw + rv − g sin θ (6)

v̇ =
Y

m
− ru+ pw + g cos θ sinφ (7)

ẇ =
Z

m
− pv + qu+ g cos θ cosφ (8)

while roll, pitch and yaw dynamics are retrieved from (2b)

• Roll dynamics

ṗ = −Jz L+ Jxz N − q r Jp1 + p q Jp2

J2
xz − JxJz

Jp1 =
(
J2
xz + J2

z − Jy Jz
)

Jp2 = Jxz · (Jx − Jy + Jz)

(9)

• Pitch dynamics

q̇ =
M + Jxz

(
r2 − p2

)
+ p r (Jz − Jx)

Jy
(10)

• Yaw dynamics

ṙ = −JxzL+ JxN + p q Jr1 + q r Jxz Jr2
J2
xz − Jx Jz

Jr1 =
(
J2
x + J2

xz − Jx Jy
)

Jr2 = (Jy − Jx − Jz)

(11)

where Jx, Jy, Jz are the moments of inertia with respect to
the axis specified by the subscript while Jxz is the product
of inertia. Jyz as well as Jzy are zero due to the symmetry
of the aircraft.

In this paper we focus on the 2nd generation PowerPlane
(AP2) shown in Fig. 3. For this aircraft, coefficients defined
in (5) are broken down into a sum of terms which depend
on normalized body rates p̂, q̂, r̂ , angle of attack α and of
side slip β, as well as aileron δa, elevator δe and rudder δr
deflections:

CX = CXp
p̂+ CXq

q̂ + CXr
r̂ (12a)

CY = CYβ
β + CYp

p̂+ CYq
q̂ + CYr

r̂ (12b)

CZ = CZβ
β + CZp

p̂+ CZq
q̂ + CZr

r̂ (12c)

Cl = Clββ + Clδa
δa + Clδr

δr + Clp p̂+ Clr r̂ (12d)

Cm = Cmα
α+ Cmδe

δe + Cmq
q̂ + Cm0

(12e)

Cn = Cnβ
β + Cnδa

δa + Cnδr
δr + Cnp

p̂+ Cnr
r̂ (12f)

p̂ =
b p

2V
, q̂ =

c̄ q

2V
, r̂ =

b r

2V
(13)

α = arctan
(w
u

)
, β = arcsin

( v

V

)
(14)

The coefficients Cij with i = {X,Y, Z, l,m, n} and j =
{α, β, p, q, r, δa, δe, δr, 0} are the aerodynamic derivatives
that need to be identified.

2.2 Model Assumption and Neglected Dynamics

Focusing exclusively on the aircraft dynamics, several as-
sumptions are made to simplify the identification problem,
and these are summarized below:

Fig. 3. 2nd generation PowerPlane

• By neglecting the influence of the derivatives in time
shown in (4), one neglects the influence of parameter
variation through time. Such influence arises from
non-stationary wing-fuselage and tail interference, in-
creasing during aggressive maneuvers (Mulder et al.,
2000), in our case mainly during the power-generation
phase. However some dynamics can be captured in-
troducing a first-order differential equation involving
angle of attack rate α̇ (Goman and Khrabrov, 1994).

• Aircrafts have flexible modes that are neglected in
(1-2) since we rely on rigid-body equations. The Pow-
erPlane utilizes a high-strength wing with relatively
high stiffness. Flexible modes need to be considered
for the control system design because of possible
structural-coupling issues. However, the effect of the
flexible modes on aerodynamics are neglected.

• The model assumed in (12) is implicitly a function
of α though, estimations performed via flight tests
are typically valid only for small neighborhood of α
with respect to its trim value α0 given at a specific
trim airspeed VT . Because aircraft deployed for pump-
ing AWES are intended to fly over a wide rage of
flight conditions, flight test maneuvers and parameter
identification needs to be performed at multiple trim
conditions. Fig. 4 shows the estimated pitch damping
coefficient Cmq related to AP2, as a function of α
with the corresponding value of Cmq at VT = 20 m/s,
the latter denoted in the aerospace field as trimmed
coefficient.
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Fig. 4. Estimated pitch damping coefficient Cmq
(α) with

corresponding trimmed coefficient for VT = 20 m/s
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Fig. 2. CFD analysis of 3rd generation PowerPlane

airspeed, angle of attack, angle of side slip and body
rotation rates. Usually, Taylor series expansion are used
to represent the aerodynamic properties. The parameters
of the expansion are known as aerodynamic derivatives (or
simply derivatives) and for conventional aircraft they are
mainly used for control system design and handling qual-
ities studies. For AWES, accurate modeling also enables
computation of reliable trajectories by means of optimal
control problems (OCPs) (Horn et al., 2013; Licitra et al.,
2016), as well as design of advanced feedback controls such
as non linear model predictive control (NMPC) (Zanon
et al., 2013). In the aerospace field, it is the current
practice to retrieve derivatives by empirical data obtained
from similar aircraft configurations or with tools based on
CFD, augmenting and verifying them by wind tunnel tests.
For standard aircraft configurations such methods for ob-
taining aerodynamic characteristics is generally in good
agreement with experimentally obtained values. However,
CFD and wind tunnel tests are expensive and time con-
suming, and tend to be limited to static effects. Therefore,
an intensive flight test campaign must be set in order
to gain additional insight about aerodynamic properties.
In this paper, aerodynamic derivatives are determined by
means of time domain system identification techniques
using measurements coming from real flight tests.

The paper is organized as follows. In Section II, model
structure is retrieved from a high fidelity aircraft model
augmented with description of model assumptions as well
as neglected dynamics. Section III presents an efficient
formulation of multiple experiment model based param-
eter estimation (MBPE) algorithm. In Section IV, data
fitting is computed first with simulated experiments where
the block structure of the nonlinear program (NLP) is
shown, observation with respect to aircraft inertia are
provided and confidence ellipsoids are introduced. Finally,
data fitting is computed with the real experiments where
the reliability of both model and estimates are assessed
respectively by the R-squared value and confidence ellip-
soids.

2. POWERPLANE MATHEMATICAL MODEL

2.1 Model Selection

A pumping mode AWES can be modeled via Differential
Algebraic Equations (DAEs) described both by minimal
(Williams et al., 2007, 2008) and non-minimal coordinates
(Gros and Diehl, 2013). By means of Lagrangian mechan-
ics one can build the equations of motion for a six degree

of freedom (DOF) tethered aircraft model. For parameter
estimation purposes, let us consider the translational and
rotational dynamics of a pumping mode AWES expressed
in the body-fixed reference frame:

m · v̇b = Fc + Fp + Fa + Fg −m (ωb × vb) (1a)

J · ω̇b = Mc +Mp +Ma − (ωb × J · ωb) (1b)

where vb = [u, v, w]T and ωb = [p, q, r]T are respec-
tively the translational and rotational speed vector, m
the aircraft mass and J the inertia dyadic of the aircraft.
The aircraft is subject to forces F(.) and moments M(.)

coming from the cable, propellers, gravity and the in-
teraction between aircraft with the air mass is denoted
by Fa = [X,Y, Z]T and Ma = [L,M,N ]T . Notice that,
although pumping mode AWES does not assume any pro-
pellers during power generation phase, they are present
in the studied PowerPlane design for assisting launch and
landing as well as performing general purpose untethered
flights.

In order to identify the aerodynamic forces Fa and mo-
ments Ma, one has to discard or have good models of
the other contributions. Hence, the flight test campaign
aimed to identification of aerodynamic models should be
performed without cable such that the cable does not
interfere with the overall aircraft dynamics. Additionally,
propellers are switched off whenever an excitation signal
occurs in order to decouple the uncertainty in thrust effects
on the aerodynamic parameter estimation, simplifying (1)
to

m · v̇b = Fa + Fg −m (ωb × vb) (2a)

J · ω̇b = Ma − (ωb × J · ωb) (2b)

In general, the aerodynamic forces and moments are all
dependent on the time history of the aircraft state in time,
which mean that if the pitch moment M depends on the
pitch rate q only, then:

M(t) = f(q(t)), t ∈ (−∞, τ ] (3)

In theory, the function in time q(t) can be replaced by the
following Taylor series:

q(t) = q(τ) +

∞∑
i=1

1

i!

∂iq

∂τ i
(t− τ)i (4)

i.e. that the whole information regarding the parameter
history q is captured, if we were able to compute all the
possible derivatives. However, for subsonic flight the influ-
ence of the derivatives is bounded and can be neglected
with some exception (Mulder et al., 2000). Furthermore,
the aerodynamic properties can be normalized with re-
spect to the dynamic pressure q̄ = 1

2ρV
2 with ρ the free-

stream mass density, V the free-stream airspeed, and a
characteristic area for the body

Fa = q̄ S · [CX , CY , CZ ]
T (5a)

Ma = q̄ S · [bCl , c̄ Cm , b Cn]
T (5b)

In (5) S, b, c̄ are respectively reference wing area, wing
span and mean aerodynamic chord while CX , CY , CZ

denote the forces and Cl, Cm, Cn the moment coefficients.
During the system identification flight test, excitation
signals are performed only along one axis in open-loop,
keeping trimmed the other dynamics. Therefore, one can
decouple the full dynamics in two sets of independent
dynamics, three equations for the translational motion and
three for the rotational one. Still, from an optimization
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