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ABSTRACT

Airborne Wind Energy (AWE) systems utilize
tethered wings flying high-speed crosswind tra-
jectories to harvest energy from the stronger
and more consistent winds available at high al-
titudes. Knowledge of the local wind field is
crucial for maximizing power generation while
ensuring flight stability and safety, particularly
because these periodic trajectories remain spa-
tially confined. In this work, we estimate the
parameters of a wind field model capturing both
shear and veer during the online operation of
an AWE system flying periodic circular orbits,
utilizing an Extended Kalman Filter (EKF). We
then use these estimates in a Nonlinear Model
Predictive Control (NMPC) scheme based on a
dynamic model that incorporates the spatially
varying wind field. We demonstrate in a simula-
tion study that the proposed approach accurately
estimates sudden variations in the wind parame-
ters during online closed-loop tracking while sat-
isfying operational flight envelope constraints.

1 INTRODUCTION

Airborne wind energy (AWE) systems produce renewable
electric energy by harvesting wind using tethered wings at
high altitudes where, compared to traditional wind turbines,
the available wind is stronger and more consistent. The sys-
tems fly acrobatic crosswind maneuvers at high speeds and
thus generate large aerodynamic forces which are converted
to usable electric energy using one of two approaches: Sys-
tems operating in ‘drag-mode’ transfer the electricity from
onboard propeller generators to the ground via the tether,
whereas in systems operating in ‘pumping-mode’, the tether
drum is connected to a generator on the ground. Here, the
tether is reeled out at high tether force to produce energy and
reeled back in with low tether force in a periodic pumping
motion. The technology promises renewable energy genera-
tion with less material investment and ground use compared
to traditional wind energy [1]. In Figure 1, we show both an
example of a ‘soft-wing’ system in pumping mode as well as
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Figure 1: Left: Skysails PN-14 soft-wing system from [2],
right: Makani M600 drag-mode rigid-wing system, from [3].

a ‘rigid-wing’ system in drag mode. For more information on
airborne wind energy we refer the reader to [4].

The tethered flight systems typically operate on flight tra-
jectories in a limited spatial range, which are optimized based
on a chosen model of the local wind field. While for plan-
ning purposes complex wind fields are considered [5], for the
online closed-loop operation simpler wind field models are
commonly used. We propose to estimate the fluctuating pa-
rameters of a complex model of the current wind field with
altitude-dependent wind speed and direction online using an
Extended Kalman Filter (EKF). To make use of the esti-
mates, a controller with knowledge about the spatially chang-
ing wind field is required, for which we propose to use a Non-
linear Model Predictive Controller (NMPC). Equipped with
an accurate wind field model, such a predictive controller is
expected to have better tracking performance compared to a
controller that does not know about the spatially changing
wind conditions. We visualize the idea in Figure 2, where we
show both the wind field used to generate the tracking ref-
erence as well as the actual wind-field whose wind direction
and magnitude are altitude-dependent. The forward predic-
tion horizon of the NMPC is visualized originating from the
tethered flight system’s current position.

State and wind estimation for airborne wind energy sys-
tems has been subject to prior research. Typically, the
available measurements contain positions and velocities from
GPS measurements, orientations, their rates, and accelera-
tions from an IMU, airspeed from Pitot tubes as well as the
tether force and angle. With well-established methods such
as EKF, unscented Kalman filters or moving-horizon estima-
tion, these measurements can be fused into state and wind
estimates [6—8]. We refer the reader to Table 1 in [6] for
an overview. The wind field estimate typically consists of
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Figure 2: The closed-loop NMPC controller uses an EKF estimate of the actual wind field that might differ from the one used

for the reference trajectory generation

wind direction and magnitude [9, 10] or parameters of a one-
dimensional logarithmic wind-shear model with known di-
rection [11]. In [6], the wind speed and direction variability
in space and time is handled by assuming appropriate pro-
cess noise on the parameter estimates. Such estimates of the
wind field parameters can be used to adjust the periodic flight
orbit to changing conditions [11, 12], but require a dynamic
model of the system [10]. Particularly suited for the inclu-
sion of complex wind models are NMPC control schemes
which offer out-of-the-box satisfaction of system constraints,
but only have been used in combination with simple wind
models [7, 8]. This work attempts to bridge this gap by es-
timating the parameters of a wind field with both shear and
veer and utilizing the estimation in a predictive controller.

We introduce an AWE system model in Section 2 and de-
scribe the closed-loop control and wind-state estimation in
Section 3. We showcase the performance of the approach in
Section 4 and conclude the paper with Section 5.

2 SYSTEM MODEL

In the following, we develop a model to describe the
tethered rigid-wing AWE system with RWTH Aachen’s
“Maverix” flight system. The Maverix is a versatile, multi-
purpose flight-system with a wingspan of 1.5m and a mass
of 2.4kg. Figure 3 shows a render of the flight system. In
this paper, we consider it to be connected to the origin with a
tether of constant length [ = 50 m. The flight system has pro-
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pellers on both its wings. Although in an AWE setup we do
not want to spend additional energy for propulsion, we still
include the propeller thrust in the dynamic model and also
utilize them in the reference solution and for feedback con-
trol. The Maverix flight system also has vertical liftoff and
landing capabilities, which are disregarded in the model.

2.1 State-Space Model

The following is largely based on [5, 13]. We model the
AWE system with the state vector

T = [7"’7;7R>Wa§777,0m01]T € R* )

where 7 = [ry,7,,7.]" € R3 is the position of the flight sys-
tem in a north-east-down (NED) inertial frame (e, ey, €. ),
7 € R3 is its velocity in the same NED inertial frame,
R € SO(3) c R? is a direction-cosine rotation matrix de-
scribing the attitude and w € R3 is the vector of angular
velocities in the NED body frame. The state vector is ex-
tended with actuator states for the ailerons on the left and
right wings, which are assumed to be actuated symmetrically
with angle £ = & = —¢,., an elevator flap angle n and left
and right propellors’ forward thrusts o,., ;. The considered
control vector is then simply given as the rates of the actuator
states:

u=[&n,6.,0] €R )

Following [5,7, 13], we derive the dynamic model of the
tethered AWE system using Lagrangian dynamics. For this,

(9]
wn
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Figure 3: Render of RWTH Aachen’s Maverix flight system

we introduce an algebraic variable z € R that is proportional
to the tether pulling force with magnitude |F;| = zI. The
system dynamics in fully implicit form are then:

0= f(z,z,z,u,p) 3)

where the vector p € R™» contains the parameters of the
model, in this case explicitly the coefficients of the wind field
discussed below. In contrast to [5, 7, 13], for simplicity we
omit tether drag forces, and the tether is assumed to be of
constant length. The model has the algebraic tether constraint
c(z) = r'r —1?> = 0 which implies a “rigid” tether and
requires z > 0 for validity. Since with this algebraic state
constraint, the dynamics would be an index-3 differential-
algebraic equation (DAE), we apply index reduction to mod-
ify the dynamics into an index-1 DAE whose solution satisfies
the tether and rotation matrix invariants:

c(x) =0, é(x)=0, cr(z)=P,(R"R-13) =0, 4)

where the operator P, selects the upper triangular elements of
the matrix. Thus, at the initial state of a numerical simulation,
these consistency conditions have to be satisfied explicitly. To
avoid drifting of the invariants due to numerical instability,
we use a Baumgarte stabilization scheme. We refer the reader
to [5, 13] for further details on the exact model dynamics.

2.2 Wind Model

We assume a wind field where the wind: (a) only changes
with altitude, and (b) does not have a vertical component (i.e.,
the wind is always horizontal). In particular, we consider the
following model that captures both wind shear and wind veer:

cos(p1 + pa(r. — 20))
sin(py + pa(r. — 20))
0

V(72 p) = (p2 + p3(r. — 20))

®)

where the four scalar parameters p = [p1, p2, p3,pa) ' take
the meaning of the wind direction p; and speed p» at a ref-
erence height z( and the gradients py4, p3 of the direction and
the speed with respect to the altitude r, respectively.

2.3 Aerodynamics

To compute the aerodynamic forces and moments for the
particular flight system considered in this paper we use an

SEPTEMBER 21-25, 2026, STRASBOURG, FRANCE

1 7t" INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

element-based simulation model which divides the aircraft
into individual aerodynamic surfaces. The simulation com-
putes the force and moment vectors for each element for a
given local airspeed, angular velocity and actuator deflection
and calculates the total forces and moments affecting the sys-
tem in the body-fixed coordinate frame. This element-based
method includes aerodynamic effects such as induced drag,
lift, and propeller slipstream and is suited for a tilt-wing air-
craft, as is considered in this paper. An detailed description
of the element-based modeling method can be found in [14].

For the flight path trajectory optimization, in particular for
the online predictive control scheme, we require a differen-
tiable low-fidelity model. For the given flight system, we ob-
tain this low-fidelity model by sampling the 11-dimensional
input space of the simulation model over a large range of
flight states to capture the complex nonlinear model dynamics
within a simplified data set. This data set contains approxi-
mately 13 million data points, each representing a different
operating point. Subsequently, we fit a low-order polynomial
onto the data where we choose the 71 polynomial regressors
such that they include known aerodynamic quantities, for ex-
ample the squared airspeed or the angle of attack. Since the
model should require as few computations as possible, we
solve a sparse linear least-squares fitting problem for each in-
dividual component of the forces and moments vectors using
an extended Gauss-Newton method [15]. The polynomial ap-
proximations with up to 35/71 non-zero coefficients show a
good fit on the 20% test split of the data with a standard devi-
ation of the residuals less than 4 % for each component.

2.4 System Constraints

We have tight constraints on the flight envelope of the
Maverix flight system, and thus require the satisfaction of
nonlinear and linear state and control constraints given in Ta-
ble 1. Here,

vp = RT (1 — vy (72, p)) (©6)

is the velocity vector in the body-fixed coordinate system
relative to the airflow, a = atan2(vy ., vp ) is the angle
of attack, 8 = atan2(vpy,vp,,) is the sideslip angle and
v = cos Y (—I71rT Re,) is the angle between the tether
vector and the flight systems upward orientation unit vector,
which we constrain to avoid the collision of the flight system
with the tether. We collect all nonlinear and linear state and
control constraints as

hmin S h(.’L’, va) S hmax (73-)

Lmin S X S Tmax (7b)

Umin S u S Umax (7C)
56
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Figure 4: Closed-loop simulation

2.5 Measurements

We assume that the flight system is equipped with sensors
that provide the measurements

,
,’l.

w
[[vp |2
RT(iﬂ' —ag)
F

g(x,Z,p) =

including an GPS measurement of position and velocity, an
IMU measurement of angular velocity in the body frame, an
airspeed measurement, an IMU measurement of acceleration
in the body frame, as well as a measurements of the tether
force. Here, a;, = [0,0,9.81]"m/s? is the gravitational ac-
celeration in the NED inertial frame. The measurements are
summarized in Table 2 where we follow [7] for their standard
deviation values, except for the force measurement where we
assume a standard deviation of 1 N.

3 CLOSED-LOOP WIND PARAMETER ESTIMATION

In order to estimate the wind parameters p in online oper-
ation of the tethered flight system, we consider the following
closed-loop approach visualized in Figure 4. The available
noisy measurements from the system, as well as the applied
control ug, are used by an Extended Kalman Filter (EKF) to
obtain both a state estimate Iy, Z; and an estimate for the
wind parameters pi. A Nonlinear Model Predictive Con-
troller (NMPC) generates a feedback control signal such that
the tethered system follows a pre-computed reference state
and control trajectories Z, Z, u. We assume that we obtain a
measurements every 9; = 10 ms, for which we obtain a new
state estimate from the EKF. The NMPC is sampled every
02 = 1067 = 100 ms and predicts N = 50 intervals into the
future, which corresponds to a horizon of Nds = 5.

3.1 Model Discretization

We discretize the continuous model as follows: For a dis-
crete time point ¢, on a time-grid with step size J, consider
the approximations xy ~ x(t;),zr ~ z(t;). We assume
that over a discretization interval ¢t € [tg,t; + 0], the con-
trol w(t) = wyg is held constant. The fully implicit index-1
differential-algebraic equation system (3) is integrated using
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an implicit Runge-Kutta scheme with a collocation Gauss-
Radau ITA method which is well-suited for the stiff dynamics.
Since the last of the three collocation nodes is at the end of
the interval, the algebraic state zx; is uniquely determined
from the state values and does not depend on z;. We then
have the discrete deterministic model:

0 = F5(Tht15 Zht15 Tk, U, D), 9

and, by incorporating measurements, the discrete stochastic
model:

(10a)
(10b)

0= F5(Tkt1, Zht1, Tk, Uk, D)
yr = 9(Tk, 2k, D) + Vk

Here, the measurement noise is vy ~ N(0, V') for whose co-
variance matrix V is built from the standard deviations given
in Table 2. Note that we do not consider any state noise.

3.2 Reference Trajectory Generation

For the tracking reference, we generate dynamically fea-
sible periodic state and control trajectories for the system
by formulating and solving an optimal control problem with
direct collocation where we use the simple constant wind-
model with p; = 90°,ps = 5m/s,p3 = 0/s,py = 0°/m.
We obtain the T-periodic references:

Z:R = R", Z(t+T)=1z(), (11a)
z:R— R", Zt+T) = z(1), (11b)
i:R— R"™, a(t+7T) = u(t). (11c)

Typically, we want the AWE system to follow power-optimal
flight trajectories [5], but the considered experimental proof-
of-concept system based on the Maverix flight system is not
intended to generate energy. Thus, we consider the objective
of a large, constant tether force as proxy for the objective of
producing power. We then design the optimal control prob-
lems cost accordingly such that we obtain a smooth circular
trajectory with radius ~ 50m that is tilted 30° to the east,
with almost constant tether force of ~ 50 N and a period du-
ration of 7' ~ 11s. We use slightly tightened aerodynamic
bounds to account for disturbances in the later online track-
ing.

3.3 Model Predictive Control Scheme

To exploit the wind field estimates in closed-loop oper-
ation, we employ an NMPC scheme equipped with the dis-
cretized dynamical model (9). At any time ¢y, we have the
NMPC horizon as the uniform time grid: ¢t =ty + kdo, k =
1,..., N with N = 50 intervals. Note that this grid is differ-
ent from the simulation time grid above. The controller tries
to track the pre-calculated reference trajectories by sampling
them as:

T = i’(tk), 2 = Z(tk), U = ﬂ(tk), (12)
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where the tracking cost terms are weighted by

Q = diag(Qasv Qza Qu)7
Qf = dlag(sz QZ)?

(13a)
(13b)

where the values of the diagonal matrices, given in Table 4,
are chosen to emphasize the tracking of the tether force vector
with small deviations in angular rates and flap controls. For a
given state and parameter estimate (%, Z, p) at some time g,
we then solve the NMPC problem:

2

. = xk—a:ck TN —IN 2
25 P> il I EXRE
vy ima Q
s.t. oo = &, (14b)
z0 = %, (14¢)
0= Fs, (Tk+1, Tk, (144d)

Vk € Kn-1,(14e)
Vk € Kn-1, (14f)
Tmin < Tk < Tmax, Vk e Ky, (14g)
hmin < h(xk, 2k, D) < hmax, ¥k € Kn (14h)

Zk—i—l,ukap)a

Umin S U S Umax;

where Ky = {0,1,...,N} and Ky_; are index sets and
we re-introduce the discrete states g, 2, ug for the NMPC
problem. The control and state constraints are enforced as
hard constraints, while the nonlinear constraints are imple-
mented as soft constraints with slack variables and an associ-
ated penalty to improve problem feasibility. We solve prob-
lem (14) with the fast embedded NMPC solver acados [16]
in combination with the CasADi [17] framework, where we
use the advanced-step real-time iteration scheme [18] with a
single sequential quadratic programming (SQP) step per sam-
pling instant. The solver is configured with a Gauss—Newton
Hessian approximation and a partial-condensing quadratic-
program solver “HPIPM” [19]. The first computed control
uy is then returned to the plant as the closed-loop feedback.

3.4  State and Wind Parameter Estimation

The dynamics of the system (3) contain algebraic condi-
tions as well as consistency conditions that need to be sat-
isfied by the state estimates, for which a conventional EKF
implementation is not suitable. Instead, we follow [20] for
details on EKF estimation with index-1 DAE systems. For the
estimation of both the state and the wind field parameters, it
is convenient to augment the state vector and dynamics with a
parameter state p = 0 as 2% = [z, p|]T € R"=*+"»_ Addition-
ally, we can explicitly split the fully implicit index-reduced
DAE into differential and algebraic parts. We then obtain the
model in semi-explicit form:

= gde(xa7 Z, u)7

0= fag(z®, 2z, u).

(15a)
(15b)
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The state update based on the linearization of the function
g might violate the consistency conditions. To counteract
this, we also augment the measurements with a pseudo-
measurement of the consistency conditions following [21],
similar to [22]:

g(x,z,p)
=gt = | o) (16
cr(x)

For the EKF prediction step, we propagate the current
(augmented) estimates iil i 2k|k Of the differential and al-
gebraic states using the implicit Runge-Kutta integration
method on the dynamics (15) similar to Equation (9) to ob-
tain predicted ¢ 1k Zk+1)k- In order to propagate the un-
certainty covariances of both the augmented differential state
and algebraic state P, € R(=tnptnz)x(natnpy+ns) e |in-
earize the semi-explicit DAE at the current estimate:

Ofode  Ofode
A= |G o] a7
oz 0z

B oo Bk kUK

and with ¢ = exp (AtA) we propagate the covariance matri-
ces as:

Pyt = 0Pypd +TWTT (18)
where
HnIJrn
r=|_ (falg)—f O Fure (19)
Oz oxe

B oo Bk kUK

and where IV is the covariance matrix of the augmented state
noise with values from Table 3. For the EKF update step, we
correct the differential state estimate

i T
|:Ak:+1k+1:| — |:Ak:+1k:| (20)
Rk+1|k+1 Rk+1|k

+ Kit1 (yg-i-l - ga(jz+1|k?2k+l|k)) 21

with the measurement augmented with the zero pseudo-
measurement for the consistency conditions as yy,, =
[Y11,0,...,0]". The covariance matrix is updated as

Popajpr1 = (U= Ke11Grg1) Prsaje (22)

based on the Kalman gain

—1
Ky = (Pk_+11|k + Gngle_lG;chrl) GiaVit (23

with the linearization of the measurement function G41 =
Bg“ ~a ol
3(@,2) (Ik+1|k7 Zk+1|k)-
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Figure 5: Convergence of the wind parameter estimates dur-
ing the closed-loop simulation

4 SIMULATION EXPERIMENTS

To demonstrate the approach, we perform a simulation
of the closed-loop system where the tethered flight system
should follow the generated circular tilted reference. In the
scenario, the wind conditions are the same as in the reference
generation at first, but after 18s, the conditions jump to a
more complex wind field:

[90°,5m/s,0/s,0°/m] " fort < 18s
[100°,4m/s, —0.06/s,1°/m]"  fort > 185
(24)

p(t) =

where the wind speed drops by 1 m/s] and there is now both a
gradient in the speed and in the direction. We draw an initial
state estimate from distribution: &§ ~ N (x§, Py) where the
EKF’s initial covariance matrix Fp is given from the value in
Table 3, and the simulation’s initial value is given by z§ =
17(0), p(0)] T

Figure 5 shows the wind field parameter estimates, which
closely follow the true values. Figure 6 compares the sim-
ulation with the tracked reference trajectory. The state that
are supposed to be tracked by the NMPC (e.g.z-position and
tether force) closely follow the reference. In the first few sec-
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Figure 6: Comparison between implemented simulation and
the tracking reference

onds after the wind field changes, the wind-field estimate is
not converged yet. Since the tether force is very sensitive
to the wind conditions, the NMPC struggles to maintain the
tracked tether forces (second plot in Figure 6) at first but later
compensates for the wind conditions by increasing the peak
forward velocity (third plot). After the wind field estimates
have converged to the new conditions, the nonlinear aero-
dynamic envelope constraints remain satisfied (bottom three
plots in Figure 6), even though perfect tracking of the refer-
ence is no longer achieved.

5 CONCLUSION

In this paper, we outlined a closed-loop estimation ap-
proach of the parameters of a shear and veer wind field model
for an airborne wind energy system operating in periodic cir-
cular orbits. In a simulation of a proof-of-concept setup with
the ‘Maverix‘ flight system, we can accurately estimate the
wind field parameters. The NMPC scheme utilizes these es-
timates to satisfy nonlinear flight envelope constraints while
still tracking the reference trajectory.
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A

TABLES

Table 1: Nonlinear and linear state and control constraints

Table 3: EKF State Noise Weight and Initial Covariance Val-

State | Process Noise o | Init. Cov. o ‘ Unit
r 0.01 1 m

T 0.1 0.5 m/s
R 0.01 0.1 -

w 0.1 0.05 rad/s
&n 0.1 0.1 rad
Oy, O] 0.1 0.05 N

D1 0.01 0.01 m

D2 0.05 0.1 m/s
D3 0.005 0.01 m/(sm)
j 0.002 0.01 rad/s

Constraint - Nonlinear | Min | Quantity | Max
Longitudinal vel. 12m/s Vb 20m/s
Lateral / vertical vel. —7m/s | Upy,Ub, | 7Tm/s
Angle of attack —8° o 15°
Sideslip angle —15° B 15°
Tether force ON |Fy -
Tether collision - v 90°
Constraint - Linear | Min | Quantity | Max
Angular velocities —1lrad/s | wy,wy,w, | lrad/s
Aileron angle £ —25° 13 25°
Elevator angle n —32° n 32°
Thrust forces ON O, 0] 20N
Elev./Ail. rates —25°/s £ 25° /s
Thrust force rates —5N/s Or, 0y 5N/s

Table 2: Available Measurements, comp. [7]

Measurement ‘ Quantity ‘ o ‘ Unit
GPS position r 0.1 | m
GPS velocities T 0.6 | m/s
Angular velocities w 0.02 | rad/s
Airspeed lvb |2 1 m/s
Accelerations R" (¥ —a,) | 0.05 | m/s?
Tether Force || 1 N
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Table 4: NMPC State and Control Weights

State/Control | Value | Unit

r 0.001 | 1/m?

P 0.1 | s¥m?
R 1 -

w 50 | s%/rad?
& 0.001 | 1/rad?
or, O 0.001 | 1/N?
z | 50 | m?N?
13 1 s?/rad?
7 1 s?/rad?
Gy 100 | s?/N2
& 100 | s?/N2
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