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Abstract. Rotary Airborne Wind Energy Systems (RAWES) are networks of wings that act
as flying wind turbines. The power extracted from the wind can be transmitted to ground-
based generators through open tensegrity structures. In recent years, there have been different
approaches to the topology of the Tensile Rotary Power Transmission (TRPT) and prototype
designs are often driven by trial-and-error. This paper proposes a steady-state model with
numerical optimisation to accelerate the development and prototyping of AWES by supporting
the evaluation of new design concepts.

The coupled steady state model uses aerodynamics and structural dynamics to analyse the
AWES performance. A novelty is, that the model includes both cross-wind pressure drag and
axial friction drag acting on the tethers and frames in the tensegrity structure. Validation of
the model has been achieved using data from field measurements of two prototypes.

In conclusion, using the proposed optimisation, RAWES with TRPT can be designed to
maximise power density, coefficients of performance or power harvesting factor. While RAWES
will not be able to outperform conventional wind turbines, they have the potential advantages in
niche applications due to reduced costs and simplified logistics resulting from reduced material
usage.

1. Introduction

The rapid expansion of wind energy, necessary for a sustainable energy transition, faces
significant challenges, including limited wind resources, public acceptance and supply chain
issues.

Airborne Wind Energy Systems (AWES) may present a solution for these problems. Good
introductions to AWES technology and its related literature can be found in [1, 2] and [3]
respectively. In general AWES consist of flying wings that are tethered to the ground, thus
making towers of conventional wind turbines obsolete. Thereby AWES can reach higher altitudes
with better wind resources, reduce material usage and potentially decrease visual impact.

Within the field of AWES, there are a wide variety of different concepts, the most common
being kites harvesting power through a pumping cycle [1]. This article investigates the less
common fixed ground station Rotary Airborne Wind Energy Systems (RAWES) with Tensile
Rotary Power Transmission (TRPT) where the lift is provided by the rotors autogyro effect and
optionally a lifter kite [4, 5] (Figure 1).

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1
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Wind

Figure 1. Overview of Daisy Kite
Ground Station as example for RAWES concepts.

A lifter kite (marked black) provides uplift and tension to help maintain a steady operating
height and tether tension. The lifter kite does not rotate, in contrast to the rest of the TRPT
system. One or more rotors, consisting of airfoil blades (dark blue) attached to a polygon frame
(red), convert wind power to mechanical power by inducing a torque to the system. A set of
tethers (blue) and rigid frames form the TRPT and transfer the rotational power from the rotors
to the ground station (green) like a soft shaft. While the rigid frames can withstand compression
loads, the tethers need pretension. The more torque is applied, the higher is the deformation
angle between neighbouring frames and the whole tensegrity system becomes shorter. The ratio
between applied torque and tension along the rotation axis should not exceed a certain limit,
otherwise the tethers between neighbouring frames twist up and fail to transmit any significant
power [6, 7]. Meanwhile the rotation of the tensegrity system causes aerodynamic drag opposing
the torque from the rotors. Lastly the ground station contains an electric power generator with
speed or torque control.

Within this category, several RAWES concepts have been developed, diverging in their take-
off and landing strategies as well as in their size and number of blades, tethers and frames
4, 6].

This paper presents a methodology for modelling the steady-state operation of different
concepts and optimising the component sizing. This will allow a better comparison between
concepts and a faster evaluation of new concept ideas. System dynamics as well as take-off and
landing strategies are not part of the analysis.

2. Modelling

Aerodynamics

Interior-Point Objective Value
Optimisation
I e e e e e e e e e e e e e e e e e e e e e e e e e e e e = ———— 1
' TRPT |
| / Aerodynamics :
Initial Design 1 .
Variables | | TRPT Shape ,
1 Structural Ground :
: 1 Fixed Point Iteration Analysis _— Station :
Parameters | m————| Wi n.d 1
| Profile :
| T~ | Rotor ' Figure 2. Block
1
1

diagram of opti-
misation model.

Objective Function

An overview of the model architecture can be seen in Figure 2. The model is fed a set of
parameters describing the RAWES concept features (e.g. the number of tethers and frames in
the TRPT sections) and other fixed assumptions (e.g. rated wind speed, corresponding reference
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Table 1. List of parameters for concept features and design variables.

doi:10.1088/1742-6596/2626/1/012011

Symbol Description Unit

g Number of tethers per tensegrity segment -

ny Number of polygon corners per frame -

nR Number of polygon frames -

g Number of rotors -
Concept Parameters mny Number of blades -

Uref Rated wind speed m/s

T Assumed lifter tension N

hrey Reference height for v, m

P Wind shear exponent -

P Air density kg/m?

Ryot, R2, ..., Rgenn, TRPT frame radi m

Ly, Lo, ..., Ly TRPT tether length m
Design Variables Iy Blade length m

15} Elevation angle of rotation axis °

« Blade pitch °

A Tip speed ratio -

height and air density) as listed in Table 1. Further, a set of Initial Design Variables is defined as
input, describing the operating conditions (e.g. tip speed ratio, pitch angle and elevation angle)
as well as the TRPT dimensions (e.g. tether lengths, frame radii and blade length).

These design variables are subject to change by Matlab’s interior-point optimisation algorithm
fmincon. The full optimisation problem including the constraints preventing failure in the TRPT
can be defined as follows, with a comprehensive explanation given in [8]:

Ming r, 81,03 —Fa
s.t. 0 < 567 i
0i < Otim,i

for Lt,i > Rl,z’ + Rzﬂ‘ and Vi € np — 1
for Ly; < Ri;+ Ro;and Vi eng — 1

Rrot + lb < Z (LS) SZTL(B) + Rgen

Rrot > %

Rp < R < Ry
Ly < Lt < Ly wh
B < B < Bu
lo,in < Iy < lp, wh
ap < o < Oy

Ap < A< A

The objective value can be set as the systems Power Density defined as P; =
Coefficient of Performance C), = %ﬁtpt or the Power Harvesting Factors ¢ =

Pout
Pyrade

Pout
Mot

the

, where P,,; is

the generated electrical Power output, my. is the total mass of the system, Pyyept is the potential
wind power available within the rotors swept area and P4 is the potential power available in
the total blade area. The different objective values were chosen as they set the power output in
the context of critical design factors like material cost, space usage and blade size.
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The objective function is a full system analysis, performed in several iterative steps.

(i) TRPT Shape - The angular deformation of the tensegrity system is determined by its
dimensions and the forces acting on it as seen in Figures 3. In the first iteration the force
parameters have to be estimated. The resulting angular deformation ¢ (Figure 4) determines
the length of the TRPT segment L, and thereby the operational height h of the rotor and
the TRPT segments.

nr—1
h=sing \/ng — R}, — R3, 4+ 2R1; Ry cos d; (1)
i=1
05 :
— Frame —L/R=2
—— Tether ——LR=25
""" Rotation axis 04 L/R=5

O Critical deformation

0.3

Q/T [m]

0.2 S
/ v

0.1 o

0 50 100 150 200
o[

) ' Figure 4. Transmitted force ratio
Figure 3. Angular  deformation and over deformation angle § in one
dimensions of one tensegrity segment. tensegrity segment.

(i) Wind Profile: Wind speeds are calculated at the rotor and each TRPT segment,
depending on their height, following a power law distribution with respect to a given rated

wind speed, v, = Uref(zzf )¥

(iii) Rotor Aerodynamics: The rotor power and forces are modelled using the BEM analysis
of NREL’s AeroDyn tool [9]. Pitt and Peters tilt correction is used to compensate for
the cosine losses due to the rotors tilt angle which is equal to the elevation angle of the
rotational axis relative to the ground.

(iv) Structural Analysis: A structural model determines the necessary cross-sectional area A
and diameter d of the tether and frame components within the tensegrity system, based on
static analysis with additional safety factor SF' to avoid structural failure due to the axial
forces Fiuiq; though centrifugal forces as well as buckling effects are not included.

A= Fazial SFE (2)

o
The system dimensions are further used to calculate the mass of the lifter kite, rotor, TRPT
and ground station. The sum of these is the total mass M.

(v) TRPT Aerodynamics: Tulloch developed a procedure to calculate the aerodynamic
resistance of the TRPT tethers Py, ¢, considering their viscous and pressure drag C,q and
Cpq due to their relative wind speed [6]. In this model, Tulloch’s procedure was adapted to
additionally identify the power loss due to the drag acting on the frame components P, ¢

2

1 [l o2 9 wRpp .
Pioss, f :nf%/o /0 wWRppvylppdymnyCpa, o + sin(6;)cos(B) | dbidly,  (3)

The full derivation of Equation 3 can be found in Wacker’s master thesis [8].
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(vi) Ground Station: If the calculated forces from the rotor and TRPT aerodynamics show
a sufficiently small change compared to the previous iteration, such that AF < 0.1N, the
resulting torque and rotational speed are converted into the electric power output under
consideration of a predetermined generator efficiency, Pout = (Prot — Ploss,f — Flosst) Tgen-
This is then used to return the objective value to the optimiser.

3. Parameter study

The design variables of interest are the shape and dimensions of the tensegrity system, as well
as the rotational speed and pitch angle of the rotor blades. A parameter study was carried out
over these variables to evaluate different trends for successful designs and concepts.

The parametric analysis investigated the impact of several parameters and design variables
on the power performance with respect to the Daisy Kite base case. It was shown in [8] that for
the given wind shear profile and the Daisy Kite length an angle of 23° yields the highest output,
however, this might change depending on the system size and shear exponent. When compared
to the same rotor without yaw, the cosine losses amount for 8% of the potential energy in the
wind.

One of the more interesting results is that tensegrity systems with double-helix design (where
ng = ny = 2) have a significant reduction in drag losses compared to TRPT designs with
increasing number of tethers and polygon sides, as seen in Figure 5, but comes at the cost of
operational stability, because turbulence in the wind can disturb the tethers pretension, causing
entanglement.

390 100
\ —C
p, rot
380 | | IrrPT
\ 80 "
\ gen
370+ Cp, combined
— 60
=360 =
= a
3 6]
Q 3501 40t
340 f - .
20+ -
330
300 i i i A i ; i : N 0 L L L L L L
2 4 6 8 10 12 14 16 18 20 3.5 4 4.5 5 5.5 6 6.5 7
Number of Polygon sides [-] A
Figure 5. Power output over number of Figure 6. Power transformation and transfer

tethers and frame corners. efficiencies over tip speed ratio.

Another result, seen in Figure 6, shows the impact of the 3-bladed rotors tip speed ratio A on
the rotors coefficient of performance Cp, ro¢, the TRPT efficiency 7.5, the generators efficiency
Ngen as well as the combined coefficient of performance C), = Cp, rot1;pprgen- The drag losses in
the tensegrity system are proportional to w?, therefore 7., rpr decreases rapidly. C, os however
peaks around A = 6, such that the resulting combined C}, peaks around 4.5.

4. Results

As the following sections will show, the numerical model of the objective function has been
validated against experimental data from the Daisy Kite by Windswept and Interesting [4] and
MARI1 prototype by SomeAWE Labs [10]. Then some optimisation studies were conducted to
see how these designs could be improved.
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4.1. Daisy Kite

Figure 7 shows a Daisy Kite prototype in operation. During field tests of the modelled Daisy
Kite, with TRPT version 4 and 3 rigid rotors at A = 5, the power output was measured around
150W, with a large standard deviation of 70W [6]. The corresponding wind speed was 5.3m/s
measured at 5m height with a standard deviation around 1.1m/s. Unfortunately these conditions
do not allow for a precise comparison. But the experimental results indicate that the model,
with power output of 164W and an estimated error of 9%, is within the reasonable range.

. _ _ Figure 9. Optimised Daisy
Figure 8. Daisy Kite (esign with TRPT shape for

Figure 7. Sketch of Daisy

Kite dimension for TRPT 1.0 case Model with Pi = maximum power density of

Version 4 prototype [6]. 16.1W/kg. Py = 52W/kg

The results for the model in Figure 8 can also be compared to Tulloch’s simplified steady-state
model. A good metric for comparison is the power transmission efficiency which was reported by
Tulloch as nrrpr = 88.6% and obtained here as nrrpr = 73.0%. This decrease in efficiency is
expected, as the tether drag accuracy was improved and the frame drag was newly implemented.
For this particular TRPT shape Py, f ~ %.

When running the optimisation of the Daisy kite base case, the solver encountered the
problem that the objective function with respect to the 29 design variables exhibited several
local minima. The problem could have been tackled with different optimisation algorithms or
normalised design variables. However there was a pattern found in several local minima, which
hold some lessons about the limitation of this design.

Given the dimension of the Daisy Kite base case, Figure 9 shows the optimisation result
after 27 iterations with 360 function calls with an optimality value of 7.3 - 10719, Besides these
statistics hinting towards a successful optimisation, the result is only a local minima. It seems
like the solver increases the frame radii to reach higher altitudes. However it is unclear why the
frame below the rotor is so slim. One theory is, that the weight contribution of the rotor, lifter
and ground station are so much larger, that the additional frame mass due to high forces is not
very important.

Compared to the base case, the power density increased by a factor of 3.2 while the power
output was increased by a factor of 7.6. So the design was certainly improved although not in
an intuitive way.

4.2. MARI

SomeAWE Labs’ MARI1 design, as seen in Figure 10 uses 0.5m long rods as frames, crosswise
connected by 0.5m long tethers. With a total of 80 TRPT segments, the system is longer than
the Daisy Kite prototypes. A test at 10m/s wind speed with a tip speed ratio of 3.2 resulted in
a power output of 364W or C, = 0.1 [10].
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Figure 10. Picture of MARI Figure 11. MARI1 base-case Figure 12. Optimised MAR1
prototype [10]. model with Py = 45W/kg. design with P = 85W /kg

When applying the MAR1 dimensions and operating conditions to the steady state system,
a power output of 337W is obtained, suggesting C), = 0.1 and the error of this model compared
to the measured data is 7.4%.

However, the AeroDyn tool limits the the number of blades in the model to 3 blades per
rotor, while the MAR1 prototype uses 4. Rotors with more blades have a lower tip speed ratio
A, so A of the 3-bladed MAR1 model was optimised to 4.19, resulting in a power output of
393W, with Cp, = 0.12 and P; = 45W/kg. The error compared to the measured data is 7.97%,
which might be due to inaccurate wind measurements, or simplifications made in the model.
For example, the prototypes frame joint shape and details of the rotor frame are neglected in
the model. The optimisation result yielded first order optimality values in the range of 10719,
giving some confidence in the success of the optimisation. When repeating the optimisations
with different initial conditions, the same result was achieved, suggesting that the solution is
a global minimum. The frame radii of the result are very close to its lower bound of 0.1 m,
forming a long and slim TRPT. as seen in Figure 12.

4.3. The Pyramid

The Pyramid concept developed by Read, Tveide and Tulloch [11] uses only one TRPT segment
with triangular frames. The concept is not tested yet, but the physical limitations can be
described by the critical force ratio of the TRPT, which was plotted in Figure 4.

The Pyramid has only one TRPT segment, three tethers and no lifter kite. First, the Pyramid
design is optimised with respect to power density P,.

The optimised design seen in Figure 13 reaches 12.4kW power output with 4.3m long blades,
an average rotor radius of 20m, 45m long tethers, and a ground station that is at least 6m high.
With A = 4.88, the rotor’s speed is greater than the optimum efficiency of the Daisy design,
because the drag contribution from the TRPT is smaller and the tip radius is much bigger. This
trend can also be seen in conventional wind turbines.

When the objective value in the optimisation problem is changed to the systems coefficient
of performance Cp, the resulting design keeps similar tether length and frame radii as in Figure
13, but reaches the upper blade length limit of 10 m and has a power output of 57.4 kW.
The increased C), of 0.25 comes at the cost of a significantly reduced power density and power
harvesting factor.

Despite having a 10m large (and therefore heavy) tower as ground station (Figure 14), the
systems mass is dominated by the rotor. This suggests that lightweight hallow carbon composite
blades will outperform foam blades which are used for most prototypes.

The last optimisation was made with the power harvesting factor { as objective value. The
resulting system (Figure 15) has a maximised ¢ of 5.4, producing 22.7 kW with blades of 5.2 m
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Figure 13. Optimisation Figure 14. Optimisation Figure 15. Optimisation
results for the Pyramid design results for the Pyramid design results for the Pyramid design
with objective value Pj. with objective value C),. with objective value (.

length. The power density is fairly high at 35 W/kg. The coefficient of performance is 0.16.

4.4. Summary
A summary of the Base Cases and the optimisation results is given in Table 2. All listed results
are based on the same wind profile and are thus comparable.

Table 2. Summary of Optimisation Results

Concept  Objective Value P, Py ¢ Cprooms Cpirotor  Nprpr

Daisy base-case 168 16.1  3.31 0.23 0.3 0.79
Daisy Py 1282 52 4.8 0.18 0.27 0.68
MARI1 Py 405 85 2.66 0.23 0.29 0.84
Pyramid Py 11993 40 53 0.12 0.19 0.65
Pyramid ), 57443 18.62 4.2  0.25 0.31 0.84
Pyramid ( 22716 35 54 0.16 0.23 0.73

As reference, the highest measured power harvesting factor ever was ¢ = 8 [2] for the Makani
design, which used a large wing with onboard generation. Large conventional wind turbines
have reached C}, = 0.52 and an approximate ¢ = 5.5 [2]. Therefore the prototypes as well as the
optimised design perform worse than Makani power or conventional wind turbines when using
these metrics.

5. Discussion

It was shown, that with little adjustments, the proposed model can analyse, optimise and
compare different RAWES concepts and designs. This could be used to improve existing
prototypes, or analyse completely new concepts.

A parameter study was made to identify benefits of different operating conditions and concept
features. However, the theoretical considerations must still be supplemented with practical
aspects like stability as well as take-off and landing procedures.

It is not possible to determine an overall best RAWES design or concept, as this would depend
greatly on the specific set of operating conditions. However, the analytical expressions 1, 3 and
2 for height, tether drag and structural analysis suggest three key design principles to maximise
power output while minimising weight:



EERA DeepWind conference 2023 IOP Publishing
Journal of Physics: Conference Series 2626(2023) 012011  doi:10.1088/1742-6596/2626/1/012011

e Increase the rotors swept area and thereby the harvested power. This is achieved primarily
by increasing the rotor radius, but also by increasing the blade length.

e Keep the frame radii R small in order to reduce the TRPT drag P, o< R and the size of
the ground station.

e Streamline the frame radii and tether lengths of subsequent TRPT segments. This reduces
the forces in tethers and frames and thereby their required weight.

It was therefore surprising to see the first optimisation find solutions that do not follow these
principles. The risk of finding local minima is a weakness of the current model.

When scaled by a factor k, the power output of RAWES increases proportional to their area,
as well as the wind speed cubed, which increases with respect to the shear exponent such that
Pt o< k*T3¥ Mass however increases proportional to the cube of the scaling factor m o k3. It
is therefore to be expected, that the optimisation with respect to the power density Py = %’Zi
is biased towards smaller models.

The fact that the dimensions of the optimisation results do not tend towards zero, is due to
the lifter weight and minimum mass of the components (due to the lower bounds of the design
values) forming a minimum system mass, similar to fixed costs. As the optimisations indicate,
the optimised designs increase their power production through higher elevation and bigger rotor
radii, before this growth is limited by the rapidly increasing blade mass.

Optimisations can be a very effective tool for identifying high performance design
configurations for RAWES. The optimisation should however never be the only design criteria as
it is based on various assumptions and limitations. Most importantly, the assumption of steady
state, with the TRPT and rotor being in a static equilibrium. This assumption neglects dynamic
effects like turbulent wind and internal vibrations. The increased stress due to such dynamic
effects is compensated in the steady-state model by applying a safety factor to the cross-sectional
areas of tethers and frames (Equation 2). However, the steady state model cannot detect if a
certain operating point is unstable due to dynamic effects and assumes constant rotational speed
and elevation angle throughout the system. When modelling the TRPT as a multi spring disc
model, Tulloch found that the internal vibrations are not insignificant. The TRPT stiffness
for example causes a positive feedback loop in response to fluctuations in the wind, potentially
leading to resonance [5].

The TRPT frames are assumed to rotate in parallel planes with a common axis of rotation. In
practice, the weight of its components causes the TRPT network to form a catenary shape. This
can create cyclic slack in the rotating tethers, increase fatigue and will effect the final elevation
angle of the rotor [6]. The effect is stronger for long TRPT networks and can be minimised
through lightweight materials and high axial tension.

It is common that prototypes are build at different scales and tested at different wind
conditions, so the power output alone is not a good comparison. Metrics for the efficiency like
the Power Harvesting Factor ¢ or the coefficient of performance C), provide useful information,
can however not show at what cost this efficiency is achieved. For that, the LCOE would be the
best metric, but the necessary data is location dependant and often not available during early
development phases.

For a reasonable comparison, different concepts have to be optimised for the same set of
external conditions and evaluated based on their resulting power density. Table 2 shows a list
of different optimisations and their results, given the same wind shear profile. It is difficult to
identify a clear correlations between the metrics for power output, power density, coefficient of
performance and power harvesting factor.

In terms of power density and combined efficiency, the optimised MAR1 design outperforms
the other results, except the pyramid design that was specifically optimised with respect to C,.
The designs do not perform as well as conventional turbines. However, looking at the power
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output and efficiencies might not always be a fair comparison. A modern 2 MW turbine has
blades that weight around 11.3 tons resulting in a power density of 60 W/kg, without even
counting the nacelle, tower and foundations. It is shown here, that optimised RAWES can
perform in the range of 40 to 85W /kg despite considering the total system weight. Assuming
the ground station and nacelle scale equally with power, RAWES would allow material savings
corresponding to the weight of conventional turbine towers and their foundation.

6. Conclusions

In conclusion, the proposed steady-state model and optimisation can be a useful tool to find
the best structural design for different RAWES concepts at specific rated wind conditions.
Depending on the preference, the optimisation can be used to maximise the systems power
density, coefficient of performance, or power harvesting factor. In the best case scenario, all
three metric could be used to quickly evaluate new ideas, or to rate the potential of different
concepts.

7. Further Work

Further work on this model could improve the rotor efficiency by including different degrees of
twist along the blade and by including control schemes, like cyclic pitch as done by someAWE
Labs [11].

For open center rotors with relatively small wings compared to the tip radius the Prandtl
model does not perform very well [12]. New approaches, like Shen’s tip loss model have a lot of
potential and should be further validated in combination with yaw correction.

In general, the dynamic analysis of AWES in turbulent flow poses a major gap in current
research. This includes both time marching results along with eigen frequency analysis to assess
stability.
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