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Abstract— Airborne wind turbines (AWTSs) represent a radi-
cally new and fascinating concept for future harnessing of wind
power. This concept consists of realizing only the blades of a
conventional wind turbine (CWT) in the form of a power Kkite
flying at high speed perpendicular to the wind. On the kite
are mounted a turbine, an electrical generator, and a power
electronics converter. The electric power generated is transmitted
via a medium voltage cable to the ground. Because of the high
flight speed of the power Kkite, several times the actual wind
speed, only a very small swept area of the turbine is required
according to Betz’s Law and/or a turbine of low weight for the
generation of a given electric power. Moreover, because of the
high turbine rotational speed, no gear transmission is necessary
and the size of the generator is also reduced. For takeoff and
landing of the power Kite, the turbines act as propellers and
the generators as motors, i.e., electric power is supplied so
that the system can be maneuvered like a helicopter. In the
present work, the configuration of power electronics converters
for the implementation of a 100 kW AWT is considered. The
major aspect here is the trade-off between power-to-weight
ratio (W/kg) and efficiency. The dependence of cable weight
and cable losses on the voltage level of power transmission is
investigated, and a comparison is made between low voltage (LV)
and medium voltage (MV) versions of generators. Furthermore,
the interdependence of the weight and efficiency of a bidirectional
dual active bridge dc—dc converter for coupling the rectified
output voltage of a LV generator to the MV cable is discussed.
On the basis of this discussion, the concept offering the best
possible compromise of weight and efficiency in the power
electronics system is selected and a model of the control behavior
is derived for both the power flow directions. A control structure
is then proposed and dimensioned. Furthermore, questions of
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electromagnetic compatibility and electrical safety are treated.
In conclusion, the essential results of this paper are summarized,
and an outlook on future research is given. To enable the reader
to make simplified calculations and a comparison of a CWT
with an AWT, the aerodynamic fundamentals of both the systems
are summarized in highly simplified form in an Appendix, and
numerical values are given for the 100 kW system discussed in
this paper.

Index Terms— Airborne wind turbine (AWT), multiobjective
optimization, power electronics, renewable energy, wind power.

I. INTRODUCTION

IND power and solar thermal energy are currently the
Weconomically most viable forms of renewable energy.
For the conversion of the kinetic energy of wind into electri-
cal energy, ground-based windmills with horizontal axis are
generally employed. The generator, driven by the rotor blades
via a gearbox, and the connected power electronics converter
for coupling to the grid are housed in a nacelle at the top
of a tower. The tower height is dimensioned according to the
length of the rotor blades and/or the power of the windmill
since according to Betz [1], the maximum power that can be
extracted from the wind is given by

8
Pri= ﬁpATvéy (1)

(cf. Appendix A.l), where At is the area swept by the rotor
blades, p the density of air, and vw the wind speed. Windmills
of high power hence require high towers and overall a very
large fraction of mechanically supporting parts at high cost.
For example, even a very small windmill with 100 kW output
already involves an overall weight of the tower of 18 t,
whereby the weight of the nacelle is an additional 4.4t and
that of the rotor blades 2.3 t (3-blade rotor, wr = 47 rpm,
dimensioned for ow = 13 m/s). This fundamental limitation
of CWTs and the lower ground friction and hence increasing
wind speed vw and constancy with increasing altitude & given
by

A\
ow(h) = vy (h_*) 2

(h* and oy, are a reference height and speed, and
og = 0.1...0.6 is the Hellmann’s exponential, depending on
the ground surface and vertical temperature gradients) have led
to the suggestion of radically new concepts for wind energy
exploitation, based on initial considerations by Loyd [2].
The basic idea here consists of implementing only the blades

2168-6777 © 2013 IEEE
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Fig. 1. Dependency of the maximum output power Pr; of a wind turbine
on the area AT swept by the rotor blades and the wind speed vy [cf. (1)
and (71), parameter cp = cp; = 0.59].

Fig. 2. Demonstrator of an AWT system of Joby Energy [3].

of the windmill in the form of a power kite flying at high speed
perpendicular to the wind, thus avoiding the entire mechanical
support structure of conventional windmills. The ideas go as
far as exploitation of the wind energy in the Jetstream at an
altitude of 10’ 000 m with wind speeds of up to 50 m/s
(compared to typically 10 m/s near the ground) and/or a
125-fold higher power density (W/mz) according to (1) com-
pared for example to ow = 10 m/s. However, also an increase
in ow by only 25% already results in a doubling of the power
density (cf. Fig. 1).

Now, the technical challenge of this fascinating concept
consists in transmitting the wind power to the ground. For
this purpose, two possible methods are discussed: on the
one hand, the power absorbed by the power kite could be
converted via a tether into torque on a tether drum situated on
the ground, which drives a generator. To suppress twisting
in the tether, the power kite is flown in a figure-of-eight
trajectory and the tether is unrolled by the pull of the kite;
in a recovery phase, the kite is subsequently turned out of the
wind, lowering the force acting upon it, and the tether rolled up
again. The cycle is then periodically repeated. The versions of
this concept, generally known as a pumping power kite, range
from direct conversion (SwissKitePower [4]) to carrousel-like
structures with several kites (KiteGen, Univ. of Torino [5], [6])
and Laddermill structures [7], whereby a significant challenge
is caused not only by the construction, but also by the
optimal flight control of the kite to assure maximum power
gain [8], [9].

Alternatively, the power kite may be equipped with a turbine
and an electric generator, together with a power electronics
converter, and the power is transmitted electrically to the
ground (cf. Figs. 2 and 3). Since the power kite flies at

OROBONO
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Fig. 3. Conceptual drawing of aerofoil and turbines of a 100 kW AWT
system of Joby Energy [3]; length / width: 11 m /1 m.
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Fig. 4. Comparison of the physical size of a conventional ground-based

100 kW wind turbine and an AWT of equal power output. For the calculation
of the given numerical values, please see Appendix A.S.

very high speed perpendicular to the wind, i.e., at several
times the actual wind speed, only a very small turbine area is
required according to (1) or a turbine of low weight for the
generation of a given electric power, compared with ground-
based systems (cf. Figs. 1 and 4). Moreover, because of the
high turbine speed, no gear transmission is necessary and the
size of the generator is also reduced.

For takeoff and landing of the power kite, the turbines
act as propellers and the generators as motors, i.e., electric
power is supplied so that the system can be maneuvered
like a helicopter. In general, flight trajectory control is here
also one of the challenges, whereby it must be said that
compared to a pumping power kite, where only mechanical
control is possible, a more direct control influence is available
via the generators/motors. This concept, generally known as
airborne wind turbines (AWTs), is being pursued by sev-
eral innovative companies such as Sky WindPower [10] and
Joby Energy [3]/Makani Power [11], partly supported by the
U.S. Department of Energy (DoE) and Google.

Investigations and demonstrations of AWT systems to date
have been mainly limited to the aerodynamic part, i.e., to the
aerofoils, the flight trajectories, the take-off and landing strate-
gies, as well as the generators, the connected rectifier/inverter,
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Fig. 5. AWT basic electric system structure.

and the cable for energy transmission (tether) to the ground.
This motivates an overall analysis of the electrical and power
electronics systems required for the implementation of an
AWT (cf. Fig. 5) in the present work, which also includes
the control aspect. Additional important topics such as system
redundancy/availability, failure handling, communication with
the base station, aerial surveillance, and wind monitoring
systems cannot be discussed in this paper for the sake of
brevity. Here, the main question, apart from the structure of
the power electronics system, is the voltage level of the power
transmission to the ground and in general the trade-off between
power-to-weight ratio (W/kg) (additional explanation cf. A.6)
and efficiency of the individual converter stages, since the
weight of the electrical system, including the transmission
cable, must be supported by the power kite. On the basis
of this analysis, favorable parameters can be determined
and the technical feasibility assured. A further motivation
is the multidisciplinary character of the subject, which is
of increasing importance for power electronics research at
universities. Furthermore, there exist close couplings of this
subject to current questions in the area of More Electric
Aircraft [12] and Smart Grids [13]—the power electronics
system of the AWT can be regarded as a Smart Pico Grid—
or in general to the multiobjective optimization of converter
systems [14], [15].

The analysis is conducted with the example of a demonstra-
tor system of Joby Energy with eight turbines on an aerofoil
made of composite material with an overall power of the
turbines (shaft) of 100 kW. The system is designed to fly
at 800...1000 m. To reduce the complexity, the system is
initially not considered as a whole, but divided up into main
functional elements, which are analyzed separately; the results
are then consolidated.

In an initial step (Section II-A), possible configura-
tions of power electronics converters are considered for the
conversion and collection of the electric power accruing with
variable rpm at the output of the generators for transmission
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Fig. 6. Selection of possible concepts of AWT power electronics. (a) and
(b) LV generators. (c) MV generators. (d) Possible structures of the ground
station power electronics and connection to the three-phase mains.

via a MV cable to the ground station. Based thereupon,
two main concepts are selected for more detailed analysis.
In Section II-B, the efficiency and weight of the MV cable
is investigated as a function of the operating voltage. Further-
more, low voltage (LV) and medium voltage (MV) versions
of the generators are analyzed and the weight and efficiency
of the two alternatives are compared. Further main points
are the analysis of suitably adapted rectifiers/inverters and
of a dc—dc converter for raising the rectified output voltage
of a LV generator to the MV level, considerations on the
choice of a reference potential, on electromagnetic compat-
ibility and electrical protection devices for assuring a high
system reliability. Then, in Section II-G, the results of the
analysis are discussed and a system structure favorable for the
implementation of the demonstrator is selected and parame-
terized. To assure the practical feasibility of the concept, the
control behavior of the system is modeled in Section III for
generator and motor operation, a control structure is proposed,
and the control parameters are chosen with regard to stability
and system dynamics. Finally, in Section IV, the essential
results of this paper are summarized and an outlook on further
research is given.

This paper is supplemented by an Appendix, which sum-
marizes the aerodynamic fundamentals of conventional wind
turbines (CWTs) and power Kkites in highly simplified form to
enable the reader to make basic calculations and a comparison
of the two concepts; finally, numerical values are given for the
100 kW system discussed in this paper.
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Fig. 7. Cross-section of the designed tether, showing its assembly with
a center-aligned strain relief core, six litz wire conductors with insulation
arranged around the core, and the tether protection jacket. An additional
insulation layer could be wrapped around all conductors.

II. POWER KITE ELECTRICAL SYSTEM

In the following, as a first step, possible structures for the
power kite electrical system are discussed; then the cable
connection to the ground and the subsystems for two main
concepts are analyzed. In conclusion, with regard to the overall
system and efficiency, the final system structure is selected.

A. Electrical System Structures

Because the AWT is planned to fly at 800...1000 m,
power transmission to the ground must be at MV in order to
assure low electrical losses at low weight, i.e., low conductor
cross-sections of the transmission cable. Here, only direct
current can be considered; a three-phase medium frequency
transmission would lead to high reactive currents owing to
the close proximity of adjacent conductors, and/or the high
capacitance of the cable; single-phase alternating current is
also eliminated owing to a power flow pulsating at twice the
frequency, and the weight of the additional capacitive storage
thus required.

Apart from the fundamental choice of the voltage level
(which will be discussed in more detail in Section II-B), it
is important to note that for determining the structure of the
electrical system, or the configuration of the power electronics
converters, apart from generator operation, motor operation
must also be managed for the takeoff and landing of the
AWT. All the converter stages must hence be designed for
bidirectional operation.

In order to obtain a high transmission voltage, direct series
connection of the intrinsically potential-free generator outputs
after rectification would be near at hand. Because of the
mostly different wind conditions and hence different power
and voltage generation of the individual generators and the
potentially required motor operation of individual machines
for control maneuvers, however, only a parallel connection of
the subsystems is possible. The only possibility remaining is
thus splitting the system into subgroups. Finally, the question
remains whether the entire airborne power electronics (includ-
ing the generators) should be designed for the transmission
voltage level, or whether power generation and rectification

1000 ——r—— 71— 17T T ]
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Fig. 8. Tether mass versus tether dc-voltage for copper (Cu) and aluminum

(Al) litz wire conductors for a fixed tether efficiency #1p, = 98.5% (1.5 kW
conduction losses at a power input of 100 kW).

should be done at low voltage. In the latter case, bidirec-
tional dc—dc converters must be provided for coupling to the
transmission cable, e.g., implemented as dual active bridge
converters with MV output.

Possible concepts are shown in Fig. 6, whereby (a) and (b)
are meant for LV generators and (c) for MV generators. For
Fig. 6(a), as an alternative, the power of all generators could
be collected via a LV dc-bus and only a single coupling
converter to the MV cable used. Splitting up as shown into
four coupling converters, on the other hand, offers higher
reliability and improved weight distribution over the aerofoil.
For the system shown in Fig. 6(b), the rectifier stages and the
coupling converters are integrated into individual single-stage
three-phase ac—dc converters with high frequency isolation.
However, the potentially lower weight of this system must be
set against a considerably higher complexity as compared to
Fig. 6(a). In addition, there is no possibility of, e.g., integrating
a battery storage for handling emergencies such as landing
during mains failure or rupture of the tether. For these reasons,
this system is not pursued further for an initial analysis.

If the generators are implemented with MV output, an
isolation in the coupling of the rectifier output to the MV cable
can be avoided. However, because of the required insulation
distances and the required implementation of the rectifier
as a multilevel converter (with a larger number of power
semiconductors, gate driver stages, etc.), a higher weight
for both the generator and the converter must be expected.
In order to be able to decide between LV [Fig. 6(a)] and
MYV generation [Fig. 6(c)], the main components for both
concepts will be dimensioned and then the efficiencies and
weights compared. Finally, the more favorable concept and its
operating parameters will be chosen.

At the ground station, the power must be fed into the
LV or MV grid at fixed voltage amplitude and frequency. In
contrast to the airborne part of the system, weight and volume
are here of secondary importance, so that a conventional
industrial converter system can be employed. Hence for the
sake of brevity, the power electronics implementation of the
ground station will not be discussed further. It should only be
pointed out that for coupling to the LV grid (400 V or 680 V
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Fig. 9. Efficiency versus power-to-weight ratio of the tether for copper (Cu)
and aluminum (Al) litz wire conductors at a tether dc-voltage of 8 kV.

line-to-line rms voltage), instead of a three-phase MV inverter
with a transformer at the output, the dc—dc converter used on
the aerofoil could be used with primary and secondary sides
interchanged and a downstream LV inverter [cf. Fig. 6(d)].
This concept would have the advantage of higher control
dynamics and would result in presumably lower realization
costs, however at a (slightly) lower efficiency.

B. Tether (Transmission Cable)

The tether represents a key element of an AWT power gen-
eration system. It retains the airborne part of the AWT system,
i.e., the power kite, to the ground and provides the electric link
between the kite’s local power network and the ground-based
power and control station, which is connected to the LV or
MYV grid. The requirements of the tether are demanding. Its
desired properties can be summarized as follows:

1) sufficiently high tensile strength and flexibility at a low
weight to minimize the impact on the power kite’s flight
performance;

2) fail-safe transmission of electric power under repetitive
mechanical strain to allow for high operational reliability
and minimum maintenance;

3) resistance to environmental impacts such as UV irradi-
ation, rain, or air pollutants in combination with water
(leading to acid) to enhance the system lifetime.

Based on the requirements, three main components of the
tether can be identified: a functional part that provides the
tensile strength, two or multiple electric conductor(s), and
a rugged outer protection jacket. The tether is comparable
with a custom rugged and light-weight power transmission
cable, where the most critical property is the weight. By
investigating the materials of commercial power cables, it
is found that the conductors, which are typically made of
copper (Cu) or aluminum (Al), have the highest share of
the weight. Thus, the cross-sectional area of the conductors
should be minimized to obtain a light-weight tether. This
can be achieved by increasing the operating voltage, in this
case the dc-voltage level. However, a higher operating voltage
requires also a thicker insulation, which may ultimately lead
to a higher weight again. This trade-off is the starting point
of the following analysis.

71
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Fig. 10. ~ CAD drawing. (a) LV machine. (b) MV machine with extra
insulation.

To begin with, the tether construction has to be defined.
One option is a design with coaxial electrical conductors
at the tether’s center. Synthetic fibers would then surround
the conductors and provide the physical strength necessary
to withstand the pull of the kite system at a low weight.
The disadvantage with a center aligned conductor (e.g., made
of copper litz wire) is that the copper may yield under load.
When the tensile force is relaxed, all parts of the tether behave
elastically and retract apart from the copper, which is ductile
and not elastic above 0.4% strain. The excess conductor length
after ductile deformation has nowhere to go, and thus buckles
and is likely to form a kink. A significantly better design is
to use wire conductors that are arranged in a helical path
around a center-aligned strain relief core. This provides the
wire conductors some axial compliance when the cable is
under tension or when load cycles are applied. A schematic
cross-section of the selected tether assembly (available, e.g.,
from [16]) is depicted in Fig. 7. An alternative highly flexible
cable construction, which is not further investigated here, is
described in [17] and [18].

The strain relief core is fabricated from aramid (Kevlar)
fibers providing a tensile strength Sis ar = 3.6 kN/mm?. Six
copper or aluminum litz wires with cross-linked poly-ethylene
insulation are considered for the conductors. An additional
insulation layer could be added by wrapping an insulator
material around the conductors. The outer tether protection
jacket is implemented using a combination of elastomer and
synthetic fiber layers (e.g., Hytrel thermoplastic elastomer and
Vectran fibers manufactured by DuPont). The material data of
the tether is summarized in Table I.

Firstly, the tensile strength of the tether needs to be deter-
mined. For that purpose, it is assumed that the power kite is
operated as shown in Fig. 42. The maximum force of the tether
Frn,max can then be estimated by

OW. r

1
2
FTh,max = ECLKPAK,effvw,rﬁ~
VOowr T Vw

Considering an effective kite wing area of Ag eff = 25 m?
including the mounting of the generator/motor units, the
maximum tether force yields to Frhmax =~ 22.5kN.
(The density of air is assumed with p = 1.225 kg/m?, the lift

3)
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coefficient of the kite wing with c g = 1.2, the wind speed
with ow = 10 m/s, and the relative wind speed acting upon
the kite wing with vw = 33.4 m/s.) The required diameter
of the aramid core d, including a safety factor of three, can
then be calculated to

3.4F
dC — ﬂ I~ Smm
ﬂts,Arn'

Next, the thickness of the cross-linked poly-ethylene conductor
insulation b; needs to be expressed as a function of the
insulation voltage V;. The required relation is given by

“)

bi = 0.0144 22 2 4 016942 .V, +0.40 mm  (5)
T kvz ot kv T

and is determined based on the insulation layer thickness of
commercial MV power cables for transportation systems [19].
The thickness of the tether protection jacket bj is assumed
with 3mm and is kept constant within the considered tether
parameter range. In order to determine the ohmic losses, the
litz wire resistance R, at 20°C is modeled as a function of
the wire diameter d,, and the wire length /,, using the data
from [20]

1.7877 - 10° 1 d, \ >0 S
Ry=—— il (=2 [c]==. (6)
mm m

o m

ly is assumed with the length Iy, of the tether. The remaining
design variables of the tether are the litz wire diameter dy, and
the dc-voltage of the tether, e.g., Vrn,1 at the connection point
to the AWT. The tether is now fully parameterized and the
optimal tether voltage can be determined by varying Vrp, 1.
Thereby, the resulting wire resistance of the tether Rty is
adapted such that the tether efficiency

2 2
Pro Vw1 — Pry i RT
Prn,1 VTzh, 1

h 2
HTh = >97% Rmh = §Rw @)

remains constant and above a predefined minimum value.
The ground-based power station with a dc-bus voltage Vrp 2
ensures that the positive and negative bus is referenced to
the ground potential by £V 2/2. This enables to design the
conductor-to-ground insulation for Vry, 2/2 only. The six con-
ductors of the tether are alternately connected to the positive
and negative bus to reduce the resultant tether inductance.

Fig. 8 shows the relation between the tether weight and
tether dc-voltage for copper and aluminum litz wire con-
ductors, assuming a tether efficiency of ntn = 98.5%. This
corresponds to 1.5 kW conduction losses at a tether input
power from the AWT system of Prp,1 = 100 kW and a tether
length of ITn, = 1000 m. The optimal dc-voltage of the tether
leading to the lowest weight is approximately 8 kV as can be
seen from Fig. 8. Aluminum wire conductors do not lead to a
weight reduction. Thus, the tether is designed for a maximum
nominal operating voltage of 8 kV using copper litz wires.
The resulting tether parameters are given in Table I. The outer
tether diameter equals to d, = 19 mm, requires a litz wire
diameter of dy, = 1.5 mm (corresponds to AWG 16), and has
a specific mass of m/,;, = 0.32kg/m.

TABLE I

TETHER MATERIAL DATA AND PARAMETER OVERVIEW

Property ~ Value Description

Bts, Ar 3.6 kN/mm? Tensile strength of aramid (Kevlar)
p 1.225mg/cm®  Density of air

PAL 2.8 ¢g/cm? Density of aluminum

PAr 1.45g/cm? Density of aramid (Kevlar)

PCu 8.9¢g/cm3 Density of copper

PPE 0.92g/cm? Density of cross-linked poly-ethylene
P 1.3 g/cm3 Density of the tether jacket

oAl 3.5-107S /m Conductivity of aluminum

OCu 5.96 - 107 S/m  Conductivity of copper

b; 1.3mm Thickness of the litz wire insulation
b; 3 mm Thickness of the tether jacket

de 5mm Strain relief core diameter

dw 1.5 mm Litz wire diameter

do 19.2 mm Outer tether diameter

Frrp s TOkN Tensile strength of the tether

ITh 1000 m Tether length

mln, 0.32kg/m Specific mass of the tether

VT’h’1 < 8kV Tether voltage at the AWT system
Chy 100 pF/m Specific tether capacitance

L, 360nH/m Specific tether inductance

R, ImQ/m Specific tether resistance

Finally, in Fig. 9 the tether efficiency is plotted versus the
achievable power-to-weight ratio yt, which is given by

2 2
Prn, 1 VTh,l - PTh,lRTh

2
Vh, 1M Th

PTh = (®)
These characteristics will be used later for the overall AWT
power generation system optimization and indicates that the
power-to-weight ratio should be selected below 0.4 kW /kg for
the considered tether design. Beyond 0.4 kW /kg, the copper
cross-section becomes too small leading to a steep drop in
efficiency, and the tether weight is then mainly determined by
the non-conductive materials.

C. Generator/Motor

1) Machine Type Selection: The electrical machine is
required to feature low weight together with high efficiency.
Permanent magnet synchronous machines or brushless dc-
machines are known to perform best compared to machines
with lower utilization factors such as induction machines and
switched reluctance machines or also brushed dc-machines
which in addition suffer from poor reliability and high main-
tenance effort.

Permanent magnet machines reaching highest efficiencies
are slotless type machines with air gap windings realized
in both radial and axial flux configuration, however, achiev-
able torque densities are smaller compared to their slotted
counterpart. A radial flux machine with slotted stator and an
internal rotor allows the stator mounted cooling fins being
exposed to the airflow and therewith enables very effective
cooling, for which reason it has also been chosen in [21].
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Therefore, the internal rotor configuration is analyzed in the
further investigation. The investigated machines use concen-
trated windings, which, despite a lower winding factor due
to shorter end windings, generally have lower copper losses
compared to motors with distributed windings [22].

For the LV machine, dual layer concentrated windings
are planned. For the MV machine, single layer concentrated
windings seem better applicable as the electrical insulation is
only needed between the windings and the stator core. No
extra insulation is needed between two different phases, as it
would be the case in a dual layer configuration. A conceptual
drawing of the two machines is shown in Fig. 10.

2) Electromagnetic Models: An analytical machine model is
used to perform a weight and efficiency optimization to finally
obtain optimal machine designs for a fair comparison of the
LV and the MV concept. The machine model is predicated on a
very basic estimate of the magnetic field in the air-gap ignoring
slotting effects and assuming sinusoidal phase currents and
infinite permeability of the stator iron and rotor yoke. The
average torque for a radial flux permanent magnet machine
can then be written as

T = Ry LBy J Askcuk, cos(0) )

where R, is the air-gap radius, L is the active length,
B; is the fundamental component of the open circuit radial
flux density (rms) on the stator surface to the air-gap, J
is the current density in the winding conductors (rms), Ay
is the total area of all slots, kc, is the copper fill fac-
tor, ky, is the winding factor, and @ is the phase displace-
ment of the back EMF voltage and the injected current
vector.

To avoid magnetic saturation during operation, both the
stator core and the rotor yoke geometry are chosen such that
the materials are just at the limit to saturation for operation
with maximum current. Hence the tooth width is determined
by the maximum flux W max resulting from the permanent
magnet and the stator current and the saturation flux density
of the material By as

_ lI"z,max

d, = (10)
‘ Bsat

In a similar way, the pole shoe geometry and the yoke
thickness are determined from the maximum expected flux in
the respective region. Once the geometry of the stator core
is known, the iron losses are obtained from the Steinmetz
equation

Pre=Vy-c- f*B/ (11)
with the stator iron volume Vj, the electrical rotational fre-
quency f, the peak flux density B, and the Steinmetz coeffi-
cients a, £, and c. The resistive losses in the copper windings
are

VeuJ?

_ 12
ocu(Tcu) (12

Pcy =
where Vg, is the total copper volume, and ocy(Tcy) is the
electrical conductivity, which is depending on the conductor
temperature Tcy. With the two loss components, the machine
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Fig. 11. Thermal equivalent circuit of the machine with resistive losses Pcy,
and iron losses Pge, and thermal resistance of the winding insulation Rjng
and thermal resistance to the ambient Rypp.

TABLE II
MACHINE OPERATING POINTS

Generator (OP1)  Motor (OP2)

Mechanical power Ppech 16 kW 16 kW
Rotational speed n 2000 rpm 3000 rpm
Ambient temperature Ty,  30°C 40°C

efficiency in motor operation is calculated as

Prech
Prech + Py

where Ppech 1S the mechanical power and P, = Pcy + Pre are
the total losses. In generator operation, the efficiency is

Prech — Py

Prnech

(13)

Nmot =

Hgen = (14)

3) Thermal Model: A thermal model is required to guaran-
tee machine temperatures within safe limits and to preclude
thermally infeasible designs. A very accurate model usually
implies detailed information which is not a priori known.
Therefore, a basic model, depicted in Fig. 11, is used to
determine the mean machine and winding temperature and/or
to compute the temperature-dependent resistive losses. The
thermal equivalent circuit considers two heat sources namely
the resistive and the iron losses, Pcy and Pge, the thermal
resistance of the winding insulation Rj,s, and the thermal
resistance to the ambiance Rymp. The winding temperature can
then be written as

Tcu = Pcu - Rins + (PCu + PFe) * Ramb + Tamb 15)

where Pcy is still depending on the conductor temperature.
Combining with (12) and the thermal dependency of the
electrical conductivity

ocu(Tref)
ocu(Tcu) = (16)
! ! 1+ acy - (Tcy — Trer)
finally yields the resistive losses
Pey = VCuJ2 - (1 4+ acu - (PreRamb + Tamb — Trer)) (17)

ocu(Tref) — cu Veul? (Rins + Ramb)
where acy is the copper conductivity temperature coefficient
and Trr is the reference temperature.

4) Machine Optimization: A grid search is performed to
minimize the total mass of the active components

m = mcy + MFe,s + MFer + Mpm (18)

with the mass for the winding mcy, stator iron mge g, rotor iron
mpe, and permanent magnets mpm. The calculations for the
efficiency are executed for two different operating points (OP),
i.e., OP1, when the machine is used for power generation and
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TABLE III
MACHINE OPTIMIZATION PARAMETERS AND FIXED PARAMETERS

Optimization parameters Symbol  Range
Air-gap radius Rag 50...250 mm
Active length L 10...60 mm
Slot depth hg 5...20mm
Permanent magnet thickness dpm 2...8mm
Pole coverage factor ap 08...1
Number of pole pairs p 5...30
Fixed parameters Symbol ~ Value
Air gap Oag 1.5 mm
Copper filling factor kcu 0.45
Permanent magnet remanence  Brem 1.3T
Iron saturation flux density Bsat 22T
Insulation thickness dins 2mm
(MV machine only)
h‘l dins
R, .\ \‘/v\\ -r‘\\’\\"
- \
d m
p ‘ff% s
ag
(a) (b

Fig. 12. Definition of machine dimensions. (a) LV machine. (b) MV machine
with additional insulation. The windings around a stator tooth are highlighted
in gray.

OP2 for takeoff, when the machine is used as a motor. The
power ratings and assumed ambient temperatures are listed in
Table II. As a constraint, the maximum winding temperature
is not allowed to exceed 100°C. The optimization parameters
and the parameter range used for the grid search are given in
Table III. The parameter definitions are given in Fig. 12. For
the stator iron, 0.2 mm cobalt-iron is used to obtain minimal
iron losses at high flux densities. The maximum allowed
electrical frequency is limited to 1500 Hz which, with the
maximum rated speed of 3000 rpm, permits a maximum pole
pair number of p = 30.

For the two different machines, the obtained achievable
efficiencies are plotted as a function of the power-to-weight
ratio in Fig. 13. The LV machine is characterized by a maxi-
mum power-to-weight ratio of 3.23 kW /kg and/or shows only
approximately half of the weight of the MV machine, which
reaches a maximum power-to-weight ratio of 1.70 kW /kg. In
the same machine designs an efficiency of 95.1% is reached
for the LV machine, while for the MV machine the efficiency
is lower with 93.5%. Therefore, the MV machine and the
MYV ac—dc converter are excluded from further investigations.

D. Voltage Source Rectifier (VSR)

The power electronic interface between the generators and
the LV dc-bus on the power kite is provided with active
bidirectional, three-phase ac—dc voltage source rectifiers that
allow for sinusoidal input currents. Two basic topologies are

0.98 ¢

0.96 1

Efficiency h
(=) (=)
< o o
Ne) o E)

0.88 - Iv machine
-~ = = = hv machine
0.86 T T T :
0 1 2 3 4
Power density (kW/kg)
Fig. 13. Efficiency versus power density for the LV and the MV machines.
p
O
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Fig. 14. Circuit topology of the two-level voltage source rectifier (2L VSR).
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Fig. 15. Circuit topology of the three-level neutral point clamped voltage
source rectifier (3L VSR).

considered: the two-level (six-switch) voltage source rectifier
(2L VSR), shown in Fig. 14, and the three-level neutral
point clamped (NPC) voltage source rectifier (3L VSR),
depicted in Fig. 15. Both circuit topologies are well known
in industry. The two-level voltage source converter is the
most widely used circuit topology for LV drive applica-
tions. The aim of the following investigation is to determine
the trade-off between converter efficiency and its power-
to-weight ratio and thereupon to decide on whether the
two-or three-level VSR topology should be selected. The
rectifier specifications and a component overview is compiled
in Table IV.

The 2L VSR requires only six transistors and diodes and
features low conduction losses. Power semiconductors with
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Fig. 16. Efficiency versus power-to-weight ratio of the 2L VSR and the

3L VSR. With the 2L VSR, a significantly higher power-to-weight ratio at a
similar maximum efficiency is achievable, compared with the 3L VSR.

a blocking voltage Vgr of 1200 V are required for the
considered nominal dc-bus voltage on the power kite of
V = 700 V. Contrary to the 2L VSR, the 3L VSR can be
implemented with 600 V power devices and thus allows for
lower switching losses at switching frequencies above 10 kHz.
The 3L VSR typically has higher conduction losses than the
2. VSR due to the series connected transistors and diodes.
1200-V Si Trench&FieldStop (T&FS) IGBT4 devices and
1200-V SiC Schottky freewheeling diodes (ThinQ2 series)
both from Infineon are considered for the 2. VSR to enable
low losses at elevated switching frequencies, whereas for
the 3L VSR, 600-V Si T&FS IGBT3 devices and 600-V
Si EmCon3 diodes from Infineon are selected. A detailed
comparison and semiconductor loss evaluation of the two- and
three-level voltage source converter is presented in [23]. For
both rectifier systems, discontinuous sinusoidal space vector
modulation is applied as described in [23] and [24].

The total losses of the VSR P vsr,ot are determined
based on the total semiconductor losses Psemi,vsr and the
total power consumption of the auxiliary supply, in which the
power consumption of the gate drivers and the control and
measurement circuitry is included

PL,vSR,tot = Psemi, VSR + Paux,VSR- (19)

The power consumption of the auxiliary supply is assumed
with Paux 21 = 8 W for the 2L VSR and with Pyyx 3 = 12 W
for the 3L VSR. The overall efficiency #ysr is then given by

Pg,vsr

—_—— (20)
PG, vsr + PL,vSrR

NVSR =
where Pg vsr corresponds to the power supplied/drawn by
the generator/motor. In order to ensure sinusoidal currents
at a maximum electrical frequency of fG max = 1600 Hz, a
minimum switching frequency of fs min = 24 kHz is assumed,
which is a factor of 15 higher than fG max. A common
basis for the semiconductor loss calculation is provided by
determining the minimum semiconductor area according to
the methodology presented in [24] and [25] to meet the
junction temperature requirements for both relevant operating
points: rectifier (OP1) and inverter (OP2) operation at nominal
apparent power. The semiconductor losses are then calculated
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for an average junction temperature of 77 = 125°C, a current-
to-voltage displacement angle of ®gy = /6 (generator
operation) and ®g,,m = 57 /6 (motor operation) respectively,
and an estimated generator/motor efficiency of #G,est = 96%.
This yields to a nominal apparent power (on the ac-side) of
SG,nom = 19.3 kVA for a shaft power of the generator/motor
of 16 kW.

The next step is to identify and model the main components
that contribute to the overall converter weight; these are the
heat sink, the dc-link capacitors, the gate drivers, and the
auxiliary supply including the measurement and control (DSP
and/or FPGA) circuitry and the printed circuit board (PCB).

Forced air cooling is considered, where the air flow is
taken from the propeller with an estimated air speed of 5m/s.
A bonded fin aluminum heat sink from Aavid Thermalloy
(profile 69920) is considered. Based on these data, the result-
ing specific mass of the heat sink is determined, and a cooling
system performance index [26] referenced to the mass CSPI,
is introduced, which is defined as

Pcsdis 1
ATasmcs Ry csmes

CSPI 15.0 W 21

m = =130 (2D
This performance index describes the dissipated power Pcs_dis
of a cooling system as a function of the difference between
ambient and sink temperature ATas and the mass mcs
of the cooling system, i.e., the thermal conduction per
unit mass.

The dc-link capacitance Cpc is implemented with foil
capacitors from EPCOS (3276x-series). For the 2L VSR,
capacitors with a rated voltage of 800 V and for the 3L VSR,
capacitors with a rated voltage of 450 V are considered,
leading to a specific mass of m(. 450 =2 g/uF and m( 4o =
4.8 g/uF respectively. The dc-link capacitance is determined
according to a control based criterion. Thereby, it is assumed
that during flight operation the generator/motor has to be
magnetized at maximum speed (1500 Hz) from a current
level close to zero to nominal current for generator operation,
when at that instant no power flow occurs across the terminals
(p and n) on the dc-side. The change of the dc-link capacitor
voltage (Voom = 700 V) during this transient operation
is limited to 25 V to provide a sufficient margin to the
maximum dc-bus voltage Vipax = 750 V for a maximum stator
inductance value of Ls max = 2mH and a minimum switching
frequency of fsmin = 24 kHz. A detailed description of this
calculation can be found in [24]. The required minimum dc-
link capacitance Cpc,min can then be calculated to 120 uF,
leading to a weight of the dc-link capacitor of 0.5 kg for the
2L VSR and 0.84 kg for the 3L VSR.

The mass of the power module including all three bridge-
legs is assumed with mpp 21 = 50 g for the 2L VSR and with
mpMm,3L = 75 g for the 3L VSR based on data of respective
power modules (EasyPACK, Infineon). The gate drives are
considered in the weight calculation with mgy = 20 g per
piece. The remaining weight contribution of the auxiliary
supply, the control and measurement circuitry, and the PCB is
accounted for with max = 200 g.

The relation between the efficiency and the power-to-weight
ratio of the 2L VSR and 3L VSR is determined by calculating
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TABLE IV
RECTIFIER SPECIFICATIONS AND COMPONENT OVERVIEW

Property ~ Value Description
SG.nom 19.3kVA Nominal apparent power
Va,ijm 400V Line-to-line voltage at motor operation
Va,ije 267V Line-to-line voltage at generator operation
Ig.m 27.8A ac current at motor operation
0re) 0...27 Range of phase displacement
Alg pp <0.2 IAG‘,m Peak-to-peak ac current ripple
Vhom 700V Nominal dc-bus voltage
Vimax 750V Max. dc-bus voltage
Mm 0.8 Modulation index at motor operation
Mg 0.54 Modulation index at generator operation
fa,m 1500 Hz Frequency at motor operation
fae 1000 Hz Frequency at generator operation
fa,max 1600 Hz Max. (electrical) frequency
fs,min 24 kHz Minimum switching frequency
Lg max 2mH Max. inductance of a stator phase
NG, est 96% Estimated generator/motor efficiency
TA max 40°C Max. ambient temperature
Ty, max 125°C Max. junction temperature
VBR, 2L 1200V Si T&FS IGBT4, Infineon

SiC Schottky diodes, ThinQ2, Infineon
VBR,3L 600V Si T&FS IGBT3, Infineon

Si EmCon3 diodes, Infineon
Paux,2L 8W Input power of auxiliary for 2L VSR
Paux,3L 12W Input power of auxiliary for 3L VSR
Cpbc 120 uF DC-link capacitance
m/q450 2g/uF Specific mass of 450 V foil capacitors
m’aso0 4.8g/uF Specific mass of 800V foil capacitors
Maux 200 ¢g Mass of auxiliary circuitry and PCB
Mdrv 20g Mass of a gate driver
mpm,2r,.  90g Mass of power module for 2L VSR
mpM,3L 19g Mass of power module for 3L VSR

first the semiconductor losses and then the total converter
weight for a switching frequency range of 24 kHz to 70 kHz
and a sink temperature range between 55°C and 100°C in
order to find the optimal combination of parameters for the
switching frequency and the sink temperature. The resultant
characteristics are presented in Fig. 16. The results clearly
show that the two-level VSR with Si IGBT4 devices and
ThinQ2 SiC Schottky freewheeling diodes allows for a 50%
higher power-to-weight ratio at a similar maximum efficiency
of approximately 98.5% compared with the three-level NPC
VSR using 600 V Si IGBT3 devices and Si EmCon3 diodes.
The reason for this difference is that for the three-level VSR
four times the dc-link capacitance of the two-level VSR is
required due to the split dc-link capacitor (Cpc,p and Cpc,,),
whereas the ratio between the specific mass of the 800 V and
the 450 V capacitors is only a factor 2.4 For this reason, the
two-level VSR is the topology of choice for the considered
AWT generator/motor system.

E. LV to MV DC-DC Converter

1) Converter Specifications: The tether is operated with a
high voltage of &~ 8 kV, in order to achieve a low tether

weight (Section II-B). Thus, a bidirectional LV to MV dc—dc
converter is needed to provide a power transfer between the
LV dc-bus (VSRs) and the MV port (tether); its specifications
are listed below:

1) rated power: 100 kW in both directions of power trans-
fer;

2) nominal voltages: V =700 V, V1 =7.5 kV;

3) input voltage range: 650 V <V <750 V;

4) output voltage range: 6.9 kV < V1 < 8 kV;

5) V/Vrn1 is constant in steady state: V/Vm1 =
750 V/8 kV;

6) optimization target: low weight (the maximum allowable
weight is set to 25 kg).

For the given application, the modified dual active bridge
(DAB) converter topology shown in Fig. 17(a) is considered
to be most suitable, in particular with respect to the low
weight requirement, since it contains a low number of power
components. Furthermore, the DAB facilitates equal power
transfer characteristics in both directions due to its symmetric
circuit structure.

The high frequency (HF) transformer and the inductor
L are the most heavy components of the DAB converter
(cf. Table X). In order to reduce their weight, a high switching
frequency is selected. The calculation of weight optimal DAB
converters at different switching frequencies (f; = 50 kHz,
80 kHz, 100 kHz, 125 kHz, 160 kHz, and 200 kHz) shows
that a switching frequency of f; = 100 kHz leads to the best
trade-off between HF losses (switching losses, core losses) and
the weight of the converter.

In consideration of the high switching frequency and the
rated voltage and power levels, SiC JFETs are required in
order to achieve low switching losses. The selected SiC JFET
(manufactured by SiCED/Infineon) is rated for a maximum
voltage of 1200 V and is a normally-on device. However,
the DAB converter shown in Fig. 17(a) requires switches
with normally-off characteristics in order to ensure that a
shoot-through in the bridge-legs is avoided. Therefore, the
cascode connection with a LV MOSFET (IRF4104S; rated
voltage: 40 V), as shown in Fig. 17(a), is typically used;
the LV MOSFET is selected with respect to a low on-state
resistance and a low reverse recovery charge.

At the MV port, a maximum voltage of 8 kV is specified.
With the proposed neutral point clamped (NPC) converter
shown in Fig. 17(a), a maximum port voltage of Vrn 1,imax =
2 kV is achieved. Four of these DAB converter modules
are interconnected according to Fig. 17(b) [parallel connec-
tion of the LV side, series connection of the MV side; the
index i used in Fig. 17(a) denotes the i-th module shown
in Fig. 17(b)] to achieve the total output voltage of 8 kV.
The final system employs four of the converters depicted in
Fig. 17(b), which are operated in parallel [cf. Fig. 6(a)]; thus,
in total 16 DAB converter modules as shown in Fig. 17(a) are
required. The selected SiC JFETs facilitate a rated power of
P; =100 kW/16 = 6.25 kW for a single DAB module.

2) Converter Design: The proposed DAB converter is oper-
ated most efficiently if the ratio between input and output
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Fig. 17. (a) Single module of the considered DAB converter with a rated
power of P; = 6.25 kW, an input voltage range of 650 V <V <750 V and
an output voltage range of 1.6 kV < V1 ; <2 kV, whereas V/ V1 ; =
0.375 = constant in steady state operation. (b) Proposed interconnection
of four DAB converters to achieve a rated power of 25 kW at a MV port
voltage range of 6.9 kV < V1 < 8 kV. Four of the converters depicted in
Fig. 17(b) are required to achieve an output power of 100 kW [cf. Fig. 6(a)].
The index i used in Fig. 17(a) denotes the i-th DAB converter module shown
in Fig. 17(b).

voltages is equal to half of the turns ratio of the transformer, !

Le., V/(Vrh1,i/2) =n= Ni/N2

Vv 750 V

n= = =0.75.
Vh,1,i/2 1 kV

(22)

Here, the conventional modulation scheme described in [27],
often referred to as phase shift modulation, leads to the highest
converter efficiency [28]. However, the MV side NPC con-
verter requires a minimum freewheeling time of 250 ns in
order to ensure equal blocking voltages of the series connected
switches. Fig. 18(a) depicts the resulting transformer voltages,
Dac1 and v,c2, and the inductor current, i;, at rated operating
conditions. The phase shift ¢ between vac; and vacr controls
the output power of the DAB [27], [29]

V Vin1.i/2 1 2
po= Y2 el ey (L b)) | sence)
2nfsL T T 2

(23)

1 lpl 1
V ——Dy<— < =-+4+Dy 24)

2 Fid 2

1

Dy = f, [ — —250 = 0.475. 25
=5 (57 -0 ) =)

1Only half of Vrp 1,; is applied to the transformer of the DAB due to the
employed NPC bridge-leg structure at the MV side.
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Fig. 18. (a) Voltage and current waveforms calculated for the lossless DAB

converter defined in Table V and for V =700 V, Vy1; =2V/n =19 kV,
P =6.25 kw/ﬂexpected, Nexpected = 95%, n = 0.75, L = 107 uH, fs =
100 kHz); the NPC converter on the MV side requires a freewheeling time
of 250 ns in order to ensure equal blocking voltages of the series connected
switches. (b) Power transfer characteristics of the DAB [calculated with (23)];
V/Vin,1,i = 0.75/2 = constant; maximum power transfer is achieved for
@ = £ /2; the dashed line shows the rms inductor current /7 (¢) at nominal
operation.

The required inductance L is obtained from (23) with
min[V Vry,1,i /2]
2nfs Pi max / lexpected

Pmax Pmax 1 2 _
[ - (1— - )—(E—Dg) }_107,1H
(26)

(Pimax = 6.25 kW, 7#expected = 95%, f; = 100 kHz).
According to (23), the maximum power transfer is achieved for
@ = xx /2. The rms inductor current /7, however, continues
to increase for || > 7 /2 and reaches its maximum at ¢ = 7,
as shown in Fig. 18(b). Since I} causes copper losses in the
transformer and inductor windings and conduction losses in
all semiconductors [30], a maximum phase angle of 7 /4 is
selected in order to achieve low losses.? Table V summarizes
the component and stress values calculated for a single DAB
converter module.

The DAB converter is designed with respect to minimum
weight. The weight calculation, however, requires the con-
verter losses to be known in order to determine the weights

2For @max = 7 /4 a rms inductor current of 9.2 A is calculated at minimal
voltages V and Vry1,;, whereas the rms current would be 12.4 A for
¢max = /2 (there, L = 142 uH applies); thus, the respective copper
and conduction losses would increase by a factor of 1.8. The selection of
a relatively small maximum phase angle, however, is only useful if the
proposed DAB is operated close to n = V/(Vp1,;/2); a larger inductance
(and thus, a larger maximum phase angle) yields better total performance if the
operation within wide voltage ranges is required [30]. With a digital controller
(100 MHz clock frequency and 10 ns minimum time step), the minimum
phase angle is 7 /500 for f; = 100 kHz and therefore, the minimum possible
power transfer is 93 W for a single DAB converter module.
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TABLE V
COMPONENT AND STRESS VALUES OF A SINGLE DAB CONVERTER
MODULE WITH P; = 6.25 kW /5expecTED AND #EXPECTED = 95%

Property Value Description

fs 100kHz Switching frequency

n 0.75 Transformer turns ratio

L 107 uH  Converter inductance

Tamax 40°C Max. ambient temperature

max (V) 750V Max. voltage at the LV port

max(Vrn1,:) 2kV Max. voltage at the MV port

max(le1) 12.2A  Max. rms transformer current, primary side
max(le) 9.2 A Max. rms transformer current, secondary side
max(lizpeak) 10.2A  Max. peak inductor current

max(Icy) 7.0A Max. rms capacitor current of C'
max(Ic2) 53A Max. rms capacitor current of Ch, and C5,

TABLE VI
PARAMETERS USED TO CALCULATE THE CONDUCTION LOSSES

Rps,on at Rpson at Description

T, = 25°C T; =150°C

80 mQ2 150 m$2 On-state resistance of the JFET
Rps,on at Rps.on at

T, =25°C T;=125°C

5.5m 8.3 m2 On-state resistance of the MOSFET

TABLE VII
STEINMETZ PARAMETERS OF N87 FERRITE MATERIAL AT A CORE
TEMPERATURE OF 25°C (OBTAINED FROM DATA SHEET VALUES
USING A LEAST MEAN SQUARE APPROXIMATION)

Parameter Value

k 14
a 1.72
B 2.74

of the required heat sinks (separate heat sinks are considered
for the LV side full bridge, the transformer and inductor, and
the MV side NPC converter). The calculations of losses and
weights are presented below and, subsequently, the design
results for the minimum weight DAB converter are given.

3) Calculation of the DABs Losses: The loss calculation
considers conduction losses and switching losses of the semi-
conductor switches and the copper and core losses of the
transformer and the inductor.

a) Conduction losses: Table VI lists the on-state resis-
tances of the employed JFET and the LV MOSFET, which
are used to determine the conduction losses [31]. The con-
duction losses are calculated for a JFETs’ junction tem-
perature of 150°C and a MOSFETS’ junction temperature
of 125°C.

b) Switching losses (from [32]): The switching losses of
the full bridge and the NPC converter are calculated based on
measurement values, according to [31]. For this purpose, the
switching losses of the NPC converter are measured, since the
transient processes are—compared to the full bridge—more
complex there. The obtained results facilitate the estimation of
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Fig. 19. (a) Switching loss measurement setup (NPC converter).
(b) Employed measurement waveforms: (almost) ZVS during t1, <t < t14,
hard switching during t, < t < toq. (c) Respective gate signals of Ts, Tg,
T7, and Tg (Figs. from [32]). The dead time used to avoid a shoot through
is 200 ns.

the switching losses generated by the full bridge, as described
at the end of this section.

The employed measurement method acquires the instanta-
neous voltages and currents of all six power semiconductors
of the NPC converter, according to Fig. 19(a), in order to
determine the overall energy dissipated in a single switching
operation.> The pulse signal depicted in Fig. 19(b) repro-
duces different switching conditions: low switching losses
are generated during f1; < ¢t < f1q (almost Zero Voltage
Switching, ZVS) and increased switching losses, particularly
due to reverse recovery effects, can be generated during
tha <t < trq (hard switching). Due to the low switching losses
the switching operations during tj, < t < tjq are of main
interest; Fig. 20 illustrates the respective transient processes
with the particular current conduction paths being highlighted
in red. These processes, however, are different for 11, < t < t1p
and t1¢c <t < t1q4 and are thus discussed separately. The dead
time used to avoid a shoot through is 200 ns.

Switching vacp from Vrn1,i/2 to 0 (t1a <t < t1p, Fig. 22):
Ts is turned off at t = #1, and during 11, <t < ti o the effective

3This method is detailed in [28] and yields the switching losses of a single
switching operation of a DAB converter operated in steady state.
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foh <1 <1, Ha<t<ti, a<t<ty

o—9 o—9
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(€9) (h)

Fig. 20. Transient conduction paths during tj, < t < t1q, cf. Fig. 19(b).
(@)—(f) vycp is switched from Vp 1;/2 to 0. (g)—(1) vac2 is switched from 0
to —Vp,1,;/2 (Figs. from [32]).

Ha<t< l]’al
CT5

+
Vini/2

VTh,],i/zir CT(, VTh,ly,/ZtQD

-
(a) CTS (b) CTS
Fig. 21.  (a) Simplified equivalent circuit of the NPC converter during

fla <1 < 11, (b) Simplified equivalent circuit during ;c < ¢ < f]_ (Figs.
from [32]).

output capacitances of Ts, Tg, Tg, D1, and D> (Cts, Ct6, CT8,
Cp1, and Cpy, respectively) are either charged or discharged
[Fig. 20(b)]. During this time, the equivalent circuit shown
in Fig. 21(a) can be used to analyze the different charging
or discharging processes. At t = |, the diode D starts to
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TABLE VIII
DESIGN RESULTS OF A SINGLE DAB MODULE WITH A RATED POWER OF
P; = 6.25 kW /nexpectep = 6.6 kKW (7expEcTED = 95%)

Property Value Description
max(Pryeond+Prvsw) 57W  Max. losses, LV side semiconductors
max(Pyvvcond+Puvvsw) S50W  Max. losses, MV side semiconductors
max(Pywdg) 17W  Max. copper losses, transformer
max (Pind,wdg) 24 W  Max. copper losses, inductor
max(Pr.core) 29W  Max. core losses, transformer
max(Pind core) 8W Max. core losses, inductor
max(Pywdg+ Pindwigt 7OW  Max. total losses of the transformer
Prcore + Pind.core) and the inductor
Paux 27W  Total auxiliary power demand [32]
Pioss(Pin,s = 6.6kW) 204 W Total losses, full output power
Moss(Pin,s = 6.6kW)  96.8% Efficiency, full output power

conduct and the voltage applied to Cts is Vn,1,;/2. However,
the voltage divider formed by Ctg||Cp2 and Ctg [Fig. 21(a)]
prevents Crg to be fully discharged, cf. Fig. 22(c) at 1 = 11,
T; and D; conduct the freewheeling current during ¢}, <t <
t1p [Fig. 20(c)] and thus, the switch and diode voltages remain
constant during that time interval. At t = t1p, the switch Tg is
turned on [Fig. 20(d)], causing turn-on losses.* Crg is charged
to Vrn,1,i/2 at t = ti » and, subsequently, D starts to conduct
the excess current generated during 11y < ¢ < 17, [Fig. 20(e),
current path: D;—D|—T7—T¢]. This excess current reduces
to zero at ¢ = t} [Fig. 20(f)].

Switching vaca from 0 to —Vrn1,i/2 (tic <t < t1q, Fig. 23):
At t = t1c, the switch T7 is turned off, which causes Ct7 and
Cp to be charged and Ctg to be discharged during #j. <
t < t;. [Fig. 20(g), Fig. 21(b)]. During this time interval, a
considerable amount of the energy stored in Crg is transferred
into Ct7 and Cpa (Fig. 23). Ctg is fully discharged at t = ti c
and the body diode of Tg conducts iz during t{ e <t <thd
[Fig. 20(h)]. Finally, Tg is turned on at r = t;q with zero
turn-on losses [Fig. 20(1)].

Resulting Switching Losses: Fig. 24 summarizes the switch-
ing losses measured for the two different switching oper-
ations, i.e., Fig. 24(a) shows the switching losses obtained
for switching vac2 from Vrp /2 to O and Fig. 24(c) shows
the switching losses obtained for switching vy from O to
—V1n,1.i/2. Positive currents Ip > 2 A denote the ZVS range
where low switching loss energies in the range between 20 uJ
and 150 uJ result. For Iy < 0, turn-on losses due to reverse
recovery cause the switching losses to increase. For 0 <
Iy < 2 A, the duration of the dead time interval of 200 ns is
insufficient to allow for a full discharge of the switch which is
turned on. Thus, in this range, increasing turn-on losses result
for decreasing Iy [28].

The switching loss measurement has been carried out at
room temperature. The switching losses which are expected

4The employed method cannot directly determine the remaining energy
stored in CTg that is dissipated during #1p < t < t;bA However, the energy
required to fully charge Crs during 1, <t < t; o 1s considerably larger than
the energy released by Ctg during the same time interval. Thus, assuming
that Ct5 and Ctg store the same energies at the same blocking voltages, the
measurement implicitly includes the remaining energy stored in Cte.
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Fig. 22. Measured instantaneous currents and voltages of the switches and
diodes of the NPC converter depicted in Fig. 19(a) for v,y being switched
from Vrn1;/2 to 0; Vrpp; = 2 kV, ifo(tia) = Izvs = 10 A (Figs.
from [32]). During tjp <t < tib the switch T¢ generates turn-on losses since
its effective output capacitance has not been completely discharged during
fa <1 <1y,

at an elevated junction temperature of the SiC JFET of
T; = 150°C are estimated based on previous switching losses
measured at 7; = 150°C for the same SiC JFET; according
to these measurements, only a negligible change results for
ZVS and at Iy = —5A, the turn-on losses due to reverse
recovery increase by ~ 15%. The switching losses depicted
in Fig. 24(c) for Vrn,1,; = 1.3 kV and V1p1,; = 1.7 kV are
estimated based on the previous results.

Equal switching losses are expected if v,¢ is switched from
—V1h,1,i/2 t0 Vrn,1,i/2

27)
(28)

E sw,plus—zero = E SW,minus— zero

E SW,zero—minus — E sw,zero— plus-

Moreover, switch currents and voltages similar to those of
Figs. 23(b) and (d) are expected for the LV side full bridge
and therefore, the respective switching losses [ Esw,zero—minuss
Figs. 24(c) and (d)] are used to estimate the switching losses
of the full bridge, too.

¢) Copper and core losses: The winding losses Py wdg
and Ping,wdg of the transformer and the inductor are calculated
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Fig. 23.  Measured instantaneous currents and voltages of the switches and
diodes of the NPC converter depicted in Fig. 19(a) for vacp being switched
from 0 to —Vrn1,;/2; Vn1,i = 2 kV, ipo(tic) = Izvs = 10 A (Figs.
from [32]). During tj; <t < ti . the energy stored in the output capacitance
of Tg is transferred to that of T7.

with the respective rms currents and the ac winding resistances
at a copper temperature of 100°C. The windings employ litz
wires due to the HF operation, whereas a single strand copper
diameter of d. = 0.071 mm was found to yield the lowest
resistance at f; = 100 kHz.

The core losses of the employed N87 ferrite material are
approximately determined with the Steinmetz equation

P core ~ Vircorek f, Sa Btﬁr, peak and Pind,core  Vind corek f, Sa Biéld,peak
(29)
whereas Vircore and Vipdcore denote the core volumes of
the transformer and the inductor, respectively; Bipeak and
Bindpeak are the respective peak flux densities; k, o, and S
are the Steinmetz parameters (given in Table VII). At a core
temperature of Tyore = 25°C the core losses are higher than
the losses at an elevated core temperature of Tyore = 100°C.
In order to account for increased core losses during the start-
up phase of the converter, Tcore = 25°C is considered. The
different loss components of the DAB converter are listed in
Table VIII.
4) Weight Optimized Heat Sink: The heat sink optimization
procedure employs the equations presented in [26]. There, the
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Fig. 24. Switching loss energy dissipated in the NPC converter (Fig. 19)
in a single switching operation. (a) and (b) vacp is switched from Vryq,;/2
to 0. (¢) and (d) vacp is switched from O to —Vry 1 ;/2 (Figs. from [32]).
A minimum current of 2 A is required to fully discharge the effective output
capacitance of the switch which is turned on during the dead time interval of
200 ns. Thus, for Iy < 2 A, increasing turn-on losses result for decreasing
Ip [31].

optimal number of fins and the optimal fin thickness with
respect to a minimum thermal resistance of the heat sink,
Rihheatsink, are calculated. The given application, however,
requires the heat sink to be optimized with respect to min-
imum weight; here, the calculated losses and the specified
temperatures determine the value of Rih heatsink. Thus, the heat
sink design procedure presented in [26] has been modified
accordingly and yields a heat sink with a low number of fins
in order to achieve minimum weight. Moreover, a relatively
low thickness of the heat sink’s base plate of fyaseplate = 3 mm
is used to achieve a further weight reduction. The usability of
the resulting heat sink has been verified with thermal FEM
simulations.

5) Calculation of the DABs Weight: Except for the trans-
former and the inductor, all components can be selected based
on the specifications and the stress values listed in Table V.
The respective weights are listed in Table X and discussed
below.

1) The semiconductors’ weights and the gate drivers’
weights are measured values (the weight of the
2SC0435T gate driver, manufactured by concept, is used
as a reference value for mpy,driver and mmv, driver)-

2) The PCBs’ weights are estimated based on the expected
board sizes.

3) The capacitors’ weights are estimated based
on the capacitors’ volumes (C; = 6.8 uF
(B32676G8685 + 000 from EPCOS); C2y = Cpp =
12 uF (B32776E1146 + 000, EPCOS); Cq =
12 - 560 nF/2: ceramic capacitors (500 V/X7R
capacitors from Syfer), which are connected in series
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TABLE IX
PARAMETERS USED FOR THE TRANSFORMER DESIGN

Property ~ Value Description

By peak 200mT Peak allowable flux density, transformer

Bindpeak  200mT Peak allowable flux density, inductor

ky 0.85 Makx. fill factor, transformer

Kind 0.75 Max. fill factor, ind. (unusable space at air gap)

bisorveore 0.2mm  Insulation width between LV wdg. and core

bisoxvmy  2mm  Insulation width between LV and MV wdgs.

bisoMVcore 2 mm Insulation width between MV wdg. and core

beool 0.3mm Thickness of the copper foil used for cooling

hisoveore 0.2mm  Insulation height between LV wdg. and core

hisoMveore 2mm  Insulation height between MV wdg. and core

dheatpipe ~ 3-0mm  Diameter of the heat pipe

ATys 45°C Assumed temperature difference between the
Base plate of the heat sink and the air

CSPI, 15 kgl'K Mass related Cooling System Performance Index

Mfan 52¢g Mass of the fan (San Ace 40, 109P0412K3013)

Mhpeapipe 28 Mass of a single heat pipe, length: 80 mm

and in parallel: 12 parallel x 2 series = 24 capacitors.

4) The heat sinks’ weights are calculated according to
Section II-E.4; for the sake of simplicity a fan is
considered for each heat sink (the weight of the fan
is given in Table IX). The heat sink for the LV side
JFETs employs 8 fins with a length of 40 mm and
a thickness of 1.1 mm; the size of the base plate is
40 mm x 47 mm. The heat sink of the MV side NPC
converter employs 7 fins with a length of 40 mm and
a thickness of 1.1 mm; the size of the base plate is
40mm x 47 mm.

The optimal design of the HF transformer and the inductor
L, with respect to minimum weight and losses, requires an
extensive optimization procedure. In a first step, the trans-
former and inductor setup is defined according to Fig. 25
in order to establish a scalable geometrical transformer and
inductor model; Fig. 25(a) depicts the top view of the proposed
configuration and Fig. 25(b) details the core window and
defines the respective geometric properties. The transformer
and the inductor employ 7rcore and 7ind core Stacked E-cores,
respectively, the LV winding is located close to the inner
core leg, the MV winding is placed around the LV winding
and encloses the transformer and the inductor cores, and
the center core leg of the inductor employs an air gap to
achieve the required converter inductance. A Teflon insulation
with a thickness of 2mm encloses the MV winding and a
0.2mm thick insulation encloses the LV winding to achieve
the isolation requirements of 100 kV. The copper foils and
the heat pipes depicted in Fig. 25 are used to transport the
dissipated heat from the windings and the core to the heat
sink, which is placed on top of the configuration shown in
Fig. 25(a). Moreover, an aluminum plate with a thickness of
3mm is mounted to the bottom of the transformer and the
inductor; it extracts the core losses from the bottom sides and
uses the heat pipes depicted in Fig. 25(a) to transport the heat
to the heat sink.
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TABLE X
CALCULATED WEIGHT OF A SINGLE DAB CONVERTER MODULE

Property Value  Description

MLV.semi 24 g Total semiconductor mass, LV side

LY. driver 80g Total mass of the gate drivers, LV side
MLVPCB 40g Estimated mass of the PCB, LV side

meo 65¢g Estimated mass of C|

mod 15¢g Estimated mass of the decoupling capacitor Cy
mpypstmpn  111g  Heat sink and fan of the LV semiconductors
MMV.semi 30g Total semiconductor mass, MV side

MMV.driver 80g Total mass of the gate drivers, MV side
MMV.PCB 50g Estimated mass of the PCB, MV side
meaat+mea, 130g  Sum of the estimated mass of C, and Chy
mmvhs+Man 106g  Heat sink and fan of the MV semiconductors
M+ Mind 481g  Mass of the transformer and the inductor

My, indhs + 202g  Mass of the heat sink used to cool transformer
Mean and inductor (including 14 heat pipes and fan)
MDAB 1.414 g Estimated mass of a single DAB module

The employed design procedure calculates the weights and
the losses of transformer and inductor for a high number of
different designs. In order to reduce the computation time,
some constant design parameters, as listed in Table IX, are
used. The remaining design parameter space is given with

Ni=[567891011 ... 39 40]"
Ny =round(N ;-1 kV/750 V)
T ircore = [123456810 12 14 16 18 201"
7 indeore = [12345710]7
@ rvmy = [0.75 1.0 1.25]T
T« = [E30/15/TE32/16/9 E42/21/20 E55/28/21
E65/32/27E70/33/32U193/76/30 UU93/76/30] "
(30)

—. _ =
Cind = Ctr

(N7 the number of turns of the LV winding, N> the number of
turns of the MV winding, apymy determines the ratio of the
width of the LV winding and the width of the MV winding:
apvmv = brv/bwmv; _c)tr and _c)ind contain the considered
E cores). This parameter space still yields 78624 different
designs. In order to reduce the number of stored design results,
the employed design procedure, which is outlined in Fig. 26,
conducts some tests, which are detailed below.

1) Does the MV winding, whose size is defined by the
transformer core, fit into the selected inductor core?

2) Is the total weight of the selected cores reasonably low
(e.g., less than 2.5kg)?

3) Is the total weight of transformer and inductor reason-
ably small?

4) Is the peak flux density in the cores below a reasonable
value (e.g., less than 200 mT at a switching frequency
of 100 kHz)?

5) Is the total weight (transformer+inductor+heat sink)
below a reasonable value?

The result of the transformer and inductor design is shown

in Fig. 27. There, each point denotes the total weight and the
total dissipated power calculated for a set of input parameters;

MYV windin
R Pr——
of s e O
=R { I Air gap is located in
== — I the center core leg
aé: ¢ 5 g‘ / LV winding
B &3 i
= | ' Heat pipe on
(a) Cu cooling foil
biso,{_chore-\ bLV blbO LVMV bMV l’ 150 MVcore
€00l cool
h L - ]
iso,LVcore A hiso,MVcore
LV MV
Iy Wdg. Wdg. v
o A hiso,MVcore

hiso,Lchre L\ >
X R
Cu cooling foil
Teflon insulation
(b) Ferrite core

Cu cooling foil

Fig. 25.  (a) Transformer setup with ncore = 2 and nipdgcore = 1 as
seen from top (cross-sectional drawing); the LV winding is located inside
and encloses the two transformer cores; the MV winding is located around
the LV winding due to the isolation requirements and encloses all three cores;
the copper cooling foils and the heat pipes are used to extract copper and core
losses and transport the losses to an external heat sink, which is mounted on
top of transformer and inductor. (b) Cross-sectional drawing of the transformer
winding window (front view); this figure defines the geometric properties
listed in Table IX.

the red points denote results with a total power loss density
Protal Of less than 1.2 W/cm2 (protal 1s the total dissipated
power per available surface of the cooling foil shown in
Fig. 25) and the gray points yield pior = 1.2 W/cm?. The
dashed lines in Fig. 27 denote the estimated Pareto Fronts
for pota < 1.2 W/cm2 (red) and piotar > 1.2 W/cm2
(gray). According to the depicted Pareto Fronts, a loss reduc-
tion is possible by increasing the weight; however, due the
side conditions considered in Fig. 26, also the maximum
losses are limited at a certain weight. The design results
for the most lightweight transformer and inductor design
with piotal < 1.2 W/cm2 are listed below [32]:

1) transformer core: 2 stacked E42/21/20 core sets;
2) inductor core: one E42/21/20 core set;

3) number of turns: Ny =21, N, = 28;

4) employed litz wire, LV side: 151 x 0.071 mm;
5) employed litz wire, MV side: 132 x 0.071 mm;
6) inductor air gap length: ly;; = 3.3 mm.

6) Realization of the HF Transformer and Inductor
(from [32]): The DAB transformer is realized (Fig. 28) in
order to verify the calculated weight, losses, and winding
temperatures. The measured weight of the transformer is
510 g, which is 6% higher than the calculated weight (481 g).
This difference is attributed to the gap filler used to reduce
the thermal resistance between the litz wire and the teflon
insulation.

The impedance measurement of the realized DAB trans-
former, with the LV side windings being shorted, reveals a
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Fig. 26.  Flowchart showing the procedure employed to design the HF
transformer and the inductor of the DAB. With this design procedure, the
results shown in Fig. 27 are calculated.

MYV side referred stray inductance of L = 109 xH (Fig. 29).
However, an increased air gap length of [, = 4.2 mm is
required, since the stray inductance of the proposed setup,
depicted in Fig. 25(a), is higher than calculated, which is
mainly addressed to an increased stray field of the inductor
part and needs to be investigated further. The measured
magnetizing inductance is Ly = 3.62 mH and the resonance
frequency (with the LV side being shorted) is 4.2 MHz, well
above the switching frequency.
The total measured winding resistances

Ry
Rtr,ind (f) = %(f)

are Ryinda(f = 1 kHz) = 372mQ at low frequencies and
Riina(f = 100 kHz) = 467 mQ at the switching frequency
(Fig. 29; measured at a temperature of 25°C). At low frequen-
cies, the calculated and the measured dc-resistances fit well
(calculated: Riringa(f — 0) = 370 mQ). However, at f =
100 kHz, the calculated ac resistance is considerably lower,
Ruina(f = 100 kHz) = 385 mQ. Further measurements
show that the additional ac losses are generated in the copper
foils, which are used to cool the transformer (cf. Fig. 25). It
is therefore difficult to avoid these additional losses (= 10 W
at V = Vpin and Vn,1,; = VTh,1.imin).- However, the proposed
transformer setup directly conducts these losses to a heat sink
(via the heat pipes).

In order to verify the winding temperatures and the effec-
tiveness of the cooling system, the transformer is assembled

+ Riinamv(f) (3D
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Fig. 27. Result of the transformer and inductor design; each point denotes
the total weight and the maximum dissipated power calculated for a set
of input parameters obtained from (30). The red points denote a total
power loss density pioa Of less than 1.2 W/cm2 (total dissipated power
per available surface of the cooling foil shown in Fig. 25) and the gray
points are the remaining results with piora) > 1.2 W/cmz. The dashed
lines denote the estimated Pareto Fronts for piora < 1.2 W/cm2 (red) and
Protal = 1.2 W/em? (gray).

on an oversized heat sink with Ry, =~ 0.15 K/W, using
forced air cooling. According to FEM simulations the pro-
posed setup enables the core losses to be extracted much
more effectively than the winding losses, i.e., the impact
of the core losses on the winding temperature is small.
Therefore, in a first step, only the impact of the wind-
ing losses on the winding temperature is measured. The
measurement employs dc-winding currents, which are equal
to the ac currents given in Table V being multiplied with
V/ Reind(f = 100 kHz)/Riina(f = 1 kHz) = 1.1, in order
to generate the expected ac copper losses (LV side: 13.5 A,
MYV side: 10.1 A). The measured temperatures are 59°C and
67°C in the LV and MV side windings, respectively (heat sink
temperature: 31°C). These results are considerably less than
the calculated temperatures (78°C and 90°C in the LV winding
and the MV winding, respectively), which is mainly due to the
gap filler used to reduce the thermal resistance.

F. Electromagnetic Interference (EMI), Grounding, and Safety
Concept

1) EMI and Grounding: The considered electric system
of an AWT consists of multiple switched power electronic
converters. In order to ensure safe operation, EMI between the
individual subsystems needs to be minimized and a suitable
grounding concept should be applied. The airframe and surface
of an AWT is typically constructed of non-conducting com-
posite materials for weight purposes. A light-weight wire grid
should therefore be implemented on the airframe to provide
a possibility for grounding the individual converters and/or
subsystems and to ensure an equalization of the electrostatic
potential. This grounding grid could be connected to charge
drainers, mounted, e.g., on the surface of the wing, to prevent
electrostatic charging as no reference potential is available the
on the AWT due to the galvanic isolation provided by the
dc—dc converters.
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Ideally, shielded cables should be used between the LV
terminals of the DAB and the dc-terminals of the 2L VSRs
and between the MV terminals of the DAB and the connection
point to the tether as harmonics with switching frequency
are injected into the LV and MV bus. This allows for a
considerable reduction of the radiated EMI. Optionally, a
common-mode filter could be placed on the dc-side of each
VSR to reduce conducted EMI and lower the CM currents on
the AWT. This filter would then be referenced to the grounding
grid by CM capacitors.

2) Safety Concept: Another important aspect to be consid-
ered is the safety concept of an AWT. For this purpose, the
failure modes of the entire AWT power generation system
have to be analyzed. The following three characteristic faults
are briefly discussed:

1) mains failure at the ground-based power and control
station;

2) failure of a generator/motor;

3) rupture of the tether.

The mains failure can be handled by installing a ground-based
USV system designed to provide sufficient power to enable a
safe landing of the AWT. For safety purpose, either an energy
storage (battery) and/or a pulsed resistor unit has to be installed
that allows to absorb the power supplied from the AWT as no
power can be supplied to the grid.

A generator/motor unit could fail due to electro-mechanical
malfunction or due to a failure of the power electronics. The
considered AWT system has eight turbines and thus requires
eight VSRs, where always two VSRs are supplied by a DAB.
The LV connections between the DAB and the VSRs could
be protected with lead fuses in the considered wiring concept.
If one generator/motor and/or VSR fail such that an over-
current occurs on the LV dc-bus, the corresponding fuse trips
and disconnects the VSR from the LV dc-bus. The second
VSR, which is connected to the same DAB, can then still be
operated, theoretically even above the nominal power level.
An (electronic) over-current protection switch could be placed
at the MV terminals of the DAB in order to minimize the
impact of such a failure on the other motor/generator units.
The protection switch does not only enable to disconnected
the DAB during a failure transient and to reconnect it after
successful recovery but can be also used to permanently
disconnect the DAB from the MV dc-bus (tether) if the DAB
itself fails. For safety purposes, a pulsed resistor should be
placed at the LV terminals of the DAB.

The break of the tether is the most critical failure. The
AWT then becomes an autonomous aircraft, which means
that local computational power and sensors to determine the
flight attitude are required to cope with this failure mode.
One option would be to install a battery on the AWT, which
would be only half-charged and thus could supply/absorb
energy to/from the generator/motor units and thus enable
an autonomous landing of the AWT. The disadvantage with
this approach is the additional weight of the battery. If an
autonomous emergency landing should be achieved without
local energy storage, some of the generator/motor units could
be operated as generators (similar to a RAM turbine of an
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Fig. 28.
[32]).

Picture of the realized HF transformer and the inductor (Fig. from

aircraft) and some as motors and thus provide the required
energy for a controlled landing. The safety aspect of AWT
systems is addressed, e.g., in the United States by Makani
Power Inc. (acquired by Google) in collaboration with the
Federal Aviation Association (FAA) [33].

G. Evaluation and System Structure Selection

The above presented Pareto Fronts of the generator, the
VSR, and the DAB converter facilitate the overall optimization
of the kite’s on-board electric system in order to determine
the optimal dimensioning of the different system components
(regarding the components’ power-to-weight ratios and effi-
ciencies) for a given overall power-to-weight ratio, y, or a
given overall efficiency, #, of the system. This optimization
considers the block diagram depicted in Fig. 30, which sub-
sumes all eight generators and VSRs to a single generator and
a single VSR. The overall efficiency of this system is:

1 = NG NVSR NDAB #Th- (32)

The overall power-to-weight ratio is calculated by means of
the different components’ weights

m = mg + mysr + MpAB (33)
Pp
Pout/nTh Py {out 1
MDAB = ————— MYVSR =
yDAB (7DAB) NIDAB Th  YVSR(7VSR)
(34)
oop
t 1
mg = — &R (35)
VSR IDAB ITh VG (1G)
P,
y = out (36)
m

In (34), the implications of the efficiencies on the particular
components’ weights are considered; moreover, generator and
VSR are over-dimensioned by a factor of Pp/Pr

Pp/Pr =8-16 kW/100 kW = 1.28 37

in order to account for power fluctuations among the eight
generators and VSR. It can be seen from (33) and (34) that
Poue cancels out in (36); thus, y is independent of Pyy.
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Fig. 29. Measured series inductance (L) and series resistance (Ryyind) of the
HF transformer and inductor (Figs. from [32]). The impedance is measured
from the MV side with the LV side terminals being shorted. Employed
impedance analyzer: Agilent 4294A Precision Impedance Analyzer; due to
a impedance phase angle close to 90° the relative measurement error of the
resistance measurement is large (£11% at f = 100 kHz). The increase of L
starting at about 1 MHz is caused by the self-resonance at 4.2 MHz.
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Fig. 30. Simplified block diagram of the kite’s on-board electric system used
for the overall system optimization.

TABLE XI
EFFICIENCIES AND POWER-TO-WEIGHT RATIOS AT THE TWO
DESIGN POINTS MARKED IN FIG. 31(A) (CALCULATED FOR
NOMINAL OPERATION)

Total system Generator, VSR, and DAB converter

Generator:  vg = 3.11kW/kg, ng = 95.4%
v = 1.37kW /kg . o
n= 90 0% VSR: YVSR — 18.3 kW/kg, TIVSR — 986%}
DAB: YDAB — 4.60 kW/kg, TDAB = 97.1%
Generator: ; = 2.14kW /kg, 5 = 96.9%
v = 1.00kW /kg e . / g_ " 5
n= 917% VSR: YVSR — 18.3 kW/kg, TMVSR = 98.6%
DAB: YDAB = 3.53 kW/kg, TIDAB = 974%

The optimization with respect to y and # aims to find the
respective Pareto Front. Thus, regarding (33) and (34), a reduc-
tion of the computational effort is achieved if (34) is solely
evaluated along the Pareto Fronts of yg(#g), yvsr(#vsr), and
7DAB(7DAB)

ya(nG) = ya,pr = max[yg(yc)]
7vsR(#vSR) = Yvsr.PF = max[yvsr(7vsr)]

yDAB(7DAB) — yDABPF = max[ypaB(#paB)]l.  (38)

The presented results employ polynomial estimations for
YG.PF, YVSR.PF, and ypaB pr; the data presented in the above
sections for yG(17G), yvsr(#7vsr), and ypas(7paB) is used to
parameterize these polynomials by means of least mean square
optimization.

Fig. 31 depicts the results for y and # obtained from (32)
to (38); a grid search algorithm is used to calculate the
depicted data. The maximum achievable power-to-weight ratio
of the on-board electrical system (power converters and gen-
erator/motor) is ymax = 1.39 kW/kg at #n = 89.5%. However,

91

0.6 0.8 1.0 1.2 1.4

(a) y (kW/kg)
16 (%) nvsr (%) #pas (%)
98 —F—0o_T ] 100
94 2 198
90 f} 96
86—~ 94 94
0 1 2 3 4 101214161820 2 3 4 5
e (kW/kg) rvsr (kW/kg) ypas (KW/kg)
(b)
Fig. 31. (a) Calculated results for # and y (overall system). The maximum

power-to-weight ratio is y = 1.39 kW /kg; the selected design points are
marked with O and O symbols. (b) Pareto Fronts of the generator/motor,
the VSR, and the DAB converter, which are used to compute the data of
Fig. 31(a); the design points marked with O and O correspond to the design
points of Fig. 31(a). The Pareto Fronts of Fig. 31(b) are calculated for nominal
operating voltages and rated power.

the design with a slightly decreased power-to-weight ratio
of y = 1.37 kW/kg, marked with a circle in Fig. 31(a),
yields a notedly higher efficiency of # = 90.0% and is
therefore considered to be more suitable. With this, m = 73 kg
results for a rated power of 100 kW. Fig. 31 also shows the
design targets for a more efficient system design, marked with
a circle: for y = 1.00 kW/kg the efficiency increases to
n = 91.7%, however, the weight increases to m = 100 kg.
Table XI lists the respective design targets for the generator,
the VSR, and the DAB converter.

III. POWER KITE ELECTRIC SYSTEM CONTROL

When considering the control concept of the electric and/or
power electronic system, it is important to define what quan-
tities should be controlled and which actuator should be used
to do so. There are several control goals which can be divided
roughly into:

1) flight attitude control;

2) energy generation;

3) control of the dc-voltages.

The flight control can be handled by adjusting the speed
of the individual machines and is a topic out of the scope
of this paper. Therefore, each individual machine needs at
least a separate speed control algorithm which tracks reference
values related to flight commands transmitted over a probably
wireless communication channel. The flight commands could
be processed by a controller adjusting the flight attitude of the
kite by generating the individual speed references.
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The second objective is to generate a certain amount of
energy. Basically, all or some of the machines will then be
controlled to have a certain breaking torque. Additionally, a
superior maximum power point tracker could be used which
adjusts the rotor speeds in such a way that maximum power
can be extracted for a given wind speed.

All these controllers directly adjust the machines speed or
torque and ultimately rely on a stable dc-link voltage. Whether
energy is consumed by the machines in order to fly to the
required position or if power is generated and supplied to the
grid should have no influence on the dc-link voltage level.
Abrupt changes in the energy flow direction should not lead
to severe distortions and over-voltages because of the limited
voltage rating of the dc—dc converter and the MV cable.
Therefore, the dc-link voltage should be tightly controlled to
stay in a predefined range.

For simplicity and reliability reasons, the ac—dc converter
at the ground station is chosen to control the dc-link voltage.
All remaining converters do not actively support or con-
trol the dc-link voltage and can be regarded as disturbing
loads. The control objectives are mainly given by the volt-
age constraints of the dc—dc converter and the MV trans-
mission cable. The LV bus should remain in the range of
650-750 V and the corresponding MV cable voltage should
not exceed 8 kV in response to load or reference changes.
Voltage reference changes are uncritical because they can be
adjusted with a reference filter. Therefore, the main objective
is a controller design, for disturbance rejection and good
damping.

In order to derive the necessary transfer functions for the
controller design, some approximations can be made which
reduce the system complexity greatly. The whole system
can be represented with the equivalent circuit depicted in
Fig. 32(a). It consists of a three-phase ac—dc MV converter
at the ground station (three-level topology with a switching
frequency of 4 kHz), the MV cable, a bidirectional dc—dc con-
verter and a current source representing the generator/motor
units.

Although there are actually four 25 kW dc—dc converters
each connected to two machines, they can be combined to a
single equivalent 100 kW converter. It can then be assumed
that it operates as an ideal transformer with a fixed voltage
transfer ratio n;. Because of its high switching frequency of
fs = 100 kHz, this assumption is justified in the interesting
frequency range.

The eight generator/motor units (probably operated in gen-
erator mode) can be combined to a single equivalent current
source. The worst case scenario can be captured with step
changes of this current source although this will unlikely
happen because of the total rotor inertias and the rather low
generator/motor speed control bandwidth. The bus voltage is
supported in front of each machine with a capacitance of
Cm = 120 uF which can be combined together with the
LV side capacitor of the dc—dc converter to form the equivalent
capacitance of C = 1070 uF.

The MV cable is represented with its series inductance
L1n and resistance Rtp. The cable is terminated at the de—dc
converter and at the ground station with the capacitors C| and

TABLE XII
SUMMARY OF EQUIVALENT CIRCUIT COMPONENT VALUES

Parameter Value Description

Ly 40mH  Boost inductance of the ground based converter
(&) 20 uF DC-link capacitance at the ground station

Lty 360 puH  Inductance of the tether

Rn 80 Resistance of the tether

C 6 uF Total capacitance at the MV port of all DABs

C 1070 uF  Total capacitance at the LV port (VSRs + DABs)
Cleq 15.3 uF Input capacitance at the MV port (C1 + nZC)

C» respectively. The cable capacitance itself is small and can
be equally split and added to Cy and C». The cable resonances
are highly damped because of the rather high series resistance.
The element values of the equivalent circuit are summarized
in Table XII.

A further simplification can be made if the dc—dc converter
is assumed to be an ideal transformer. So the capacitance C
and the current source representing the load can be trans-
formed to the MV side as depicted in Fig. 32(b). Thereby,
the ac quantities are split into their d- and gq-components

Cileq=Ci+n?-C (39)
IL,eq =n;-IL (40)
ny = 700/7500. (41)

Now, it is possible to derive the transfer functions for
reference tracking and disturbance rejection. The respective
equation system can be derived from the electrical equivalent
circuit

df
b% = VNd — Vud (42)
dVn2
C =D —Im (43)
dt
dr
Thd—:h = V1h2 — Vrn,1 — Rrndth (44)
dVrn,1
1,eqT = Ith — IL,eq (45)
Vino - b = Evud - Ing. (46)

The ac voltages and currents are separated into d- and
g-component values, e.g., Vng is the d-component of the ac
line voltage V. The only nonlinear equation is the power
transfer over the ac—dc converter [(46), it is assumed that the
grid current g-component ing is controlled to zero] which has
to be linearized around the steady state operating point

_ 3 INdo 3

Vudo . 3 Vud,0INd,0
= — * Dud -1 _—_ .
2 Vh2,0

= Nd
2 Vho,0 2

1) Th,2-
2 3
Vim0

(47)

First, a fast inner current control loop is designed to control
the current vector in the three-phase boost inductor Lj;. A
simple approach uses a PI controller R; for the current d-
and g-components. Decoupling and feedforward of the grid
voltage is used to derive the open-loop transfer function Gj g
which includes a dead time element accounting for the time
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transformer [cf. (39)—(41)].

delays related to the PWM modulation and the processing
time. The ac—dc converter is assumed to be operated at a
switching frequency of f; = 4 kHz, and thus a time delay
of approximately 7; = 1/f; = 250 us has to be considered

j 1
Giol = L (48)
vud  SLp
j Ri - Gj
Gi,c] _ .lNd — i i,0l (49)
iNdref 1+ Ri-Giol
14+ 5Ty
Ri = kyp; 50
i pi T ( )
With the parameters set to kp; = 100 and Ty, = 0.01,

a current control bandwidth of w,; = 300 Hz and a phase
margin of 60° can be reached.

Now, the dc-link voltage control has to be designed. Ideally,
there would be a voltage sensor at the dc—dc converter primary
side but because of a missing real-time communication link
with a small delay only the voltage Vrn2 at the base station
is sensed. For a better disturbance rejection, additionally the
current Ity flowing into the cable at the base station is
measured and used as a feedforward expression in the final
control loop which is depicted in Fig. 34.

The voltage controller R, regulates the dc-link voltage
V1n2 at the base station. The open-loop transfer function for
reference tracking GyTh2 Ruout can be derived from the block
diagram by solving the corresponding loops. It is important
that the feedforward path containing the measured current Ith
is also included, because it influences the transfer function and
improves the achievable disturbance rejection

OTh,2 1)

GyTh2,Ruout = R
uout |png=0, i, eq=0

The transfer function is dependent on the actual operating
point for linearization

Vado = VN = 3.25 kV (52)
I Fo (53)
MO 372 Vi
Voo = 7.5 kV (54)
Py
ho = (55)

Vh2,0

fi=4kHz °+ I, - AQ:1

(a) Equivalent circuit of the AWT power electronic system. (b) Simplified equivalent circuit assuming that the dc—dc converter behaves like an ideal
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Fig. 33. Pole-zero map of the open-loop transfer function Gyrh2 Ruout for

(a) motor operation; the RHP zero moves farther to the right for lower output
power Py. (b) Generator operation; the zoomed view is shown that the unstable
RHP pole moves toward the origin for higher values of Cj.

The main difference in the operating point is between
motor (P positive) and generator (Py negative) operation.
In order to design a controller, both operating points have to
be considered.

If the poles and zeros of the open-loop transfer function
GyTh2,Ruout are examined, it can be seen that there is a RHP
zero for motor operation [cf. Fig. 33(a)] and an unstable pole in
the RHP for generator operation [cf. Fig. 33(b)]. This directly
imposes some constraints on the voltage controller. In order
to stabilize the system for generator operation, the controller
bandwidth wypy has to be at least twice the RHP pole frequency
op. Additionally, the RHP zero at e, gives an upper limit for
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the bandwidth in motor operation according to 100 Bode Diagram
— GvThZ.Rnuul
Why > 2. C()p (56) 50 — _ _ gu G uon
Wy < Wz/2. 67

The RHP zero for motor operation is a well-known behavior
of the ac—dc converter in rectifier operation. The location of
the RHP zero is dependent on the value of the boost inductor
Ly and on the operating point defined by the nominal power
Py. If the power is decreased, the zero moves to the right and
has less influence [depicted in the zoomed view of Fig. 33(b)].
The worst case operating point is for Py = 100 kW where the
zero is located at w, = 4000 rad/s. Therefore, the maximum
bandwidth of the voltage controller has to be lower than
2000 rad/s.

The location of the RHP pole in generator operation is
dependent on the value of the capacitor C, at the base
station [depicted in the zoomed view of Fig. 33(a)]. If it is
increased, the RHP pole moves toward the origin. Because the
achievable bandwidth of the voltage controller is limited, (56)
gives directly a minimum for the capacitor C; to be installed
at the base station. For C; > 10 uF, the pole frequency
is smaller than 180rad/s, which can be stabilized with a
controller bandwidth of wy, > 360 rad/s. In order to obtain
a reasonable stability margin, the capacitor is finally chosen
to be C» =20 uF.

Now, the voltage controller gains will be determined for
motor operation and then verified afterward for generator
operation. In order to improve the disturbance rejection, a PI
controller is enhanced with a lead-lag element to achieve a
high crossover frequency with an appropriate phase margin

U R, -G
GyTh2,cl = Th,2 = u vTh2,Ruout (58)
oTh2ref 1+ Ru - GyTh2.Ruout
1 sTou 1 sTi
Ry = kpu + $Thu 1+ sThead (59)

sTow  14sTp

With the parameters set to kpy = 0.02 and Ty, = 0.01,
a voltage regulation bandwidth of wp, = 900 rad/s and a
phase margin of 65° can be reached. The lead-lag element
parameters are set to Tiead = 0.001 and Tip = 1/10Tjeaq. The
bode plot depicted in Fig. 35 shows the plant, the controller
R, and the open-loop transfer function for motor operation.
The bandwidth could not be increased much more because of
the limitations imposed by the RHP zero (non-minimum phase
behavior) and the time delay due to the PWM.
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Fig. 35. Bode plot of plant GyTh2 Ruout» controller Ry and their open-loop
interconnection Ry GyTh2 Ruout for motor operation Py = 100 kW.

The performance for reference tracking and disturbance
rejection can be checked by examining the step response of
the corresponding transfer function. In Fig. 36(a), the response
of the voltage V1 on a unit step change is depicted for motor
operation. The behavior is highly damped and no overshoot
occurs. For generator operation, the same controller yields an
overshoot of 20% which is not admissible [cf. Fig. 36(b)]. This
problem could be resolved by introducing a further degree of
freedom with a form filter for reference tracking

OTh,2 G - Ry - GyTh2,Ruout
GvTh2,cl = — = . (60)
v ¢ OyTh2,ref 14+ Ry- GvThZ,Ruout
1
G = ——. 61
" 1+ sTit ( )

With T,y = 0.01, the step response is sufficiently damped
and the overshoot is completely removed also for generator
operation. Naturally, the rise time is reduced but this can be
accepted because a fast reference tracking is not a main control
goal.

Now, the influence of load changes on the bus voltages at the
base station and at the dc—dc converter can be examined. The
closed-loop transfer functions related to disturbance rejection
can be found by solving the corresponding loops

Gyl = 22 (62)

iL,eq
ONd=0,0Th2,ref=0
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Fig. 36. Unit step response of closed-loop reference tracking transfer function
GyTh2,cl for (a) motor operation and (b) generator operation.

[
lz:q' . (63)
ONd=0,0Tn2,ref=0

GyThiiL =

The responses of the cable voltages Vrn2 and V1 on
a step change of the load current for motor and generator
operation are depicted in Fig. 37(a) and (b), respectively. The
load change considered for motor operation is a load drop from
nominal power P = 100 kW to zero. The MV cable voltage
rises up to 7.75 kV what corresponds to a deviation of 3.3%
from the nominal voltage. It is still within the allowed voltage
band. A complete power reversal from motor to generator
operation (from P = 100 kW to P = —100 kW) would
exactly hit the maximum cable voltage of 8 kV and could be
accepted. Such a reversal is unlikely to happen as an external
disturbance. If it is triggered by control commands, a certain
power slew rate could be implemented to reduce the cable
overvoltage. The difference between the voltage at the base
station Vp2 and at the kite Vp,1 is small except of a certain
offset due to the voltage drop on the cable series resistance.

The load change considered for generator operation is a
complete energy generation stop corresponding to a change in
the transmitted power from —100-0 kW. The voltage Vrp2
is tightly regulated and shows a maximum deviation of only
1.5% from the nominal value. Again, the difference of Vry 1
compared to Vrp2 is mainly due to the voltage drop over the
series resistance of the cable. The designed controller is able to
keep the bus voltage in the desired band even for drastic load
changes during generator operation. Correspondingly, also the
voltage on the low-voltage side of the dc—dc converter will
stay within its limits, which can be seen if the voltage transfer
ratio n¢ is considered.

IV. CONCLUSION

As shown in the present work, AWTSs represent a concept
that offers numerous technical challenges but which, in the
end, is technically feasible on the basis of the latest technology.
For a 100 kW AWT system with eight turbines and a total
shaft power of 100 kW, there results an overall weight of
the power electronics converters and the generators/motors on
the aerofoil of approximately 70kg and a tether’s weight of
320kg at an efficiency from the turbine shaft to the ground
station of 90%; the power converters and the generators/motors
share 20% of the total weight of the electric system including
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the tether. Thus, future research may address a further weight
reduction of the tether. The power electronics system, despite
the relatively small capacitive energy storage (weight limita-
tion) and the long MV connection to the ground, is readily
manageable from the control point of view. The suggested
control structure thus provides a basis for the design of an
overriding control, i.e., in particular an on-line optimization
of the flight trajectory for maximum power gain, whereby the
handling of highly variable wind conditions, and automatic
takeoff and landing are of particular importance. Furthermore,
apart from regular operation, failures such as loss of a gener-
ator/motor unit on the airborne system part or a failure of the
grid must be considered.

It is intended to answer these questions in the course of
further research on the basis of a complete dynamic model
of the system, i.e., of the electrical part (generator, power
electronics and cooling arrangement), the aerodynamic part
including the tether, and the grid. Here also, for example,
the thermo-mechanical loading of the power semiconductor
modules caused by the variations of the power flow, in
seconds, along the flight trajectory and hence also of the
power semiconductor junction temperatures will be analyzed
and the mechanical loading of the tether (material fatigue)
investigated. Certainty regarding the actual practical feasibility
of the concept will finally be brought by the long-term test
of a demonstrator. Here, questions of lightning protection
or acoustic noise emissions can also be examined. After
overcoming all technical challenges, there remains the scaling-
up of the concept to the megawatt range and a final economic
evaluation. This appears to be very promising because of the
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considerably lower consumption of resources compared to
conventional wind power exploitation, provided the technology
can be reliably mastered.

APPENDIX
A. Basics of Aerodynamics of CWTs and Power Kites

The following is intended to briefly illustrate the fundamen-
tal mathematical relationships for the calculation of a wind
turbine’s rotor blade swept area ATt (Section A.1) and the
power generation of rotor blades (Section A.2) and power kites
(Section A.3) in greatly simplified form. This conveys on the
one hand an insight into the physical relationships and shows
on the other hand, taking a 100 kW system as an example,
that the surface area of a kite intended for an AWT can be
approximately the same as the surface area of the rotor blades
of a conventional two-blade wind turbine.

1) CWT: The kinetic energy of an axial air flow is trans-
formed into torque-forming tangential force through the rotor
blades of a windmill. According to Lanchester and Betz, the
calculation of the maximum achievable power for a given
rotor blade swept area At can be replaced by a partially air-
permeable actuator disc [1], [34], and the power flow can be
considered in a tubular air flow as shown in Fig. 38. The
pressure in front of the disc will increase in relation to the
ambient pressure, i.e., the kinetic energy of the air will be
reduced, respectively the flow cross-section widened and a
force applied to the turbine disc. The removal of energy from
the disc causes a steep reduction of the pressure. At a later
stage, due to the further reduction of the air speed, the air flow
once again reaches the ambient pressure and finally through
the absorption of the kinetic energy from the surrounding air
again attains the original wind speed vw. In contrast to the
pressure, the speed, assuming constant air density on the basis
of the same mass flow per second through all cross-sections

m= pAwl)w = pATZ)T = pAEZ)E (64)

shows a continuous development. This provokes the question,
which terminal velocity of the air vg results in maximum
turbine power. In this connection it is worth noting that og = 0
is not an optimum value, as then the air behind the wind
turbine cannot leak away, i.e., the flow of additional air would
be impaired.

The force acting on the turbine disc results from the

conservation of momentum
Fra = m (vw — VE) (65)

and thereby, the power generated from the airflow according

to the principle of virtual displacement is
Pr = Fraor = m (vw — VE) UT. (66)

Furthermore, we have for the power according to the principle
of conservation of energy

1,
PT=§m(D%V—D}25).

For this reason follows by a combination of (66) and (67)

(67)

1
T = 5 (ow + vE) (68)

Fig. 38. Setup considered for the derivation of Betz’ Law (airflow tube with
turbine replaced by actuator disk); wind speed and pressure profile.

i.e., the air speed on the disc is the same as the average of the
initial and terminal velocities. The optimal speed vg can now
by use of (64) in (67)

1 1
Pr = —pAtoT (v%\, — vé) = —pATt (0w + 0E) (v%\, — vé)

2 4
(69)
be calculated in the form of a simple extreme value problem
dPr 0 1 (70)
—_— = —> VE.i = Z—LUW.
dr BTV

This results in a maximum achievable power from the wind
(Betz Limit, indicated by an index i)

1 16
Pr; = CP,iEPATU\SV =cpiPw with cp; = > ~ 0.59 (71)

whereby cp; denotes the power coefficient for the Betz Limit.
Accordingly, 59% of the power Pw of undisturbed wind
flowing through the area At with speed vw can be used.

The power that can be generated increases only linear with
the area AT, however with the third power of the wind speed
ow; therefore, an increase of ow by only 25% already results
in a doubling of the turbine output.

Combining (64), (65), and (70), we now have for the axial
force Frja acting on the tower of a windmill

4 3 Pr;j
Frai = pAr~vgy = = — 72
T,ai 14 T90w 2 ow (72)
accordingly
3
Frajow = 3 Pr;. (73)

2

In simple terms, only 2/3 of the energy that would be
necessary to push the turbine disc with a speed of —ow against
still air can be gained. This observation is of importance for
the calculation of the AWT in Section A.3.

The turbine area At is determined by

At = rix. (74)

In the case of a real turbine, however, only a part of the entire
area At effectively generates power. Here, for an approximate
estimate, it can be considered that within an inner circle having
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VBt = 't Wt

Fig. 39. Turbine swept area and blade area.

the radius r7/2, no power can be generated, i.e., the actual

turbine area is only 3/4AT. The turbine output then is
3 2 3

PT = ZPT’i = §PATUw~ (75)

This represents using 44% of Pw [cf. (71)] and coincides

with practically achieved values. The turbine area necessary
to generate power Pg is thus

Pg
9P VW
In axial direction, the resultant force is
3 1 At , 3 3 Pr 3 Pr
F == —F 1 —p— = 1 — _— R - —
Ta 1 T,a,i +CW2p 4 Dy ( + 8cw) 2 ow 2 ow
(77

whereby the aerodynamic resistance caused by the inner,
non-active part of the turbine is considered. Assuming an
aerodynamically favorable design of the non-active part
(ew = 0.2 typ.), this portion can, however, be neglected in
respect of the axial force resulting from the turbine effect.

2) Geometrical Dimensions of the Rotor Blades of
CWTs: The greatly simplified arrangement of a twin blade
turbine with a concentrated force acting on a mean radius
rg shown in Fig. 39 is used to calculate the blade surface
Ap and/or the geometrical dimensions of the rotor blades.
Furthermore, the analysis of the air flow will be limited to this
radius. In contrast, a more accurate calculation would require
a dissection of the rotor blades into a large number of small
radial sections [35].

It should be noted that twin blade turbines are used indus-
trially up to about 100 kW (the same as the rated power of
the AWT system considered in this paper). For higher power
levels, the propellers are equipped with three rotor blades
which provide a better balance of the masses, a more uniform
torque generation (lee of the tower) and reduced rotational
speed.

An important aspect when dimensioning wind turbines is
the tip speed ratio
rrat

Ow

At = (78)

97

that is selected, based on experience from turbine construc-
tion [36] as
80

ATopt &~ ([ —
P ZB

(79)

(zp indicates the number of rotor blades). It is clear in the aim
for an optimal tip speed ratio that for too low rotational speed
ot and/or tip speed of the turbine rotor blades, the area At
is passed over too slowly, in other words the wind can pass
through without hindrance and/or without extraction of a large
amount of energy. At too high a speed, the rotor blades can,
in the limiting case, block the air stream which once again
results in a low energy extraction. Furthermore, at too high
ot a rotating rotor blade reaches the turbulent air left behind
the preceding blade resulting in high aerodynamic resistance
and/or losses.

For the conversion of the wind energy, advantageously the
lift Lp acting orthogonally to the wind speed ow, observed
from the rotor blade, is employed (cf. Fig. 40). The lift
generated depends essentially on the direction of the relative
wind to the rotor blade chord line, i.e., the angle of attack a.
Increasing a results in increased lift Lp until finally a strong
increase in drag and last of all turbulent air currents result
(pp. 60-61 in [1]). Due to the increasing peripheral speed
vB, caused by the increasing radius, the blade pitch angle is
changed over the radius for real turbines.

The effective air flow results in a lift Ly and drag Dg acting
on the rotor blade

1 2 1 2
Lg =cLB EPABUWJ Dg = cpB EPABUWJ (80)
with c;g = 1...1.5 and ¢pp = 0.05...0.1 (lift-to-drag ratio
cL/cpB = 15 typ.) for an appropriately shaped blade profile
and an optimal angle of attack. Accordingly, the drag effect
of Dp can be disregarded in the following.

The effective wind speed follows with the tangentially

directed rotor blade speed

3
VB = rroT = Ziva (81)
as
9
vwr = /03 + 05 = owy/1 + Rz%. (82)

The force component acting in the blade’s direction of rotation
is thus

1 9
Lo, =Lpsiné = Lg—Y = c.~pApvd /1 + —i2 (83)
’ OWr 2 16
and we have with reference to Fig. 40
bw

Lgy
= — —> Lpwp = Lpavw.
Lg, v

(84)

This well shows the power conversion by the rotor blade
from the axial wind direction into a torque-forming tangential
component.

The wind speed on the rotor blades was assumed to be
ow for the previous calculations. However, as can be derived
from (71), only a wind speed of 2/3 vw reaches the turbine
disc [cf. (68) and (70)]. It is thus necessary to reduce the
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Yw

Vw,r VB

Fig. 40. Velocity components and forces acting on the blade of a CWT.

tangential force, calculated according to (83), to 2/3 L, for
the torque generation. As a result it will be clear that also
the full axial force Fp, according to (77) corresponds with
3/2 Pt and not directly with Pr.

In summary, we have for an output power Pg (referenced
to the turbine shaft) to be generated by the turbine

2 1 9
PG = ZBgLB,tUB =2zB ZCLPABD%MT 1+ —22 (85

16°T

(zg denominates the number of rotor blades), which allows
to calculate the required rotor blade area Ag and/or the rotor
blade width
Ag
as rr is determined by (74) and (75).

3) Crosswind Power Kite Modeling: A crosswind kite
moves transversal to the wind in the same manner as the
rotor blade of a windmill, i.e., the aerodynamic area Ak
converts wind energy to move the kite against the aerodynamic
resistance. It is assumed that the kite retaining cable lies
parallel to the wind, whereby the motion is orthogonal to
ow (cf. Fig. 41) and ox shows a constant value, i.e., no
acceleration forces occur, for the sake of simplicity in the
following observations. In reality, this situation is given only
in sections of the kite figure-of-eight flight trajectory.

For the lift Lx and drag Dk acting upon the kite, we have

wB = (86)

1 1
Lx = CLK—PAKU%VJ~ Dk = CDK—pAKZ)\z;V’r. (87)

2 2

In case wind turbines are mounted on the kite according
to [2] (cf. Fig. 42), i.e., an AWT is created, a counteracting
force takes effect, in addition to the aerodynamic drag, which
reflects the energy generated by the turbine for a wind speed
ow,. In addition to Dy, and Dp, the lift must also support the
weight Gk of the kite itself as well as that of the retaining
cable (tether) G, and causes a tensile loading of the tether.
Within the terms of a basic overview, Gg and Gt will not
be considered here [2]. Therefore, the forces L, Dk and Dp
combine to a resulting force acting in the direction of the
tether.

Dp Vi
\ a Lx
Y Dy
\
P L R A
Flk Frik
\
\
A
Vw,r y
o
VK \\

Fig. 41.  Velocity components and forces acting on the power kite of an
AWT (turbines not shown, cf. Fig. 42).

The aerodynamic quality of an aerofoil respectively a kite is
determined by the lift-to-drag ratio which is itself dependent
on the angle of attack a (cf. Section A.2)

Lk _ ax

kip = — = (88)

Dk cpk
and typically has values of ki p = 20...30. We will denote
the relationship of the energy-generating force Dp to the

aerodynamic drag Dx with

ko = 2P (89)
D = Dy’
Based on the speed diagram (cf. Fig. 41) we have
ow . tan y
=siny = ———— (90)
OW,r 1+ tan?y
with
Dx +Dp (14 kp)
tany = = o1
Lx kLD
and ow; results as
k2o 4 (kp + 1)2 kip
Ow,r = bW (92)

X0
(kp+1) Vo +1)
(kLp > 1), i.e., the flying speed of the kite is several times

higher than the actual wind speed vw. The power extractable
by the kite is

Lk 1 kp
Pk = ow;Dp = owrkp— = cLk = pAK— 3, (93)
kip 2 kip ™
1 3.2 kp
~~ —pAkowkin—————. 94
CLK2P KOw LD(kD+ 1)3 94)

Accordingly, the power generation for given aerodynamic
properties ki p and cLk can be maximized by proper choice
of kD |

—— =0— kpj ==, Dpj = =Dx.

de D,i ) Pi ) K
Equation (95) has to be interpreted such, that for small values
kp or Dp, despite a high speed vk, a small product value (93)
results. In contrast, a considerable reduction of vk results from
a high Dp and with this once again a low power generation.
By the use of (95) in (93) we have

95)

4 ) 1 3 1 3
Py ~ ECLKkLDEPAKUW = CPK,iEPAKvw- (96)
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Fig. 42.  Schematic representation of an AWT section (power kite wing
carrying wind turbines, cf. Fig. 2).

Thereby, it becomes clear that the kite’s coefficient of per-
formance cpk; is considerably higher than that of a CWT
[cf. cpi, (71)], i.e., in order to generate a predefined power
value, the kite surface Ax (cf. Fig. 43) can be considerably
smaller than the swept area At of an ground-based turbine,
e.g., for ccx = 1.2 and ki p = 20 we have cpk,i/cpi = 120
clearly showing the kite’s relationship with the rotor blades
of the CWT mentioned above. It is important to point out
that based on (95) one should not assume that in order to
generate more power a greater kite wind resistance (drag) Dk
is desirable. On the contrary, as shown by (96), the maximum
power Pk ; increases with increasing kip, i.e., reducing Dx.
However, in any case twice the generated power is lost to the
aerodynamic drag Dk also in the optimal case.

At optimal kp, i.e., kpj = 1/2, the wind speed seen from
the kite (according to Fig. 42 wind speed ow,; for large ki.p
is approximately the same as the flying speed of the kite vk
measured in a fixed coordinate system) is

kLp
- kLDDW .

Mo+ D 3 ©n

OWri ~
This is 2/3 of the speed of a kite which is not retarded by a
turbine counteracting force Dp, but nevertheless still several
times higher than the wind speed ow, advantageously resulting
in a very small swept area Atx (cf. Section A.4) requirement
for the kite’s turbines.

4) Power Kite Area and Turbines: Finally, the swept area
Atk of the wind turbines mounted on the kite and their
rotational speed wrk, and the rotor blade area Agg must be
calculated, whereby it will again be assumed that a twin blade
turbine is used.

Dimensioning of the kite for optimal operation results in a
very high speed vw; (in the case of a kite turbine vw, replaces
the wind speed vw applicable to a ground-based turbine) and
thus, according (76), a very small turbine area ATk

ATK = 273 = rrg7 (98)
TG PVW,r

or short rotor blades rtk (Pg is the total power to be
generated, zt the number of kite mounted turbines, cf. Fig. 3).
Furthermore, as a result of the tip speed ratio resulting from

99

Ag (m?)
100 <
Py;=100kW e
——=15
AN X Dx
10 BN \
A 10kW
\ AN
\\ AN
1 B AN
1kW N
LN\ AN AN
o BRI N
1 10 30 50
vw (m/s)

Fig. 43. Dependency of the power kite output power on the effective air
velocity vw, and the kite area Ag under the assumption of optimal selection
of Dp, ie., Dp = Dp’i = I/ZDK; cf. (95).

the number of rotor blades according to (79)

FTKWTK
OWwW,r

ATK = 99)
a very high angular frequency wrk of the turbine will result.
It is therefore advantageous to take an opposite approach
and to choose sufficiently long rotor blades rtk respectively a
sufficiently large swept area Atk (sufficiently larger than the
outer radius of the generator positioned behind the turbine).
The necessary wind speed vw, can then be calculated by use

of (75)
3 Pg

Dy, = =———. (100)
W %pZTATK

The rotational speed wrk of the turbine then results from
the choice of Atk (99). The area Agx and width wgg of
the kite turbine rotor blades can be calculated according to
Section A.2.

It should be pointed out that in general the optimum
application of the kite to generate power according (96) cannot
be achieved, hence a larger kite surface area Ag than defined
by (99), is required. In order to calculate Ak, it can be assumed
that the force acting on the kite due to the mounted turbines
Zr is
3 Ptk 3 Pg

Frga ~ zr =
’ 2 owyr 2 0wy

(101)

[compare comment to (73)]. This force is directly the same as
Dp

3 Pg
Dp = Frga ~ =
2 OW,r

(102)

where by Dp is specified; furthermore ow, is known
from (100). Thus, the kite’s output power is

3
Px = vw,Dp = - Pg (103)

2

i.e., a power of 3/2 of the total turbine output power has to
be supplied by the kite. By rearranging (92) we obtain

kp = (DWkLD—l)
OW,r

(104)
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and thus, by use of (93)

1 oW 1 3
PG ~ —pA - — 105
G ¥ ALKz PAK (UW,r kLD) Ow,r (105)
from which the necessary kite area
P
Ag ~ G (106)

CLK%p (15)\}3/, - ﬁ) D%V,r
immediately results.

5) Numerical Results: In this section a calculation example
of a conventional ground-based wind turbine and an airborne
crosswind power kite with zv = 8 turbines is presented
based on the equations derived in this appendix. Both wind
turbine systems are designed for a total mechanical shaft
power Pg = 100 kW, a wind speed vw = 10 m/s, and a
rotor blade number zg = 2 (two-blade rotor). The aim is to
briefly investigate and compare the physical dimensions and
properties of both systems.

Firstly, the CWT is considered. According to (76), the
necessary swept area of the rotor equals to

Pg

Ap = 53— =367.3 m’ (107)
9P0w
leading to a rotor radius
At
rr=,/— =10.8 m. (108)
T

The resultant angular speed wr, assuming an optimal tip speed
ratio can be determined by combination of (78) and (79) and
is given by

LW 80

— =5.8 rad/s”!.
TV ZB

= (109)
This corresponds to a rotational speed of 56 r/m. The required

blade area can then be determined by solving (85) for A,
which leads to

4 Pg

Ap = =44 m? (110)
ZBPU%VATaOPt\/ 1+ %l%,opt
for a lift coefficient ¢ = 1.2 and an optimal tip speed

ratio At opr according to (79). Ultimately, (86) allows for the
calculation of the required rotor blade width

2AB

wp=——=08m (111)
rr

Next, the characteristic quantities of the power kite are
determined for a lift coefficient cx = 1.2, a lift-to-drag ratio
kiLp = 25, and a rotor radius rrx = 0.625 m (equals to a diam-
eter of 1.25 m). The rotational speed of the generator/motor is
assumed with 2000 rpm at generator operation and 3000 rpm
at motor operation.

The required relative wind speed ow r, seen by the kite wind

turbines, can be calculated by (100)

Pg
owy = 3 T = 33.4 m/s
5PZTATK

(112)

which corresponds to a speed of 120km/h =& 65kts. The
necessary kite (wing) area can then immediately be obtained
from (106)

Pg

Ag ~ =21.1 m?.

1 1,3 (113)
v
CLK3P (u\x - E) Ow,r

Finally, the resulting tip speed ratio has to be determined for
generator operation (41K ) and for motor operation (ATK,m)
using (99) to verify the turbine rotor design

Ik = —RPTKe _ 39 (114)
OW,r

Mk = KOTKm _ 5 (115)
OW,r

For motor operation, the tip speed ratio is close to the
optimal value (& 6.32) for a two-blade rotor as desired.

By considering the rotor radius r and rrg, it can be shown
that the total swept area of the turbines on the power Kkite,
operating at 2000 rpm, is approximately 37 times smaller than
the swept area of the ground-based wind turbine, operating at
56 rpm.

6) List of Symbols: The acronyms and variables utilized for
the aerodynamic calculations in the appendix are listed below.
The term “turbine” refers to wind turbines if not differently
specified.

AWT Airborne wind turbine.

CWT Conventional (ground-based) wind turbine.
AB Rotor blade area.

AE Exit area of the airflow tube.

Ak Kite (wing) area.

AT Swept area by the rotor of the turbine.

Atk Swept area by the rotor of the turbine on the kite.
Fr,,  Axial force acting on the turbine.

Fr;  Tangential force acting on the turbine.

Frk,a Axial force acting on the turbine of the kite.

Dp Drag of the rotor blade.

Dp Power generating drag of the Kkite.

Aerodynamic drag of the kite.

Ly Lift of the rotor blade.

Axial lift acting on the rotor blade.

Tangential lift acting on the rotor blade.

Lk Lift of the kite.

PG Total shaft power of the wind or kite turbine
system.

Px Extractable power by the kite (wing).

Maximum extractable power by the kite (wing) for.

ideal selection of kp = kp; = 0.5.

Pr Power of the turbine.

Pr; Maximum achievable power of the turbine for.
cp = cp,; (Betz Limit).

Pw Power of the undisturbed wind.

cD Drag coefficient.

CDK Drag coefficient of the kite.

cL Lift coefficient.

CLB Lift coefficient of the rotor blade.

CLK Lift coefficient of the Kkite.
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cp Power coefficient of the turbine.

CP.i Ideal power coefficient of the turbine (cp; &~ 0.59).

CPK Power coefficient of the kite.

cpk,i Ideal power coefficient of the kite (kp; = 0.5).

cw Aerodynamic resistance coefficient.

kp Ratio of the power generating drag to the aero-
dynamic drag of the kite.

kp,i  Ideal ratio of the power generating drag to the
aero-dynamic drag of the kite (kp,; = 0.5).

kip Lift-to-drag ratio.

m Mass of the air.

T Rotor radius of the turbine.

rTK Rotor radius of the turbine on the Kkite.

VB Velocity of the rotor blade.

VE Exit air velocity of the airflow tube.

VE,i Ideal exit air velocity of the airflow tube
(vg,i = 1/3vw).

VK Kite velocity (speed).

T Air velocity at the turbine of the airflow tube.

oW Wind velocity (speed).

ow,r Relative wind velocity acting on the rotor blade or
the kite.

wB Rotor blade width.

ZB Number of rotor blades.

ZT Number of turbines on the kite

y Angle between vk and ow,; not to be confused.
with the power-to-weight or more precisely the
power-to-mass ratio.

AT Tip speed ratio of the turbine.

ATK Tip speed ratio of the turbine on the kite.

AT,opt Optimal tip speed ratio of the turbine.

p Density of the air (p = 1.225 kg/m? at 15°C).

& Angle between vg and vw ;.

T Angular frequency of the turbine.

otk Angular frequency of the turbine on the kite
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