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Outline

Futuristic Wind Turbine Concepts
Airborne Wind Turbine Electrical System
Multi-Objective Optimization

Controls Aspects

Conclusions
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Conventional 100kW Wind Turbine 4

» Characteristics

- Tower 35m/18 tons
- Rotor 21m / 2.3tons
- Nacelle 4.4 tons

v

ow(h) = vy (%)QH

m Large Fraction of Mechanically
Supporting Parts / High Costs

1)

Eidgendssische Technische Hochschule Ziirich National University
of Singapore

Swiss Federal Institute of Technology Zurich
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Revolutionize Wind Power Generation
Using Kites / Tethered Airfoils

[2] M. Loyd, 1980
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Controlled Power Kites for Capturing Wind Power

» Replace Blades by Power Kites
» Minimum Base Foundation etc. Required
» Operative Height Adjustable to Wind Conditions [2] M. Loyd, 1980

KITE AGEN

All rights reserved

m Wing Tips / Highest Speed Regions are the Main Power Generating Parts of a Wind Turbine

ETH EANUS
Eidgendssische Technische Hochschule Ziirich National University
of Singapore

Swiss Federal Institute of Technology Zurich
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Controlled Power Kites for Capturing Wind Power

» Wind at High Altitudes is Faster and More Consistent
» Operate Kites at High Altitudes or Even in the Jet Stream

2 kW/m?
Source: J<EBY 0 POIOIOOI111112 /

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich
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Controlled Power Kites for Capturing Wind Power

» Wind at High Altitudes is Faster and More Consistent
» Operate Kites at High Altitudes or Even in the Jet Stream

STANFORD
UNIVERSITY
4
AIRBORNE g
WIND ENERG
CONFERENCE
ETH TNUS

Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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Pumping Power Kites

» Kite's Aerodynamic Surface Converts Wind Energy into Kite Motion

real wind W

— Source: M. Diehl /
A K.U. Leuven
speed of kite U
» effective wind = speed of kite
x Force
1 2
F, = 5 pACTv
B Generated Force Could be A
Converted into Useful
Power by Pulling a Load /
Driving Turbines via a CL
Tether Kite moves o x faster than real wind!

Eidgendssische Technische Hochschule Ziirich W j

Swiss Federal Institute of Technology Zurich
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Pumping Power Kites

2
2 C
» Maximum Power P=—pA w? C1 TL [2] M. Loyd, 1980
27 Ch
Source: M. Diehl /
K.U. Leuven
real wind - roll-out speed
real wind I
> W \ f

speed of kite U
.. effective wind = speed of kite

Force
Fr = ZpACLu

q 2
roll-out speed = 1/3 W

SHrdbibens T

ETH EANUS
Eidgendssische Technische Hochschule zirich —/—m—m™™/4348/}74/70/0 — . — /& H H /M M MmVm &V FVFmVm e\ National I University
Swiss Federal Institute of Technology Zurich of Singapore
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Pumping Power Kites for Capturing
High Altitude Wind Power

» Lower Electricity Production Costs than Current Wind Farms
» Generate up to 250 MW/ km?, vs. the Current 3 MW/km?
» Research at the & %POLITECNICO DI TORINO

traction phase

\
unroll phase
P \ vehicle with KSU

/ I —* nominal

0=0, 0 wind direction

Eidgendssische Technische Hochschule Ziirich @

Swiss Federal Institute of Technology Zurich
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Pumping Power Kites for Capturing
High Altitude Wind Power

» Lower Electricity Production Costs than Current Wind Farms
» Generate up to 250 MW/km?, vs. the Current 3 MW/km?
» Research at the f%’:_s:’_‘-PQuTEcmco DI TORINO

/
i o -
o
& 1 km? = 1 000 000 m?
- \
\ 1 4
N [
S /
1
KITE 4 GEN
All rights reserved
6 400 m2E
Carousel (P e |
Configuration \ V= l l
90 m 800 m
ETH =&
Eidgendssische Technische Hochschule Ziirich @ mslulnjwerssny

Swiss Federal Institute of Technology Zurich
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Alternative Concept — Airborne Wind Turbine

» Power Kite Equipped with Turbine / Generator / Power Electronics

» Power Transmitted to Ground Electrically [2] M. Loyd, 1980

—

HORORONCO
ONO

ETH

EENUS
Eidgendssische Technische Hochschule Ziirich

National University
Swiss Federal Institute of Technology Zurich (O ofsingapore
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Alternative Concept — Airborne Wind Turbine

» Power Kite Equipped with Turbine / Generator / Power Electronics
» Power Transmitted to Ground Electrically [2] M. Loyd, 1980

Source: JEBY

ETH =N U
Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich of Singapore
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Basic Physics of Wind Turbines

\
» Maximum Achievable acc. to Lanchester / Betz 1 3
» High Crosswind Kite Speed = Very Small Turbine Area PT,i = Cpj §pAT”UW

16
cPi = 5= ~ 0.59

rr
e )
; — V1 5
s i ; 1000 — —————
—;—- | |— E—— ™ N P"[‘l:]OOkW
v Fiy Il Fr, v ‘\\ N
/V: _H_.FVT \
Aw y TL//\ 100 < N S \‘\
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Comparison of Conventional / Airborne Wind Turbine

56rpm

—
—0

30m

B Numerical Values Given for
100kW Rated Power

ETH ERNUS

Eidgendssische Technische Hochschule Ziirich National University -
Swiss Federal Institute of Technology Zurich of Singapore
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SkyWindPower AWT Concept

» Tethered Rotorcraft — Quadrupole Rotor Arrangement
» Inclined Rotors Generate Lift & Force Rotation / Electricity Generation

)\
—_1 & 4
WV INDPOWER

L ————_

Artist’s Drawing of
240kW / 10m Rotor System

B Named as One of the 50 Top Inventions in 2008 by TIME Magazine

ETH ERNUS

Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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J<E 2 AWT Concept

E N

» Reinforced Tether Transfers MV-Electricity to Ground
» Composite Tether also Provides Mechanical Connection to Ground

EANUS
Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

National University
of Singapore
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AWT Basic Electrical System Structure

» Rated Power 100kW Airborne Wind Turbine
» Operating Height 800...1000m 3 7
» Ambient Temp. 40°C W“_ '
» Power Flow Motor & Generator ; — |
O]
3= | Ground
m = : Station
3 O = I 2 l =5 3
W~: | Tether |
3= | |
6 : 3= Mains
6 : 3=
m EL System Target Weight 100kg =
m Efficiency (incl. Tether) 90% Turbines, Generators, and
m Turbine /Motor 2000/3000rpm Power Electronics

ETH ERNUS

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich (O ofsingapore
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Design of Electrical Power System

» Clarify Practical Feasibility of AWT Concept
» Clarify Weight/Efficiency Trade-off / Multi-Objective Optimization / Pareto-Front

ETH TINUS

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich
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Tether Design

DC Voltage Level
n-y-Pareto Front
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Swiss Federal Institute of Technology Zurich
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Tether DC Transmission Voltage Level

» P, ,=100kW/ [, =1000m

22/63

» Strain Relief Core - Kevlar (F,,= 70kN, d=5mm)

» Cu or Al Helical Conductors - Y2 U, Isolated

» Outer Protection Jacket (3mm)

800 |
Insulation /\ Strain relief I

Conductor/\/‘ /\) core Eﬂ 600
(litz wire) \ < ’

Teth
— 18 jaectk:tr § 400
200
b; do = 19mm
dw = 1.5 mm 0

1000 —

nrn = 98.5%
mm o mm
bi = 0.0144: 5 - i + 0.169455 - Vi + 0.40 mm

\\ —— Cu litz wire |

— — Allitz wire |

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Tether n-y-Pareto Front

» Tether Voltage V,,, =8kV

100 ———————=—=

| — Culitz wire I B 1- 98.5%
| — = Allitz wire ! 1
95 | ! \ ]
—~ ! \ :
=X ! ! ]
< 90 : A
= I ! 1
= : \ ]
i | \ :
85 | ; e
! |
m Total Weight of : | \ ]
Tether: 320kg oL .. oy
0.0 0.1 0.2 03 04 0.5
ym (kW/kg)
&TH ERANUS

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich (O ofsingapore
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System Overview

Airborne Wind Turbine
3=
6 C = |
3 =
O
{}_@ 3 ~ | Ground
| Station
J]}‘@ = | 2 | — 3

boiz | g 12
; : :
%)_© 3 = Mains

Turbines, Generators, and
Power Electronics

ETH =B N U

Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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Possible AWT Electrical System Structures

» Low-Voltage or Medium-Voltage Generators / Power Electronics
» Decision Based on Weight/Efficiency/Complexity

%
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0000600
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Generator / Motor Design

Dimensions
———  Number of Pole Pairs —
n-y-Pareto Front

E'" BE ® NU

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich of Singapore
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Generator / Motor n-y-Pareto Front

» Medium Voltage vs. Low Voltage Machine V,, , = 8kV

- PMSM - Radial Flux - Internal Rotor - Slotted Stator / Concentrated Windings - Air Cooling
- Analytical EM and Thermal Models for Weight / Efficiency Optimization
- P= 16kW/ 2000rpm Rnech

ot = + P

R hy s

. -EV‘\ \\\‘/'\‘ \ _r\‘\—l\\‘\’
\ W \ |

Thermal Model LV Machine HV Machine
m LVG: Diameter 17cm (excl. Cooling Fins) / Width 6.0cm / p=20 / n=95.4% / Weight 5.1kg

ETH ERNUS

Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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CAD Drawing of LV and MV Machine

» Fixed Parameters and Degrees of Freedom

MACHINE OPTIMIZATION PARAMETERS AND FIXED PARAMETERS

Optimization parameters Symbol  Range
Air-gap radius R 50...250 mm
Active length L 10...60 mm
Slot depth hg 5...20mm
Permanent magnet thickness dom 2...8mm
Pole coverage factor o 0.8...1
Number of pole pairs p 5...30
Fixed parameters Symbol  Value

Air gap dag 1.5mm
Copper filling factor kcu 0.45
Permanent magnet remanence  Biepy 1.37T

[ron saturation flux density Bt 22T
Insulation thickness ins 2 mm

(MV machine only)

Swiss Federal Institute of Technology Zurich

28/63 —

Windings

Stator core
Permanent magnets
Rotor yoke
Cooling fins

Insulation
Windings

National University
of Singapore

= NUS
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Generator / Motor n-y-Pareto Front

P> Selected Design

n:

v =3.1 kW/kg

m Medium Voltage Machine Not Considered Further

95.4%

Nam (Y0)

98
96 K ~.:
94 - 5 ,_:_/
pd
92 7 4
I 4}V/'
90 A
23 !d LV machine | |
\ = = = MYV machine
86 l
0 2 3 4
Yom (KW/kg)
1

Swiss Federal Institute of Technology Zurich

29/63
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Comparison to Commercial Motors

» Motors Employed for Electric — ENSTROJ
Propulsion of Glider Airplane

Power P =10kW
Speed n =2200rpm
Cooling v, =25m/s

m Diameter 22cm
Width 8.6cm
Weight 12kg
Pole Pairs 10 A NS 5
Efficiency 91% = L

National University
of Singapore

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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System Overview
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Rectifier / Inverter Design

Chip Area
— Heatsink Volume —
n-y-Pareto Front

E'" BE ® NU

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich of Singapore
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Rectifier / Inverter Design

» 2-Level or 3-Level Bidirectional Voltage Source Rectifier - S =19.3kVA
- fS,min= 24kHZ
- T, =125°C
- Foil Capacitor DC Link
p p
— . o o)
R Jﬁl Jﬁ? JS‘E
Ny Wy W Coc,
‘ . J J =
O o
2 LCoc 4 5
¢ 5
o C N
. J J J ="
N W W
Kl ﬁ n J J o n
. : O O
1200V T&FS Si IGBT4s / 600V T&FS Si IGBT3SJ
1200V SiC Diodes 600V Si EmCon3 Diodes

m Maximization of Heatsink Thermal Conductance / Weight (Volume) - Max. CSPI

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich i
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Heatsink Optimization

» Maximize Thermal Conductance / Weight (Volume)

| & — \
e rataininls AP wax K A operating
t NI point
» e e |
c Z
n |
1 o | L
|| < 0
v, =5m/s .y LI L] [ _E_ _E_ i — APCHANNEL |
TRCTE -y |
“«—p LA | T Ve
Vi [m3/s] ’
m Highest Performance Fan
m Fin Thickness / Channel Width Optimization
ETH BN US

Eidgendssische Technische Hochschule Ziirich @ aaaaaaa I University
Swiss Federal Institute of Technology Zurich of Singapore
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Heatsink Optimization

» Maximize Thermal Conductance / Weight (Volume)

\
d APE max K- Apg .
- operating
1 NI oint
E P
cl2 E,
n |
v o | -
< 0
~ APCHANNEL |
|
S, | ]
! ! Vv
Vi [m3s] F.MAX
m Highest Performance Fan
m Fin Thickness / Channel Width Optimization
ETH BN US

Eidgendssische Technische Hochschule Ziirich @ aaaaaaa I University
Swiss Federal Institute of Technology Zurich of Singapore
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Heatsink Optimization

1
n=34 4
n
0.8 L \ %
\ \\\\ v /
n=1
g 0.6 /5
N sub-optimum:
= n=16 / k=0.60
o 0.4 s=1.5mm / t=1.0mm
Ripsup=0-30
» Optimum L x b x c= 80x40x40mm? Optiml/”Ei
i — n=26 / k=0.65
W Al With A= 210W/Km \/szl.Omm / t=0.54mm
O‘S*Plnl — 150 n= [6, 10, l“]-, ..... 42, 46, 50] Rth,sub:0-26
Kkg 0 | | | | |

0 0.2 0.4 0.6 0.8 1
k = s/(b/n)

m Highest Performance Fan
m Fin Thickness / Channel Width Optimization

ETH

Eidgendssische Technische Hochschule zirich —/—m—m™™/4348/}74/70/0 — . — /& H H /M M MmVm &V FVFmVm e\ National I University
Swiss Federal Institute of Technology Zurich of Singapore
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Rectifier / Inverter n-y-Pareto Front

- Switching Frequency Range  24...70 kHz
- Heatsink Temperature Range 55...100 °C (T, = 40°C)

100
98 | = 7
- | /
X ! ! /
= 96 !

200 /
= i !
94 !

. ; y
> Selected Design - VSR |
n =98.5% L — — 3LNPCVSR |
10 12 14 16 18 20
Pvsr (KW/kg)

m 3-Level Topology Does Not Show a Benefit

ETH ERNUS

Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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System Overview
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8kV,/750V,. DAB Converter Design

Switches / Topology
Transformer
_ n-y-Pareto Front _

E'H B R NUS

Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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DC/DC Converter Topology

» Bidirectional Energy Transfer - Dual Active Bridge

Weight <

25kg

fs=50...125kHz > f , = 100kHz
Phase-Shift Control (¢ =m/4)

; R
\TLV,I' TL\{E
o8kv = [Ty
\TLV,3 \TLVA
o

m Implementation of Electronic Switches - SiC

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

L

st

\

THV,1 \

I

1:n \

W
THV,S

+o

8 kv

ol

¢ /rad

BNUS
%

Na honalU llllllll
of Singapor

40/63

Vac1 /R Vac2
1000V ’i i - 20A
500V 275 i 10A
o AA—— 0
soov i1 -10A
-1000V b= 20A
P,/ kW L/A
15kW 45A
W é.’% —{30A
SkW = \ 15A
0kW ~~""’*‘1;(V:7OOV) 0A
SkW M-p(r-650V)
10KW .%WP(V—WOV)
~ P(V=750V)
KW A = 0 wd w2 3nE
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DC/DC Converter Topology

» Bidirectional Energy Transfer - Dual Active Bridge

Weight < 25kg
fs=50...125kHz - f;, = 100kHz
Phase-Shift Control (¢ =m/4)

+9
+¢

\ TLV,]‘ \ THV,1 \ TH\.{Z

08kvV = le;—llLle T 8kV

\ TLV,3 \TL\.‘% 1n \ THV,EI \ THV,4

ol
ol

» 10kV Si/SiC
SuperCascode
m Implementation of Electronic Switches - SiC Switch

ETH

41/63 —

o Drain

Gate

<
N
\
)
M
'
4
_-

o Source

’ \
I’ 13T,

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

National University
of Singapore
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Si/SiC Super
Cascode
Switch

=» HV-Switch Controllable via
Si-MOSFET

* 1 LV Si MOSFET
* 6 HV 1.7kV SiC JFETs
* Avalanche Rated Diodes

=>» Ultra Fast Switching
=» Low Losses
=» Parasitics

* Passive Elements for
Simultaneous Turn-on
and Turn-off

* Stabilization of Turn-off
State Voltage Distribution

ETH

o Drain
i
RSM
AD
1L -
a0
| ’ -
RGM Rm
AD
- ' :I; Cw
g
< ! 2
RGS5 RSM
AD
™ ' l Co
L T
Ll
hal i
Ao l C
— St3
AL LT
al i
RG&T} RS12
L l C
"] S12
£ T
n
RGS,? RSH
A0 l c
St
AL LT
q
Gate -
ey
o Source

Synchronous
Switching

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Si/SiC Super
Cascode
Switch

=» HV-Switch Controllable via
Si-MOSFET

* 1 LV Si MOSFET
* 6 HV 1.7kV SiC JFETs
* Avalanche Rated Diodes

=>» Ultra Fast Switching
=» Low Losses
=» Parasitics

* Passive Elements for
Simultaneous Turn-on
and Turn-off

* Stabilization of Turn-off
State Voltage Distribution

43/63

Synchronous
Switching

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Selected Multi-Cell Converter Topology

» MV-Side Series-Connection / LV-Side Parallel-Connection

6.25KW . o
2kV ‘o . * s

P.

i
Vth, 1i

+ o L o + i T C
1% DAB Conv. T Ts T
| J.‘t .'ij 7J* D,
:l I j!.a(:l iac2=il_ 3 »
2" DAB Conv. I : o
g I u 6.9kV VTh,lS okVv Vo =G Ca V:c_l 1D Lvlz Vw1
650V aes 750v 3rd DAB CO]‘IV, . de «++ O- de — N N -
] 1:1V2 D,
4" DAB Conv. T, T, Topox | %
e - LRI | - Ca,

6 TSJEEE _

m Winding Arrangement & Efficiency / Weight Optimization of Transformer

ETH =B N U

Eidgendssische Technische Hochschule Ziirich @ National University

of Singapore

Swiss Federal Institute of Technology Zurich
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Transformer Design

» MV-Winding Arranged Around Inductor Cores
» Cooling Provided by Heatpipes
» Stacked Cores - Scalable Arrangement

7_J ‘/I_ MV winding zis"'wcm_\ bry bisorvmy buv @Zcm
:] g E cool I P cool
g3 7__/- Air gap is located in i 7~ ‘7“
é g E the center core leg I V// : 7, /
_u» is0,LVcore /1 h
E = 4 | Miso,MVeore
= q = LV winding
—
5 g LV
g g 5 hLV de. hMV
£
s 0|
s £
. 7 he
~ Heat plpe on - hiso Lvcore o '\/ .,////I iso,MVcore
Cu cooling foil V X X

Cu cooling foil
Teflon insulation
Ferrite core

Cu cooling foil

m Optimization - Weight / Efficiency Trade-off

ETH EANUS
Eidgendssische Technische Hochschule Ziirich National University
Swiss Federal Institute of Technology Zurich of Singapore
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Transformer Optimization

» Degrees of Freedom / Parameter Ranges

Ni=[567891011 ... 39 40]T,
ﬁg = round(fﬁ -1kV/750 V),
Tiweore = [1 2345681012 14 16 18 20]T,

Findeore = [1 23457 10]T.
Gy = [0.75 1.0 1.25]T.
¢y = [E30/15/7 E32/16/9 E42/21/20 ES5/28/21
E65/32/27 E70/33/32 UI193/76/30 UU93/76/30]T
Cind = Cir

ETH

46/63

Start transformer and inductor design for
gi“’en Nla Nz, it cores ”ind,cure; ArvMVs Ciry Cind

Does the MV winding fit
into the given inductor core?

B peak < 200 mT and
Bind.peak <200 mT

Yes
| Calculate transformer and inductor losses |

¥
| Estimate weight of the heatsink, 7 ind ns |

W =
Yes
(Store this solution ) (" Disregard this solution )

— Select next parameter set |
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Transformer n-y-Pareto Front

P tr,wdg +P ind,wdg +P tr,core +P ind,core (W)

400 . ————————
| Estimated
Pareto Front
300 | i U
200 |
Pareto Front
estimated
100 for —4-7,
P Selected Design Dioal 4
n=97% o
v = 4.5 KW/kg 0 <1.2W/cm | |
0 0.5 1.0 1.5 2.0 2.5

Ming + Myt M ind hs + My (kg)

m Transformer Volt-Second Balancing - Series Capacitor or “Magnetic Ear” Control

ETH BN US
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Y
Transformer Volt-Second Balancing - “Magnetic Ear” 7%}

» Magnetic Ear Magnetized with 50% Duty Cycle Rectangular Voltage Winding
» Measured Aux. Current i, / Voltage v,, Indicates Flux Level
» Enables Closed-Loop Flux Control

IE

ETH
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0.75 T . I — T k. 1 7.5
— 05 v (h) 45
Uﬂfﬁ(t) = 025) (1) 25
I ﬁ/‘ .
y =S -0.25F- 41-2.5
zaum(t) © -0.5+ 1 -5
-0.75 ——T—— 1 1 H.s
— t
i 01 V® 00— ——
T\—\JT = 75t E
Vv é '/’Um(t) ﬂ
g 50 \ ”&;
s
{_J :I—‘ ] § 25+ .
Rm | N27 E55 Ferrite 0 I I ! I I I I
0 025 05 07 I 125 15 175 2
Time [ms]
s

Voltage [V]
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System Overview

ETH
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=
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V
~ I
= =
11 =
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= =
1 =
~ —+—

WOOOLPOOO

16 o4
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Overall System Consideration

Total Weight
———  Overall Efficiency @ ——
n-y-Pareto Front

E'" B R NUS
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Determination of Overall System Performance

» Consideration of the z-y-Characteristics of the Partial Systems

P
P_E POllT 1
mg = - :
VSR TIDAB NTh VG (MG )
Tether Vo -
VG V Th,l —mM8M™@m™——~ + P—D Pout 1
= = VSR =
% @} Z / 3 g VSR DAB NTh  YVsSR (7MVsR)
7G> MG VVSR, VSR VDAB> IDAB NTh Mpap = —eou/ M
¥DAB (1DAB)
m = mg + mvsr + MpaB
- Pout
» Overall »#-y-Characteristic Y =—
m

m Efficiencies of the Partial Systems Need to be Taken into Account
m P,/P,= Overrating Ratio (8x16kW/100kW)

ETH EANUS
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Overall System Performance

EFFICIENCIES AND POWER-TO-WEIGHT RATIOS AT THE 2 DESIGN POINTS
MARKED IN FIG. 24(A) (CALCULATED FOR NOMINAL OPERATION).

Total system Generator, VSR, and DAB converter
R Generator: v =3.11kW /kg.,  ng = 95.4%
:} - ég(ﬁ]};“ /K8 ysR. vsr = 18.3kW /kg, nvsr = 98.6%
DAB: Jpap = 4.60kW /kg. npap = 97.1%
o Generator:  vg = 2.14kW/kg,  1ng = 96.9%
i flu“[-(”/:“ /ke | ysR: Jvsr = 18.3KkW ke, nysp = 98.6%
O DAB: “DaB = 3.53kW /kg, npap = 97.4% ‘
0.6 0.8 1.0 1.2 1.4
v (kW/kg)
16 (%) nvsr (%) noas (o)
98 e 100 98 3 .
94 i{ ] 98 gg 2
| [/
90 . 96 95 8
86 94 04t
0O 1 2 3 4 101214161820 2 3 4 5
m Final Step: System Control Consideration va (kW/kg) yvsr (kW/kg) ypas (kW/kg)
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Electric System Control

Stability
Reference Response
——— Disturbance Response
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System Control

» Control of Flight Trajectory / Max. Energy Generation
» Generator (Motor) Speed / Torque Control
> etc.

» Control of DC Voltage Levels is Mandatory !

1:10
I Ry, L, i1, L I, L, + X -
DC —I:I—-—<—°T— DC — _———O)—
+ + | P+
I V TC Vins TCt Vi == C, — S
= DC |—= — AC -
f.=100 kHz MYV Cable fi=4kHz o+ F, -9
th Llh ]-I-h l': !N Lh + ZN -
o—e DC e -—o—@—o
+ +
1, .¢ Vi %CI q Vina G, T @—'
o ;_L AC - ()
MV Cable /. =4 kHz o+ V, -9

m Simplified Control-Oriented Block Diagram of the Electric System

ETH ERNUS
@ )
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Control Block Diagram

» Ground Station Controls the Tether Voltage
» Control Objectives: LV DCBus 650...750V; MV (Tether) < 8kV

R, L, L, I
< 1 °
Ilmlé Vlt.\ _C| ] Vlh.z =
MV Cable
iz +( ] - iL.cq
2 VThz.n
3 VNd,:’l
+ * _
V'I'hz.rcf R Ruout lNd G lNd > iV _ i] L 5 1 v—rh‘z:
+ u + icl 3 Nao” D Enaol + A VT1|2.0C2S+[T1.m
Vi 3
ijd.U

m Only Tether Voltage at Ground Station is Measured (I, Feedforward)
m Motor AND Generator Operation Must be Considered
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Tether Voltage Control Plant

UTh,2
Rout

f _
G’ vTh2 Ruout —

Motor Operation
(100kW)

Bode Diagram

vNg=0, iL_quD

J—
(e
(=]

N
=]

wun
(=]

Magnitude (dB)
: o

- RG
-+ R

GvThZ,Rlluul

u ' vTh2,Ruout

—_—
=
SS

Phase (deg)
: v
(=] [=]

o
(=}

—
o0
>

—
<

Eidgendssische Technische Hochschule Ziirich

Frequency (rad/sec)
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Motor Operation
| X 1¢*  Pole-Zero Map 4X 10°  Zoomed view
@ o ‘0 ® v
o
< 0.5 : 1 P(,=100kW
g 0 ® ® d 0 fromxxcs0m— 0o o 4
205 . !
£ o 2 P,=40kW
-1 3 ®
sl x 4
-12000 -8000 -4000 0 4000 -5000 0 5000 10000
Real Axis Real Axis
Generator Operation
43 104 Pole-Zero Map ,X 103 Zoomed view
/ X
3 X
:'2: 2 1 x v
o " C=30uF
g 0 ° ® [ VRV O x" 2‘;@(:’: o
& (o] x
g ! « C=1pF
— -2 -1 x
-3 X
4k 2L x |
-10000 -6000 -2000 0 2000 -2000 -1000 0 1000 2000
Real Axis Real Axis
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Voltage Control Reference Step Response

Unit step response of V7,

L Motor operation Generator operation
. _ 1.4
2 12 12 \
£ -
§ 0.8 f 1 osl
3 06 o6}
N 04 0
£
S 0 0

0.2 -0.2

0 0.02 0.04 006 008 0.1 0 0.02 004 0.06 008 0.1
Time (s) Time (s)

m Overshoot Could be Avoided with Reference Form Filter
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Motor operation

Voltage Control

. Disturbance response of V7, , Disturbance response of ¥, ,
Disturbance Response 78 ‘ 78—
7.7 7.7 ﬂ\
2 7.6 \ 76
(]
B 75 - ‘ 75 A e
g4 7.4 |
I S T 13—
72 ——— 72 ———— :
0 001 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s)
Generator operation
. Disturbance response of V,, 73 Disturbance response of V.,
7.7 : 7.7
o
_:'é 15— 1.5
"g 74 : 7.4
. <
m Motor Operation 100kW - 0 73 73
m Gen. Operation —100kW > 0 | |

2 - 7.2 —
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s)
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Conclusions

» AWTs are Basically Technically Feasible
» AWTs Realization Combines Numerous Challenges
- Aircraft Design
- MVDC Transmission
- MV/HF Power Electronics
- etc.
» AWTs are a Highly Interesting Example for n-y Trade-off Studies
» AWTs are Examples for Smart Pico Grids or MEA Power System Analysis
» AWTs Could Teach Students to Think “Out-of-the-Box”
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Future Prospects

Source: M. Diehl /
K.U. Leuven

m Example for Students to Think “Out-of-the-Box” !

ETH N US

Eidgendssische Technische Hochschule Ziirich @ National University
Swiss Federal Institute of Technology Zurich of Singapore




=IC I Power Electronic Systems 61/63
I"— Laboratory

Future Prospects

Source: M. Diehl /
K.U. Leuven

m Example for Students to Think “Out-of-the-Box” !
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Thank You!
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Questions ?
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