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Outline

ETH Zurich
Power Electronic Systems Laboratory (PES)

» Out-of-the-Box Wind Turbine Concepts

—> Pumping Power Kites
=> Airborne Wind Turbines

» Feasibility of AWT Electrical System

—> Electrical System Structure
—> Multi-Objective Optimization (Weight vs. Efficiency)
—> Controls Aspects

» Summary
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21 Nobel Prizes
413 Professors
6240 T&R Staff

2 Campuses
136 Labs

35% Int. Students
90 Nationalities
36 Languages

150t Anniv. in 2005

5/88

Departments of ETH Zurich

ARCH
BAUG
BIOL
BSSE
CHAB
ERDW
GESS
HEST
INFK
ITET
MATH
MATL
MAVT
MTEC
PHYS
uSYs

Architecture

Civil, Environmental and Geomatics Eng.
Biology

Biosystems

Chemistry and Applied Biosciences

Earth Sciences

Humanities, Social and Political Sciences
Health Sciences, Technology

Computer Science

Information Technology and Electrical Eng.
Mathematics

Materials Science

Mechanical and Process Engineering
Management, Technology and Economy
Physics

Environmental Systems Sciences

Students ETH in total

18000

3900

B.Sc.+M.Sc.-Students
Doctoral Students

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Research in EE @ D-ITET

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Energy Research Cluster @ D-ITET

Power
Systems

Power Advanced
Electronic Mechatronic

Systems Systems

i Power

'Eigf;’t.'-’fn"%'fsr Semiconductors
High Voltage
Technology

» Balance of Fundamental and
Application Oriented Research

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RO;IIES S‘DI:IETY
inable Future:

Swiss Federal Institute of Technology Zurich Pouwering a Sustai
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Energy Research Cluster @ D-ITET

Power
> Electronic

Systems

» Balance of Fundamental and
Application Oriented Research

. . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY
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Swiss Federal Institute of Technology Zurich owering a Sustainable Future
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Power Electronic Systems Laboratory

Industry Relations
R. Coccia / B. Seiler

(] Johann W. Kolar
AC-DC AC-AC DC-DC DC-AC Multi-Domain Mega-Speed Magnetic
Converter Converter Converter Converter Modeling rives Levitation
F. Krismer J. Miihlethaler D. Bortis A. Miising
T. And . M. Steinert
F. Vancu D. %o?'ﬁsain Y. Lobsiger T. Soeiro F. Giezendanner T. Baumgartner T. Reiezlqgrt
R. Bosshard M. Schweizer U. Badstiibner B. Wrzecionko : I. Kovacevic A. Looser B. Warberqger
S. Schroth N. Widmer M. Kasper R. Burkart A. Stupar A. Tiysiiz C. Zingerli
Ch. Marxgut St. Waffler H. Uemura F Ziireher
G. Ortiz
L Secretariat Administration Computer Systems Electronics Laboratory
M. Kohn P. Albrecht / P. Maurantonio C. Stucki P. Seitz
*
o *
* *
s
28 Ph-D. Students i t[FE & Leading Univ.
4 Post Docs in Europe

ETH

« Competence 4
Centre

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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PES Research Scope

Power Cross-Departmental

Electronics .
Mechanical Eng., e.g.
Turbomachinery, Robotics

Microsystems
Medical Systems

Economics / Society

 Micro-Scale Energy Systems Actuators /
» Wearable Power EL. Machines
* Exoskeletons / Artificial Muscles

» Environmental Systems

* Pulsed Power

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Pows a Sustainable Futu
Swiss Federal Institute of Technology Zurich owering a Sustainable Future
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Industry Collaboration

» Core Application Areas

Automotive Systems

More-Electric Aircraft

Renewable Energy

Semiconductor Process Technology
Medical Systems

Industry Automation

Etc.

» 16 International Industry Partners

PES

Research

Budget
Strategic
Research

Indust

Relate?ll
Research

11/88

——— 2/3 Indust
- / Share v

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
‘_‘ ELECTRONICS SOCIETY
St inable Future:

Poweringa Sustal



“1C I~ Power Electronic Systems 12/88
I'— Laboratory ’ /

General Research Approach

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Powering a Sustainable Future
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Abstraction of Power
Converter Design

Performance Space

Efficiency
Power Density

: Costs > 0
Performance Space s iy / N « Evaluation Formulas

) (5.5 <« ° Lifetime Models
_______________________________________ Costs 1f( ) e Cost Models
J System . et
Design Space ystem
Phase-Shift DC/DC Conv.
Resonant DC/DC Conv. L
s Specifications

Operation Limits
Converter Topology
Modulation Scheme
Control Concept
Operation Mode
Operating Frequ.

® ¢glc.

Matrix AC/AC Conv.

L]
L]
e DC Link AC/AC Conv.
-
. elc,

-
3
. .f

Components
* Power Semiconductor
* Interconnections

* Inductors. Transf.
* Capacitors
« Control Circuit [ L Il ¢ Doping Profiles
¢ ele. m s Geometric Properties
! -, Winding Arrangements
. . 1 o Magnetic Core Geometries
> M fD Materials
app"?g Y eSIgn * Semiconductor Mat. ° ete

Space into System « Conductor Mat.
* Magnetic Mat .

Performance Space « Diclectric Ma
. clc.

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
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Mathematical Modeling
and Optimization of
Converter Design

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Specifications
V;, V(), P(), AV(), CISPR 1 ]/22 A,B

l

Converter Topology
Modulation Scheme

!

Electric Power Circuit Model

14/88

Component Values, f»

Ie rms I 7 Iy s l Lons g (1) fvi(f)
3 [ 4 )
Capacitor Transformer / Inductor Semiconductor CM Noise DM Noise
Type « Windings Geom. Type Model Model .
. ?:N'lre gype lA:u l/l!_*w g
* Core Geom, =
* Core Type Ofline Optimized DM/CM =
| l Loss Model Filter Topology 5
CD,U l C(‘M ﬁ l LD\T/L("H g
Loss Model Reluctance Model T; Filter Filter Inductor 3
Capacitor » Geometry E
| @/ .. Type « Material 2
Thermal Model yp ateria E
Min. Loss Model 1 } <
Losses « Windings R,T,
B<B + Core Loss Model Loss Model
=05
T2 Ty TT(J Ty l Off-line o I e
V= Vigax Optimized . el
Thermal Model Heat Sink %Inl Model
ol.
. Transformer / Heat Semic
Capacitor | Capacitor Inductor Sink Losses. EMI Filter | EMI Filter EMI Filter | EMI Filter
1 Volume 1 Losses Volume Volume \ "Cap. Vol [Cap. Losses | Ind. Losses | Ind. Vol.

Summation of Component Volumes and Losses

l

Total Converter Volume / Losses

o

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future



=IC I~ Power Electronic Systems 15/88
I'— Laboratory

Technology Sensitivity Analysis
Based on n-p-Pareto Front

» Sensitivity to Technology Advancements
» Trade-off Analysis

n
A
_____ P

O N

g = on ,

" oOp |p /

Il > p
Design Space Performance Space
ETH Rels

Eidgendssische Technische Hochschule Ziirich

1EEE POWER
: ‘ i CLECTRONICS SOCIETY —
: " : v a Sustaina ure:
Swiss Federal Institute of Technology Zurich

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘




=IC I~ Power Electronic Systems 16/88
I'— Laboratory

“Qut-of-the-Box"”
Wind Turbine Concepts

—_— Power Kite & Ground-Based EE-Generation
Power Kite & On-Board EE-Generation

N

- -
(X
N

thinkiNg

ETH Pdﬂs

Eidgendssische Technische Hochschule Ziirich

1EEE POWER
ELECTRONICS SOCIETY
. . : Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich



“1C I~ Power Electronic Systems 17/88 —_
I"— Laboratory

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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Air Rotor Wind Generator

» Helium or Hydrogen Inflated
» Magnus Effect - Additional Lift

Magenn Air Rotor System

100 - 1000 kW
304 m

MAGENN to market world's first High Altitude Wind Turbines

Sail Axle Helium or hydrogen

inflated bladder

Generator

Rudder

Rotational
energy

<«
“ High Altitude Wind is the paradigm shift in wind energy Airborne wind
% Bird and Bat friendly Ny 7 T generator
\/ 3
# Low Cost | .
; X o / }
< More Reliable Wind Gene'rators convert A Rotational
rotational energy energy
= » into electricity which
i { is transmitted
I ( L down the tether 7
. | . magenn £
1960 1985 1080 1ee8. 2000 2004 20102016 wind power anywhere Tether Q To .
. power grid

or battéries

Winch Transformer

IEEE POWER
‘-‘ ELECTRONICS SOCIETY

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Powering a Sustainable Future
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Revolutionize Wind Power Generation
Using Kites / Tethered Airfoils

[2] M. Loyd, 1980

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

Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY e
Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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=ISkySails - Support Ship Propulsion by Large Towing Kite

» 98% of All International Goods Carried via Sea
» 98% of All Cargo Vessels Powered by Diesel Engines

----------------------------- towing kite

. control system

launch and
recovery system

Sails up to 5000m?
Filled with Compressed Air

ﬁﬂ{ﬂ;ﬁ?ﬂ%ﬂ?ﬁ?g:&g’?om cont'rol pod force transmission po:int

Sail Stored in Compact Form
SYSTEM COMPONENTS
320m? > 2MW Prop. Power
ETH

sssssssss
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

: " L B Powering a Sustainable Ful
Swiss Federal Institute of Technology Zurich o TR eaassee e

rope
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=ISkySails - Support Ship Propulsion by Large Towing Kite

HARNESSING THE WIND

FUEL CONSUMPTION OF A CROSS-
FULLY LADEN 200-METRE SHIP  SECTION @ AR FLOW
INLITHES PER HOUR e ——
IN LITRES PER HOUR
2400
CAVITY INFLATED BY WIND
2000 //
TRADITIONAL o PARAFOIL
1600 o Up to 5000m?
muiti-cell kite.
/ Its aerodynamic
1200 shape generates
o lift for greater
800 SKYSAIL pulling power.
Largest kites
00, T , ; have towing

A ;
14 15 16 17 18 19 Powerequivalent

SHIP SPEED IN KNOTS to 6,800hp engine.
SAILING DIRECTION
SkySail canbe used to salat upto  Dynamic manoeuvres

increase air flow over
kite for exponential
increase in power.

50" against wind.

- towing kite

. control system

launch and
recovery system

d Iovi}ing
rope  winch -

control pod force transmission point

SYSTEM COMPONENTS

ICES: SKYSALS. BELUGA GROUP, Wi

Control cords

CONTROL POD
Automatically

aligns kite — based
on wind direction,
force, ship route
and speed - by
pulling control cords.

TOW ROPE
Low-weight,
high-strength
carbon fibre.

MAXIMUM POWER

Up to three times more
efficient than fixed sails.
Wind strength

increases
with altitude.

WIND ENERGY

GRAPHC NEWS, STEF BAYLEY

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

o

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future



“1C I Power Electronic Systems

I'— Laboratory

=ISKkySails

control pod

Eidgendssische Technische Hochschule Ziirich

tovi;ing

rope

......................... towing kite

i control system

launch and
recovery system

winch -

force transmission point

x

SYSTEM COMPONENTS

Swiss Federal Institute of Technology Zurich
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—> Support Ship Propulsion by Large Towing Kite
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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 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 Rels

EEEEEEEEE

Eidgendssische Technische Hochschule Ziirich ﬁ ELECTRONICS SOCIETY

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: ‘;8’5}“ A 0 P OIO IO Oll 1 1 1 1 2 /

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RO;II::S s\u:ﬁ“
i . " owering a Sustainatie Future:
Swiss Federal Institute of Technology Zurich




S1CIT Power Electronic Systems

I'— Laboratory

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

25/88

STANFORD
UNIVERSITY
AIRBORNE .
WIND ENERG
CONFERENCE
ETH pels

EEEEEEEEE

Eidgendssische Technische Hochschule Ziirich ‘_‘;F ELECTRONICS SOCIETY

Swiss Federal Institute of Technology Zurich
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Pumping Power Kites

/
|
o |
S sbianad ""‘—\_/source: M. Diehl /

K.U. Leuven

—— Ground-Based EE-Generation ——

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

N " : Pow tainable Fuls
Swiss Federal Institute of Technology Zurich owering a Sustainable Future
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Basics of 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

Force

F, = %,’)ACLUZ
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!

ETH

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ FLE:TRO:I::S s‘ucﬁ'rv —
. " . Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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Pumping Power Kites

2
2 C
» Maximum Power P=—pAuw’Cy TL 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 = =pACLv?

q 2
roll-out speed = 1/3 W

SHrdbibens T

ETH

1EEE POWER

Eidgendssische Technische Hochschule Ziirich ‘_‘ FLE:TRO:I::S s‘ucﬁ'rv —
. " . Powering a Sustainable Future

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 & %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

Y

A
A7
KITE GEN

1EEE POWER
ELEETRONICS SDEIET\'
mmmmmmmmmmmmmmmmmmmm
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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

Carousel
Configuration

=
o
& 1 km? =1 000 000 m?
- \
\ 4
N
S /
1
KITEAGEN
All rights reserved
6 400 m?
Ple
<
| B |
90 m 800 m

IEEE POWER
‘_‘ ELECTRONICS SOCIETY
vavavavavavava Sustainable Future

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Offshore Pumping Power Kites

» Operated at Altitudes of 200...800m
» Conventional Offshore Location or Floating Platforms

2SkySails
POWER
4 2
g %A - g q &

Eidgendssische Technische Hochschule Ziirich : ‘; Fl

1EEE POWER
ELECTRONICS SOCIETY —_—
. . : Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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Offshore Pumping Power Kites

» Operated at Altitudes of 200...800m
» Conventional Offshore Location or Floating Platforms @SkySails

POWER

P Power Phase ~ Return Phase

Een
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY —

" " L R Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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Airborne Wind Turbine

. \
g (W
>
/)
4 A
> b 4 B\
b v\
\ /. \ o\
. \ |\
> /;f\""‘\"’
A8

Source: M. Diehl /
K.U. Leuven

On-Board EE-Generation

. . . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Swiss Federal Institute of Technology Zurich Powering a Sustainable Future
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Alternative Concept — Airborne Wind Turbine

» Power Kite Equipped with Turbine / Generator / Power Electronics

» Power Transmitted to Ground Electrically M. Loyd, 1980

—

HORORONCO
ONO

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

e

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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Alternative Concept — Airborne Wind Turbine

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

Source: J<EB

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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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 A 5
I e C Ar ()
; — = Vr .
| | | 1000 e
_i_.. | — —.—-: \\\ N P"["i: 100 kW
PoYw F ]:,d H Fra PVE \\ \\
Aw 2o 100 HENNIIAN
; AN \‘\

10 \‘ N

p[): L"_’/_I

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Comparison of Conventional / Airborne Wind Turbine

56rpm

30m

B Numerical Values Given for
100kW Rated Power

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

bR
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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

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RO;IIES S‘DI:IETY
inable Future:

Swiss Federal Institute of Technology Zurich Pouwering a Sustai
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J<E 2 AWT Concept

E N E

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

1EEE POWER
Eidgendssische Technische Hochschule Ziirich

- ELECTRONICS SOCIETY
: " : Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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)
%)MAKANI rower AWT Concept

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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£ [ ]
= makanipower  Demonstration Plan

f 28m

65 m

I B S

1EEE POWER

s
ETH A

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich R paeansisaae e
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Flight Mode - Parked

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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Future Prospects

Source: M. Diehl /
K.U. Leuven

m Example for Thinking “Out-of-the-Box” !

IEEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future

Swiss Federal Institute of Technology Zurich
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Future Prospects

Source: M. Diehl /
K.U. Leuven

m Example for Thinking “Out-of-the-Box” !

IEEE POWER

El‘, P PR hnische Hochschule Ziirich ELECTRONICS SOCIETY
Swiss Federal Institute of Technology Zurich Powering a Sustainable Future:
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Technical Feasibility of AWT
Electrical System

» AWT Electrical System Structure
» Multi-Objective Optimization (Weight vs. Efficiency)
» Controls Aspects

ETH els

EEEEEEEEE

Eidgendssische Technische Hochschule Ziirich ‘_‘;F ELECTRONICS SOCIETY

. i ” Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

ETH PEFdf

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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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

1EEE POWER

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

ETH pdms
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Tether Design

DC Voltage Level
n-y-PARETO Front

. . . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Swiss Federal Institute of Technology Zurich Powering a Sustainable Future
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Tether DC Transmission Voltage Level

» P, =100kW / [, =1000m

» Strain Relief Core - Kevlar (F,,= 70kN, d=5mm)
» Cu or Al Helical Conductors - Y2 U, Isolated

» Outer Protection Jacket (3mm)

nrn = 98.5%
min ) mimn ,
b = 0.0144kVQ Vit + 0'1694W - Vi + 0.40 mm
1000 ——F——T———
- \ —— Culitz wire |
300 \‘ — — Allitz wire |
Insulation /\ ; : i
Strain relief I \ \
Conductor/\/‘ core E{) 600 \
litz wi - I \
(litz wire) \ Tether ~ L \\
.//_ jacket g 400 \ N,
_ “h\\-: | ____________—-"""
200 |
b do = 19mm [
dw = 1.5mm 0 L— L
0 2 4 6 8 10 12 14
Vi (kV)
ETH A
Eidgendssische Technische Hochschule Ziirich ‘_‘ EEEE:::&EEE?::ﬂ:

Swiss Federal Institute of Technology Zurich
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Tether n-y-PARETO Front

» Tether Voltage V,,, =8kV

100 | ——
| = Cu litz wire B ~ T
| — = Allitz wire !
95 | : AN
] : \
SN |
< 90 : A
= I ! 1
= : \ 1
: | \ :
85 | ; e
I |-
m Total Weight of : | \ ]
Tether: 320kg gL L A B N
0.0 0.1 0.2 0.3 0.4 0.
yrn (KW/kg)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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System Overview

Airborne Wind Turbine

3T
6© = |
3 =
SO
{})_@3~ | Ground
= ' Station
3 | -
J]}‘@_* = ! 2 | = 3
b T 15
6 :3w | |
%}_©3,.4 Mains
/"\3N
\\ll =

Turbines, Generators, and
Power Electronics

N P " & 1EEE POWER
Eidgendssische Technische Hochschule Ziirich : ‘ B ELECTRONICS SOCIETY

Swiss Federal Institute of Technology Zurich Powering a Sustainable Future
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I'— Laboratory

Possible AWT Electrical System Structures

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

%

e
H
=
o

[T
|
|

\
Jll

|
11

|
Il

[T
|

|
1]

|
I

Ground
Station

|
Il

P0eP0®
TEETLLD

EEEEEEEEE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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I'— Laboratory

Generator / Motor Design

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

. . . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Swiss Federal Institute of Technology Zurich Powering a Sustainable Future
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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

1 Prear + Py
R o _,i—
S e

Thermal Model LV Machine HV Machine

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

Eidgendssische Technische Hochschule Ziirich : ‘ B IELEETRF):I‘::S 'S‘UEETTY —
Swiss Federal Institute of Technology Zurich ‘owering a Sustainablie Fulure
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=

Eidgendssische Technische Hochschule Ziirich

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)

o

Swiss Federal Institute of Technology Zurich

55/88 ~—

Windings

Stator core
Permanent magnets
Rotor yoke
Cooling fins

Insulation
Windings

1EEE POWER
ELECTRONICS SOCIETY —
Powering a Sustainable Future
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ETH

Eidgendssische Technische Hochschule Ziirich

Laboratory

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 ~ —
pd
92 7 4
I 4}V/'
90 1
23 11 d LV machine
\ = = = MYV machine
86 l
0 2 3
Yom (KW/kg)

Swiss Federal Institute of Technology Zurich
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Comparison to Commercial Motors

» Motors Employed for Electric = ENSTRO/
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 tevoo
Efficiency 91% iy ——— e

m 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘-‘ E;\.E;TR::IE;SI‘:“I‘IEEFIEIT:

weringa Su utur
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

. . . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY
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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 Coe.
“ . J 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 : ‘; Fl

1EEE POWER
ELECTRONICS SOCIETY
. . : Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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Heatsink Optimization

» Maximize Thermal Conductance / Weight (Volume)

— \
Ut 5 - APE max K- Apg :
_ operating
t NI point
> e £
c prd
LI_ ‘
] Q— ] ‘ -
|| < S
|
v, =5m/s .v- L1 L} [ LI LI L] - APCHANNEL ‘
1 —N—ld— Iﬂ—b: 1 |
:4—8 —>b/ n_,i \ \ \
! b ! | VE Max
Vi [m3/s] ’
m Highest Performance Fan
m Fin Thickness / Channel Width Optimization
ETH
Eidgendssische Technische Hochschule Ziirich ‘_‘;F ::EEE::&%E%T::EH

Swiss Federal Institute of Technology Zurich
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Heatsink Optimization

» Maximize Thermal Conductance / Weight (Volume)

\
; ADPE MAX k- Apg .
- operating
¥ NI point
E |
c/2 E,
n \
W o | -
< S
~ APCHANNEL |
\
\ | \
VE max
Vi [m3/s]
m Highest Performance Fan
m Fin Thickness / Channel Width Optimization
ETH A
Eidgendssische Technische Hochschule Ziirich ‘_‘ ::EEE::&U%E%T::EH

Swiss Federal Institute of Technology Zurich
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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? optimt/u;:
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

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RDSNIES s‘u:ﬁ'rv
stainable Fulure
Swiss Federal Institute of Technology Zurich
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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

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY —
Powering a Sustainable Future

Swiss Federal Institute of Technology Zurich
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System Overview

WTK VG V

|

[
R
N

NEEEEEEE
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8kV,/750V,. DAB Converter Design

Switches / Topology
Transformer
———  n--PARETO Front ——

EEEEEEEEE

ETH PEFdf

Eidgendssische Technische Hochschule Ziirich

: " : Powering a Sustainable Future
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DC/DC Converter Topology

» Bidirectional Energy Transfer - Dual Active Bridge

- We1ght 25kg Ve -
- Phase-Shift Control (¢ = n/4) 500V 3_;§ i1 10A
0 — 0
soovl/ s -10A
-1000V b= -20A
o 0
+ R N +
\ TLv,f Tw,z L \ THV,1 \ THv.z P,/ kW /A
st
i > i 15kW 45A
08kv == [ vl I |L v, | T 8kv
| 10kW |- /\ —30A
1 \Tm 1N T \ T T . — /\\ 15A
P > 0kW ~-""':=1;(V:70()V) 0A
-5kW M-P(V= 650 V)
_10kW .%WP(V—WOV)
~ P(V=750V)
-15kW . . .
-t -3n/4 -n/2 -4 0 w/4 w2 3n/d n
¢ /rad
m Implementation of Electronic Switches - SiC
m 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘;F S;E::gnaoglsﬁ’ijicﬁx

Swiss Federal Institute of Technology Zurich
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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

o Drain

68/88

Gate

<
N
\
)
M
'
4
_-

’ \
I’ 13T,

o Source
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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

o Drain
i
RSM
AD
1L e
zi)
T ' ’
RGsa R
AD
" ' :I; Cw
£,
<4 t '
RGSJ RSM
AD
™ ' l Csm
% T
< m
RGSJ Rsrs
T,
— S13
AT
< n
Riss R,
L l C
"] Se2
o T
n
Rcs,z Ry,
[ %2| L,
st
dL 1T
L |
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

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

—o +
6.25kW T
2kV Yo . * s
+ o o + T T i) T Caa
_ | 1" DAB Conv. ' g Tv% D,

Iacl lac2 ™11 L

P.

i
Vth, 1i

2 DAB Conv. I
g I ] 6.9kV VThJSOkv =G Ca v:c] ) * Lv;z Vit
650V ... 750V 3% DAB Conv. 9kVy ... 8.0kVy e -

| :l N] . N2 D2
4 DAB Conv, Tz% T4%7 T"% I
— O | 5 — J: Jn— 4 i
. T
B
| o -

m Winding Arrangement & Efficiency / Weight Optimization of Transformer

ETH

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY
N " : Powering a Sustainable Future
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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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Transformer Optimization

» Degrees of Freedom / Parameter Ranges

Ni=[567891011 ... 39 40]T,
ﬁg = round(N -1kV/750 V),
Tiweore = [1 2345681012 14 16 18 20]T,
Tindeore = [1 234 57 10]T,
drne = [0.75 1.0 1.25)T,
[E%O/l‘i/? E32/16/9 E42/21/20 ES55/28/21
E65/32/27 E70/33/32 UI193/76/30 UU93/76/30]T

Cind =— Cir

—
Ctr

ETH

73/88

Start transformer and inductor design for
gi“’en Nla Nz, it cores nind,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 |

1EEE POWER

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

ELECTRONICS SOCIETY
Powering a Sustainable Future
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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 Deota Y
n=97% 2
Y= 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

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RO;IIES s‘u:ﬁ'rv
inable Future

Swiss Federal Institute of Technology Zurich Pouwering a Sustai




75/88

“1C I Power Electronic Systems
I'— Laboratory

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

0.75 T T e T o 1 . 7.5
— 0.5 /'Us(t) 4 5
Uﬂfﬁ(t) = 025) (1) 25
§ 0F ﬁ/s 0
y =-0.25+- +-2.5
Caua) © s 45
'0.75 - S I | T - | 1 | _7 5
"E :==Il Upn(®) 100 C o
T\—\JT > 75k i
'SR AR é 75 '/,Um(t) ﬂ
g 500 \ ,%
S
{ ’_E ﬁ :l—‘ ] :g 25 -
[ m | N27 E55 Ferrite 0 I I ! I I I I
0 025 05 0.7 1 1.25 1.5 175 2
Time [ms]

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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System Overview

S
;_]
=
o
~

z
N L
[ T |
[
I
'

N

[
115
AN

N

NEEEEREE
B8

ETH pals

N P & 1EEE POWER
Eidgendssische Technische Hochschule Ziirich : ‘ B ELECTRONICS SOCIETY —
Swiss Federal Institute of Technology Zurich Powering a Sustainable Fut ure:




“1C I~ Power Electronic Systems 77/88

I'— Laboratory

Overall System Consideration

Total Weight
———  Overall Efficiency @ ——
1-y-PARETO Front

. . . . 1EEE POWER
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Determination of Overall System Performance
» Consideration of the »-y-Characteristics of the Partial Systems
™ p
o Pr out 1
MG = sk mpas 1 Y6 (116)
Tether Vo
VG V Th,l —mM8M™@m™——~ 51} Pout
/\\ ~ =1 o —ci,_ Mvysr — TPR 7 - (1 <R )
@/, A A ° IDAB M1Th  YVSR(7TIVSR
YG> G~ PVSR»> IVSR  YDAB, /IDAB NTh Mpap = —ou/Mmh
‘ ¥paB (7DAB)
m = mg + mvsr + MpaB
P
» Overall »-y-Characteristic y=—L
m

m Efficiencies of the Partial Systems Need to be Taken into Account

m P,/P,= Overrating Ratio (8x16kW/100kW)

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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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
o Generator: v =3.11kW /kg.,  ng = 95.4%
:} - ég(ﬁ]};“ /8| ysr. vsr = 18.3kW /kg, nvsr = 98.6%
DAB: Jpap = 4.60kW /kg. npap = 97.1%
U Generator:  vg = 2.14kW/kg,  1ng = 96.9%
:} _ (l,l'"_(”/:“ /K8 ysR. vsr = 18.3kW kg, nysp = 98.6%
DAB: Apap = 3.53 kW /kg, npap = 97.4% ‘
0.6 0.8 1.0 1.2 1.4
v (kW/kg)
16 (%) nvsr (%0) noas (o)
98 [ =g 100 % T
94 i/ | B 97 23
B R A Y 96
90l / 96 /
L/ / 95 B
86 94 04t
0O 1 2 3 4 101214161820 2 3 4 5
m Final Step: System Control Consideration v (kW/kg) yvsr (kW/kg) ypas (kW/kg)

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Powering a Sustainable
Swiss Federal Institute of Technology Zurich Pouwering a Sustainable Future
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Electric System Control

Stability
Reference Response
——— Disturbance Response

. . . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY
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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 !
L Ry Ly I, 1 R R
DC *—OT—:I—-——OT— DC - -—o—(D—o
I V+TC VJTC V=G, -
o DC o - AC -0 —
f:=100 kHz MV Cable fi=4kHz o+ V, -
""" Ry Ly |1, I Lo Lot 4
—ci—_T_ -q—iTc— DC «— -—o—@—o
11..m| Vl‘h,l T leq V’l'h.z Cz L @—'
o—s S—L AC -0
MV Cable fi=4kHz o+ UV, =
m Simplified Control-Oriented Block Diagram of the Electric System
ETH pals
. -

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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Control Block Diagram

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

v’l'hZ.rcf
+

82/88 —

+ I .
— IL.cq

Ry, Ly L, I
e 1. e
Il,xq Vl'h. B Cl.cq VI h,2 T CZ
MV Cable
I
2 VThz.n
3 VNd,:’l
R t + lNd* l P 1
uoul G Nd . i _ i '
+ - 2 VN‘LO ZIM‘OLhS + + Vrhz.oCzS +1 Th2,0
Via 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
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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 ¥, ,
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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 is a Clear Example of Thinking “Out-of-the-Box" !
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Questions ?
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