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Historie ..\X‘(IT

Karlsruhe Institute of Technology

» 1831 Michael Faraday — Electromagnetic induction

1832 Hippolyte Pixii — First AC electrical generator —
» 1849 Fa. Alliance - First industrial use of an AC generator

» 1851 Sgren Hjorth- Dynamo-electric principle

* 1861 Anyos Jedlik — Dynamo machine

» 1866 Werner von Siemens — Dynamo machine

» 1888 Nikola Tesla — Induction motor

» 1895 George Westinghouse - First large-scale power plant on the grid in Niagara

George Westinghouse Anyos Jedlik Werner von Siemens Nikola Tesla Michael Faraday
1846-1914 1800-1895 1816-1892 1856-1943 1791-1867
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Synchronous machine e st
Conventional synchronous machine Characteristics
(4 poles, p=2)
Stator winding Torque per length

Rotor winding N g B T
. ~ATrBr
Alr gap
Power
~A B r’Ln

Power per volume

~A B.n

- small air gap
- iron rotor
- stator winding in slots

What does the superconductor change?
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Synchronous machine '-\X‘(IT

Conventional synchronous machine
(4 poles, p=2)

Stator winding

Rotor winding
Conventional
Air gap B=1T

A;=1p.u.
P=1p.u.
Losses
I:)Cu,stat =1 P.U.
I:)Cu,rot =1 P.U.

:is;;nr?lrlo?grgap Pre =1p.U.

- stator winding in slots
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Synchronous machine e st
Conventional synchronous machine Superconducting synchronous machine
(4 poles, p=2) (4 poles, p=2)

Stator winding

Rotor winding

Air gap

Cryostat
Damped shield

- small air gap - stator winding conventional
_iron rotor - rotor winding superconducting
- stator winding in slots - rotor non-ferromagnetic

- slotless stator winding

- large air gap

- cryostat /damped heat shield
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Synchronous machine -\X‘(IT
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Superconducting synchronous machine
(4 poles, p=2)

Stator winding

Rotor winding _
Superconductor || Conventional
Air gap B=2T B=1T
A, =2p.u. A;=1p.u.
P=4p.u. P=1p.u.
Losses Losses
Heat shield _ _
I:)Cu,stat =2 p.u. I:)Cu,stat =1 P.U.
I:)Cu,rot =0 p.u. + I:)Cu,rot =1 P.U.
- stator winding conventional P coolin
- . g Pre =1 p.u.
- rotor winding superconducting e
- rotor non-ferromagnetic Pee = 0,6 p.u.
- slotless stator winding
- large air gap
- cryostat /damped heat shield
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Synchronous machine ﬂ(".

Practical execution of the HTS rotor winding
(4 poles, p=2)

Photos: Siemens
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Aufbau Supraleitende Synchronmaschine __\ﬂ(“'

Housing Air gap winding

Drive shaft

@ Cooling fluid

Magnetic air gap
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Stationary state - single machine model '-\X‘(IT

Generator Transformer Transmission line Grid

One phase equivalent circuit in stationary state (active resistance = 0)

J Xq ] Xg I X J Xq
ll-——E— L — Il
Ol e “ Qlu

L L

X=X+ X+ X
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Equivalent circuit and phasor diagram of a A‘(IT
synchronous machine in stationary state e

|

X=X+ X +X
L Ohmic/Inductive Load

Conventional SM Superconducting SM
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Equivalent circuit and phasor diagram of a \\‘(IT
synchronous machine in stationary state e

|

X=X+ X +Xq _
Active load only

Conventional SM Superconducting SM
Qp A
Im ) Im
] X 1
LL QG _ li— uG -
Y
\QN‘ ] XN lL Re Re
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Equivalent circuit and phasor diagram of a
: P ) AT

synchronous machine in stationary state
X I Xs . 2 1 Xq

X=X+ X +Xq _
Active load only

Conventional SM

A
Yy
Im .
] X 1
I Us |
Y
; Re
\QN‘ J XN lL
14 - 11.01.2022 Prof. Mathias Noe — Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

Superconducting SM

Im

Y,

=
0 iXel, Re

=N

Institute for Technical Physics



Equivalent circuit and phasor diagram of a \\‘(IT
synchronous machine in stationary state e

|

X=X+ X +Xq o _
Capacitive reactive load

Conventional SM Superconducting SM
Im Im
U X Xyl 1
Yo IR IAL
I > Re ! Re
QN QG QG
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Equivalent circuit and phasor diagram of a *‘(IT
synchronous machine in stationary state e

|

X=X+ X +Xq o _
Capacitive reactive load

Conventional SM Superconducting SM
Im Im
A . i A . .
I Uy 11Xl JX I I U, JXg o JXG L
I > Re ! g Re
Uy Ug Uy Ug
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Torque calculation

Torque of a salient pole machine

— sin 20

Uu 2
M:Pmec“ _3p ° sin 3pu“f 1 1
27N, o X, o 2\ X, Xy

AT

Karlsruhe Institute of Technolol

U, generated voltage

X4 series armaturereactance

X4 parallel armature reactance

® angle between generated
and terminal voltage

p number of pole pairs

Ratio of breakdown torque to rated torque of synchronous machine

° |\/Ikipp . LJ

= |1+ L
> I\/In >(d'\/igln CXJEEQDH

—tan g,

0 1 1 1 1 1 1 1 1

0 02 04 06 08 1 1,2 14 16 18

Xg/p.u.
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Performance chart for conventional and
superconducting generators

—
I
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Performance chart for conventional and

superconducting generators
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Performance chart for conventional and
AT

superconducting generators e e
Stability limit
Max. armature P y N
current S Max. capacitive _
S reactive power g Froftsofa
; superconducting
Max. excitation generator
current
i -
S / ’
"1 0 0,5 1 2,5
S P .Q .Q¢ i
Ind. —=—+ = £-e 1 Cap.
SN SN J SN J SN ( ) p
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Open loop- and short-circuit characteristics

Ratio open-loop short circuit

l, U, 1 1

I fk V 3 I rG X d Xd
6
5 -
SC.
4 -
2 34
T 2] conv.
1 -
0 T
> o 02 04 06 08 1 12 14 16 18 2
| Xq/p.u.
f
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nchronous machine k\‘(".

AcX/antages of superconducting synchronous machines
- Small volume and weight (Vsc/Veon=0,5)

- Small synchronous reactance (X sc/Xgcony=0,2)
- Larger area for stable operation
- Higher over load capacity (My,pp/Myom)sc>3
- Less sensitive to load fluctuations

- Higher efficiency (negligible excitation losses)
- Less noise and less vibration

- Higher speeds are possible

Challenges of superconducting synchronous machines
- Reliable SC material

- Cryogenic cooling

- Dissipation of losses in the stator winding

- Other operating characteristics for the user

- No unique selling proposition (competes with conventional machines)
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Linear motor -\X‘(IT
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System with iron core (one-sided magnetic rail)

— lron
EEEEEEEEEEEE

Iron less System (double sided magnetic rail)

N S N S N
DO RE® & | —»
N S N S N
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Reluctance motor (2 poles, p=1) '&‘(IT

ZEBRA type according to Kovalev

Stator windings

Laminated iron

* Higher torque density
 Higher dynamic

» Simple concept, no excitation
current in rotor

YBCO bulk material
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Homopolar machine

Principle

KIT
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Disk type

Superconducting coil
nd cryostat

‘e
‘e
of

Magnetic field Current feed

g

‘e
‘.
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s

.
“,
.
L
tr

Rotating
disk
s, v
4 :’ B o \ | |
Current S e Reaction disk

B0 R Vmax
2 2
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A simple variant of the homopolar machine ﬂ(".
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Machines for which application?

Peugeot ecar 1941
15t Power

-—7%1 Generator

in Germany

‘ - 1891

Electric
Industry Ajrcraft Power
1000 rpm ‘Motor Generator

10000 rpm

Hydro Ship

Container Shi
100 rpm GeneratorPropulsion P

2010

LR LR
i .:-t.s-.s.s aﬂna-ﬁu‘
F ¥ N

Wind
Generator

10 rpm

0.1 MW 1MW 10 MW 100 MW 1000 MW
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State of the Art

KIT
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Application Rated power [RPM_______|SC_____|Year _

echnology

Motor 200 kW 1800 rpm BSCCO 1996
Motor 1 MW 1800 rpm BSCCO 2000
Motor 3.7 MW 1800 rpm BSCCO 2003
Motor 1 MVA 3600 rpm BSCCO 2007
Ship propulsion 400 kW 250 rpm BSCCO 2007
Ship propulsion 1 MVA 190 rpm BSCCO 2008
Generator 4 MVA 3600 rpm BSCCO 2008
Ship propulsion 4 MVA 120 rpm BSCCO 2010
IVER ship propulsion 36.5 MVA 120 rpm BSCCO 2010
_ Hydroelectric 1.7 MVA 214 rpm BSCCO 2012
generator
Motor 200 kVA 1500 rpm YBCO 2015
Wind generator 1000 kVA - YBCO 2015
Wind generator 500 kVA : MgB, 2017
Wind generator 3,6 MW 15 rpm YBCO 2018
Aircraft propuslion 1 MW 10000 rpm  YBCO 2020
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First field test -\X‘(IT

Karlsruhe Institute of Technology

8 MVAR, 13.8 kV HTS Synchronous Condenser (AMSC)

MVAR during a firing cycle

6.0

5.0 1

4.0 1

3.0 1

MVARS

2.0

1.0 1

0.0 T T T T T
T 500 1000 1500 2000 2500 3000
1.0

Time (sec)

Source: KALSI S et al., IEEE Trans. on Applied Superconductivity 17, No. 2, 1591-4 (2007).

Field test from October 2004 to November 2005 near an electric arc furnace at the
Hoeganaes Steel Mill in Gallatin, Tenn.
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Developments at Siemens
2001 2002 2003 2004 2005 2006 2007 2008 2009 ...

1999 2000

HTS |

* 0.4 MW
* 1500 rpm
" 4-pole

Technology
Demonstrator

34 - 11.01.2022

HTS Il

= 4 MW

= 120 rpm
4 MVA » High Torque
3600 rpm = 8-pole
High Speed Application-
2-pole oriented

Application-oriented
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4 MW Synchronous machine (Siemens)

A‘ " Cooler for stator [ i'
mal , ] |
4 ‘ ' 3 g .~ Cryocoo

4 MW HTS synchronous machine at the test stand in Nuremberg (2006)
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HTS

Conv.

2 poles 4 poles

3600 mint | 1800 mint

1,9x1,2m2|1,8x1,8 m?

7to 11 to
X4=0,41 X4=2,2 p.u.
p.u.
* rotor winding Bi-2223
*Tp=25K
* Ly CcO0ling

* 2% better efficiency

Institute for Technical Physics




4 MW Synchronous machine (Siemens)

KIT

Karlsruhe Institute of Technology

4 MW HTS Il - Long therm field test at Nuremberg

) r‘\
< s

lllllllll'”l_‘_;i‘l

Figure: Siemens

No shutdown due to superconductor or cooling!
All operating and switching states safely controlled!
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Test results:
= L oss reduction 50 %

» Full capacitive reactive
power

» High over load capacity
» Low voltage drop
= Low harmonics

» Over 7500 h operating
hours

» Safe operation
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4 MW Synchronous machine (Siemens) ﬂ(".
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4 MW Synchronous machine (Siemens) ﬂ(".

100 % 1 ECryo
O Rotor field ohmic
W Stray load
80 % - B Armature ohmic
B Core
M Friction & Windage
0/s -
" 60 %
O
)
3
— 40 % -
20 % A
0 % -
Conventional Superconducting
n=96,5 % n=98,7 %
38 -11.01.2022 Prof. Mathias Noe — Lecture WS 21/22 Superconducting Power Systems Institute for Technical Physics

Superconducting Rotating Machines



4 MW Synchronous machine (Siemens) ﬂ(".

Karlsruhe Institute of Technology
Conventional machine Superconducting machine

Weight 11 to Weight 7 to

11t 'I]

1800

800

2600

2200
3700 1900

' Y

L 4
Iy

v

F 9

L J
r Y
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4 MW Synchronous machine (Siemens) ﬂ(".

Karlsruhe Institute of Technology
Speed: 120 U/min r e "

| / 1
Torque: 330 KNm &

Development: 06°-08°

Diesel Conventional
A jﬁL\ generator (45 1)
75m| & iraie 4 ~~~~~
L =i e s ‘
ixlx= WL 400
e rpm
v [
) . | 66m -._—Nb i4m MT
: - T 128m
20.0m
total weight 375 t total weight 117 t
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5 MW Synchronous machine (American
Superconductor) '-\X‘(IT
Stator: Cu, 3 phases

Rotor: racetrack - HTS

axciter

Stator
cookam
___ tank

Shég
/é]‘ R = | .
» 7
e # - A Copper
p ) - BN stator colls
'

Power fa ’
Brushless ‘ bl: <D

S,
pes .
| IS
Power: 5 MW N
Speed: 230 1/min —— |
Torque: 207000 Nm e

Stasor
hack won

. uperconductor Dn:e'
Welght: 23 t ‘ oo Electromechan ical il
shield Bearing
Half the weight and volume of a
conventional motor
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5 MW Synchronous machine (American “("-
Superconductor) =\11

g i

'1. ¢ 1
Motor installation and finalisation at Alstom UK R

o]

Completed January 2003 y
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5 MW Synchronous machine (American “("-
Superconductor) =\11

-“ , r " : ?. ] . —Luv‘h f.

(ly "'"”w

r

e

l .,. LP

1« 5 MWHTS Motor
, 2 -9 MW Load Motor

-

ated power 5 MW
| Rated voltage 4160V

Rated current 722 A
Y Rated load factor 1
Speed 230 min?
Test at ONR (Office of Naval Research) 2003 Frequency 11.5 Hz
Synchronous reactance in d- 0,32 p.u.
direction

Transient reactance in d-direction | 0,24 p.u.

Subtransient reactance in d- 0,16 p.u.
direction

43 - 11.01.2022 Prof. Mathias Noe — Lecture WS 21/22 Superconducting Power Systems ST TOT T T T Ty ST
Superconducting Rotating Machines



36,5 MW Synchronous motor (American
Superconductor) ﬂ(".

Power: 36,5 MW

Speed: 120 U/min

Voltage: 6 kV

Current: 1270 A

Number of pole pairs: 8

Weight: 75 to

Efficiency: > 97 %

Dimensions: 3,4mx4,6mx4,1m
Operating time: Jan. 03°- Dez. 06
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36,5 MW Synchronous motor (American
Superconductor) '-\X‘(IT

Size comparison conventional motor — HTS motor

Conventional HTS
280 to 7510
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36,5 MW Synchronous motor (American
Superconductor) __\ﬂ("'

Manufacturing of superconducting race track coil

Finished rotor
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36,5 MW Synchronous motor (American ﬂ(“'

Su percond uctor) |
X4 0,368 p.u.
X4 0,32 p.u.
Xy 0,243 p.u.

ﬂ Motor 97'1 %

Complete system

-

Installation of the rotor in the stator
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1 MW Ship propulsion (Nedo, Kawasaki)

Power 1 MW
Speed 190 rpm

No. of pole pairs |4
Voltage 1200 V
Stator current 675 A
HTS current 200 A
HTS Bi 2223
HTS temp. 30 K
Efficiency 98 %

K Umemoto et.al, Development of 1 MW-class HTS motor for podded ship propulsion system, 9th European Conference on Applied
Superconductivity (EUCAS 09) IOP Publishing, Journal of Physics: Conference Series 234 (2010) 032060 doi:10.1088/1742-6596/234/3/032060
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Superconducting wind power generators '-\X‘(IT

Main Stream Conventional ogtii,r:ifﬁms
Geared Direct Drive (AMSC)

Possible
B Generator 5 MW 4.5MW 10MW Ito go as
g Gearbox 113-1 13m 0 3’?&&3
riuo 5 £ with HTS
| £ & £
[ Blade 15 ( I | & [ _Bi
[ Nacelle
E Tower
Mass of Nacelle
+ Hub
+ Blades mree ~310 to 430t mee ~ 500t
Extrapolated for 10 MW mro» ~750t — 850t mmer ~800t-900t mree<500t

Picture from AMSC SeaTitan™ Data Sheet

A HTS wind power generator with 10 MW and 4000 full load hours earns 1.8 Mio.
€1) /a more than a conventional with 5 MW. 1) 1 kWh=9Eurocent
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Key Project Figures

« Program:

+ End Date:

» Reference:

« Start Date:

- Total Cost:

9) ecoswing

EU Horizon 2020
656024
2015-03-01
2019-03-01

EUR 13,846,594

« EU Contribution: EUR 10,591,734

Horizon 2020 “EcoSwing has recelved funding from ths European Unlon's Horlzon 2020 research and inncvation programme under
Eurcpean Union Funding grant agreement No 656024." “Hereln we refiect only the author's view. The Commission Is not resoonsible for any use 7
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Electric aircraft
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Superconducting power plant generators
Efficiency development 'k\‘(".
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Superconducting power plant generators
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Future stationary generator applications? ﬂ(".
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e.g. '
Wind power generators
Power plant generators
Hydroelectric generators

Microgrid generators
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Future stationary motor applications? o \“(IT

e.g.
Steel industry
Paper industry
Compressors
Mining
Chemistry
Refineries
Power plants
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e.g.

Marine drives
Rail drives
Wheel drives
Aircraft
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Furture mobile applications? ﬂ(".
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