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• 1831 Michael Faraday – Electromagnetic induction

• 1832 Hippolyte Pixii – First AC electrical generator

• 1849 Fa. Alliance - First industrial use of an AC generator

• 1851 Søren 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

Michael Faraday

1791-1867

Nikola Tesla 

1856-1943

Werner von Siemens 

1816-1892

Anyos Jedlik 

1800-1895
George Westinghouse 

1846-1914

Historie

http://en.wikipedia.org/wiki/Image:Michael_Faraday_-_Project_Gutenberg_eText_13103.jpg
http://en.wikipedia.org/wiki/Image:N_Tesla.JPG
http://de.wikipedia.org/wiki/Bild:Ernst_Werner_von_Siemens.jpg
http://de.wikipedia.org/wiki/Bild:Jedlikanyos.jpg
http://de.wikipedia.org/wiki/Bild:Wechselstromerzeuger.jpg
http://de.wikipedia.org/wiki/Bild:Westgorg.gif
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Conventional synchronous machine

(4 poles, p=2)

- small air gap

- iron rotor

- stator winding in slots
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Characteristics

What does the superconductor change?

Synchronous machine
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Conventional

B = 1 T

A1 = 1 p.u.

P = 1 p.u.

Losses

PCu,stat = 1 p.u.

PCu,rot = 1 p.u.

PFe = 1 p.u.

Conventional synchronous machine

(4 poles, p=2)

Synchronous machine

- small air gap

- iron rotor

- stator winding in slots

Stator winding

Rotor winding

Air gap



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

6 - 11.01.2022

.

.

.

.

N

N

SSa

a‘

b

b‘c

c‘

Superconducting synchronous machine

(4 poles, p=2)

- stator winding conventional

- rotor winding superconducting

- rotor non-ferromagnetic

- slotless stator winding

- large air gap

- cryostat /damped heat shield
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Cryostat

Damped shield

- small air gap

- iron rotor

- stator winding in slots

Stator winding

Rotor winding

Air gap

Conventional synchronous machine

(4 poles, p=2)

Synchronous machine
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Stator winding

Rotor winding

Air gap

Superconducting synchronous machine

(4 poles, p=2)

- stator winding conventional

- rotor winding superconducting

- rotor non-ferromagnetic

- slotless stator winding

- large air gap

- cryostat /damped heat shield
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Heat shield

Superconductor

B = 2 T

A1 = 2 p.u.

P = 4 p.u.

Losses

PCu,stat = 2 p.u.

PCu,rot = 0 p.u. + 

PCooling

PFe = 0,6 p.u.

Conventional

B = 1 T

A1 = 1 p.u.

P = 1 p.u.

Losses

PCu,stat = 1 p.u.

PCu,rot = 1 p.u.

PFe = 1 p.u.

Synchronous machine
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Practical execution of the HTS rotor winding

(4 poles, p=2)
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N
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25-77 K
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Photos: Siemens

Synchronous machine
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Drive shaft

Housing

Cooling fluid

Air gap winding

Magnetic air gap

Aufbau Supraleitende Synchronmaschine



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

10 - 11.01.2022

Superconducting Rotating Machines

1 History

2 Structure and operating behavior of the synchronous machine

2.1 Structure

2.2 Stationary state (Phasor diagram, Torque, Performance chart)

2.3 Open loop-, Short-circuit characteristics

2.4 Summary

3 Functionality of other superconducting machines

3.1 Linear motor

3.2 Reluctance motor

3.3 Homopolar motor

4 State of the Art

4.1 Overview

4.2 Application examples

4.3 Future applications



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

11 - 11.01.2022

G

Generator Transformer Transmission line Grid

j Xd

Up UG
UQ

j XT j XL

UN

j XQ

XN=XT+XL+XQ

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

Stationary state - single machine model 
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Advantages of superconducting synchronous machines

- Small volume and weight (VSC/VCONV≈0,5)

- Small synchronous reactance (XdSC/XdCONV≈0,2)

- Larger area for stable operation

- Higher over load capacity (MKIPP/MNOM)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)

Synchronous machine
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System with iron core (one-sided magnetic rail)

. .. . ..
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Iron

Iron less System (double sided magnetic rail)
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Linear motor
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a
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• Higher torque density

• Higher dynamic

• Simple concept, no excitation

current in rotor

Stator windings

YBCO bulk material

Laminated iron

ZEBRA type according to Kovalev

Reluctance motor (2 poles, p=1)
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A simple variant of the homopolar machine
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0.1 MW 1 MW 10 MW 100 MW 1000 MW

10 rpm

100 rpm
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Power 
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Motor

Electric
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Generator

Peugeot ecar 1941
1st Power 
Generator 
in Germany
1891

Container Ship 
2010

Machines for which application?
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State of the Art

Country Application Rated power RPM SC Year

US Motor 200 kW 1800 rpm BSCCO 1996

US Motor 1 MW 1800 rpm BSCCO 2000

US Motor 3.7 MW 1800 rpm BSCCO 2003

Korea Motor 1 MVA 3600 rpm BSCCO 2007

Japan Ship propulsion 400 kW 250 rpm BSCCO 2007

Japan Ship propulsion 1 MVA 190 rpm BSCCO 2008

Germany Generator 4 MVA 3600 rpm BSCCO 2008

Germany Ship propulsion 4 MVA 120 rpm BSCCO 2010

US Ship propulsion 36.5 MVA 120 rpm BSCCO 2010

UK Hydroelectric

generator

1.7 MVA 214 rpm BSCCO 2012

Russia Motor 200 kVA 1500 rpm YBCO 2015

Russia Wind generator 1000 kVA - YBCO 2015

EU (FP7) Wind generator 500 kVA - MgB2 2017

EU (H2020) Wind generator 3,6 MW 15 rpm YBCO 2018

EU (H2020) Aircraft propuslion 1 MW 10000 rpm YBCO 2020



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

32 - 11.01.2022

Superconducting Rotating Machines

1 History

2 Structure and operating behavior of the synchronous machine

2.1 Structure

2.2 Stationary state (Phasor diagram, Torque, Performance chart)

2.3 Open loop-, Short-circuit characteristics

2.4 Summary 

3 Functionality of other superconducting machines

3.1 Linear motor

3.2 Reluctance motor

3.3 Homopolar motor

4 State of the Art

4.1 Overview

4.2 Application examples

4.3 Future applications



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

33 - 11.01.2022

8 MVAR, 13.8 kV HTS Synchronous Condenser (AMSC)

Field test from October 2004 to November 2005 near an electric arc furnace at the 

Hoeganaes Steel Mill in Gallatin, Tenn.

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

MVAR during a firing cycle

First field test
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Developments at Siemens
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HTS Conv.

2 poles 4 poles

3600 min-1 1800 min-1

1,9 x1,2 m2 1,8x1,8 m2

7 to 11 to

xd=0,41 

p.u.

xd=2,2 p.u.

• rotor winding Bi-2223

• Top= 25 K

• LNe cooling

• 2% better efficiency

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

Cryo cooler

Cooler for stator

Stator

4 MW Synchronous machine (Siemens)
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Test results:

 Loss reduction 50 %

 Full capacitive reactive

power

 High over load capacity

 Low voltage drop

 Low harmonics

 Over 7500 h operating

hours

 Safe operation

4 MW HTS II – Long therm field test at Nuremberg

Figure: Siemens

No shutdown due to superconductor or cooling!

All operating and switching states safely controlled!

4 MW Synchronous machine (Siemens)
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4 MW Synchronous machine (Siemens)
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4 MW Synchronous machine (Siemens)
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Conventional machine Superconducting machine

Weight 11 to Weight 7 to

4 MW Synchronous machine (Siemens)
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Speed: 120 U/min

Torque: 330 kNm

Development: 06‘-08‘

4 MW Synchronous machine (Siemens)



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

41 - 11.01.2022

Stator: Cu, 3 phases

Rotor: racetrack - HTS

Power: 5 MW

Speed: 230 1/min

Torque: 207000 Nm

Weight: 23 t

Half the weight and volume of a 

conventional motor

5 MW Synchronous machine (American 

Superconductor)
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Motor installation and finalisation at Alstom UK 

Completed January 2003

5 MW Synchronous machine (American 

Superconductor)
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Test at ONR (Office of Naval Research) 2003

Rated power 5 MW

Rated voltage 4160 V

Rated current 722 A

Rated load factor 1

Speed 230 min-1

Frequency 11,5 Hz

Synchronous reactance in d-

direction

0,32 p.u.

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

Subtransient reactance in d-

direction

0,16 p.u.

5 MW Synchronous machine (American 

Superconductor)
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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: 3,4 m x 4,6 m x 4,1 m

Operating time: Jan. 03‘- Dez. 06‘

36,5 MW Synchronous motor (American 

Superconductor)
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Size comparison conventional motor – HTS motor

HTS

75 to

Conventional

280 to

36,5 MW Synchronous motor (American 

Superconductor)
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Manufacturing of superconducting race track coil

Finished rotor

36,5 MW Synchronous motor (American 

Superconductor)
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Xd 0,368 p.u.

Xd‘ 0,32 p.u.

Xd‘‘ 0,243 p.u.

η Motor 97,1 %

Complete system

Installation of the rotor in the stator

36,5 MW Synchronous motor (American 

Superconductor)
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HTS rotor

Stator

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

1 MW Ship propulsion (Nedo, Kawasaki)
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Picture from AMSC SeaTitanTM 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

Superconducting wind power generators



KIT-Zentrum Energie50 M. Noe, Stand der Supraleitermaterial‐ und Anwendungsentwicklung in Deutschland



KIT-Zentrum Energie51 M. Noe, Stand der Supraleitermaterial‐ und Anwendungsentwicklung in Deutschland
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Electric Aircraft

P. Rostek, TELOS-project meeting, 13.04.2018
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Electric aircraft

Architecture of a propulsion system with HTS generator

M. Boll, Siemens, ZIEHL, March 2018
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Source: High-Temperature Superconductivity for Power Engineering, Materials and Applications, Accompanying Book to

the Conference ZIEHL II, Future and Innovation of Power Engineering with High-Temperature-Superconductors, 16-17 

March 2010, Bonn, Germany

Superconducting power plant generators

Efficiency development
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Superconducting power plant generators
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~100 MW

e.g.

Wind power generators

Power plant generators

Hydroelectric generators

Microgrid generators

ABB 710 MVA water cooled

Future stationary generator applications?



Institute for Technical PhysicsProf. Mathias Noe – Lecture WS 21/22 Superconducting Power Systems

Superconducting Rotating Machines

57 - 11.01.2022

e.g.

Steel industry

Paper industry

Compressors

Mining

Chemistry

Refineries

Power plants

Future stationary motor applications?
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e.g.

Marine drives

Rail drives

Wheel drives

Aircraft

Furture mobile applications?
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Photo: Sumitomo, Toyota

Photo: NASA, CAPS

Furture mobile applications?


