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Cryogenic liquids and gases

Gas: |Evaporation | Spec. Boiling ® Expansion requires
liquid | enthalpy heat c, temperature » safety measures like valves, burst

0.199 kJ/g 1.084 Jig.K 77.4 K disks, big cross sections of boil-off/
874 mJ/icm.K exhaust gas, buffer volumes
He 750 0.021 kJ/g 2.412 Jig.K 42K ® 3(4) appealing cryogenic cooling
301 mJ/cm3.K media!
Ar 840 0.161 kJ/g 0.536 J/g.K 87.3 K ® H,: champion, but special
748 mJ/cm>.K ® He:secondin c,
3
U e ® Ne: similar to N,, but expansion higher
O, 857 0.213 kJ/g 0.929 J/g.K 90.2 K
1060 mJd/cm?3.K
Ne 1438 0.086 kJ/g 0.894 J/g.K 271 K

1078 mJ/cm3.K

[CoolProp.py]

H, is champion, He second in c¢,,, Ne superior to H (volume), but challenging in expansion factor, N for elevated temperatures.

Value of cryogens and latent heat...
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Specific heat of typical materials
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Cryogenic liquids

-
o
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——gtainless-steel
——NbTi
—+<=Nb3Sn
——glass-epoxy
—#—polyimide

5 10
T[K]

Cryogenic liquids are very helpful, for solid material, the operating temperature should be chosen as high as possible.

15

20

Details:

® at low temperatures for metals:
Co XT
Cphonons X T3
@ Thusc—-0forT -0

What's the impact of SC and operating temperature on ,operational safety margins®?
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PTL & SFCL

= AC applications in power devices
= AC loss prefers higher temperatures

= LN2 preferred due to boiling temperature and insulation
properties

444444 = Avoid bubbles for insulation purposes (higher pressures)

P-T Diagram N

251

204

15 +

pressure (bar)

AmSC 2G-wire tested at Siemens CT 80 9 100 110 120

temperature (K)

AC applications require higher operating temperatures and frequently rely on (pressurized) LN,.

Rotating machines — initial motivation...
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Conventional & (partial) superconducting machine cross section
® Basic dimensioning:
P=wABV =2 -1, ABV

® Rotor: SCs in field winding: higher I
-> higher B
® Stator: higher B
B higher than saturation of iron core
—> use space of teeth for more copper
-> higher A
® Machine: higher A, B in same V
>P—4.p
® Furthermore, for partially sc. machines:
air-teeth and spatial needs of cryostat

stator: €U, Iron stator: @, Iron Sincreased efficient magnetic air-gap
rotor: U, [FOR rotor: [{llS, If6R
Balance of field, current and iron Field & Current might exceed saturation of iron

The most obvious entry point for SC is in the rotor — with some consequences.

Initial entry point of superconducting generators at LHe-temperatures...
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Low-Temperature Superconducting Generator@T,, = 4.2 K

- ® Cost and cooling efficiency restrict the business case to
BT machines 21000 MVA for LTS.

essTHRI

esTHDD

amsTHDF / Cu LTS
2 | amwTHSFscaled

aTHSF
s Considering
’ efficiency

improvement TLRI: Turbo/Air/Rotor radial cooling/Stator indirect

THRI: Turbo/H2/Rotor radial cooling/Stator indirect

relative cost

THDD: Turbo/H2/Rotor axial cooling/Stator direct gas

THDF: Turbo/H2/Rotor axial cooling/Stator direct fluid
o THSF: Turbo/H2/Rotor supercond./Stator direct fluid
/ THSFscaled (including value of efficiency improvement)

0 500 1000 1500 2000 2500
Following [L. Ichtichar “Entwicklung supraleitender Turbogeneratoren”, e&i, 109(1992)379]

LTS economically viable only for high power ratings (>1000 MVA).

Selected examples for LTS turbo generators...
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Extended power ratmg NbT| Generator@ T,

1979: USA (GE) 1981: France (Alstom) 1991: Germany (Siemens) 18997: ngg\)/lan (Hlticgl’tM'tS#E;S;kALfEE.?_.)
20 MVA NbTi generator Rotor of 250 MVA NbTi Rotor of 400 MVA NbTi uper-5IVi project Rotor o !
, . experlmental generator (3 types)
experimental generator experimental generator

® Pros: improved efficiency, size & power rating

® Cons: increased complexity (some with active thermal shield) and cost

[Kalsi, S. S., K. Weeber, H. Takesue, C. Lewis, H. W. Neumueller, and R. D. Blaugher.
Proceedings of the IEEE 92, no. 10 (2004): 1688-704. https://doi.org/10.1109/jproc.2004.833676 ]

Cold box produced in trial manufacture

High-power LTS generators successfully realized — with complexity & extensive cooling equipment.

Complex cooling — which effort may be justified?...
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Heat loads in superconducting rotating synchronous machines

Head loads in superconducting rotor:

1. Current leads
2. Transient operation
3. Support system
4. Radiation
B mechanic loss 5. Cryogenic friction
m cryogen friction 6. Mechanical loss
m current leads
B support system Heat loads in superconducting stator:
m radiation  Current leads
m transients * ACloss

* Support system

Heat loads in superconducting rotors * Radiation
« others

Current leads, AC & mechanical support are dominating the heat load.

Is there some margin to introduce cryogenic cooling?...
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Justification of efficiency-based entry point - example 250 MVA turbo generator

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Loss at rated load (250 MVA)

m Bearing & seal

m Cryocooler

m Excitation stationary

m Rotor winding windage
m Rotor surface windage
m Blower windage

® Rotor I?’R

m Rotor surface

m Stray without rotor

A\

surface
[ ] 2
Conventional Conventional Stator IR
stator & rotor stator
(unchanged) m Stator core

& HTS rotor

Loss balance:

Cu I’R-loss: -500 kW
Top=30 K (CoP): x80 W/W
max. allowed loss: 500 kW/80= 6.3 KW

Very large cooling headroom for superconductors!

- Very strong justification by efficiency
(not power rating anymore)!

Turbo generators show clear benéefit in energy efficiency when applying HTS in the rotor (only) — even for low(er) power ratings!

Another motivation to consider HTS in generators...
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HTS improvement of /,,,(30 K, 4 T) vs. time for rotating machines (2026)

Improvement of x100 in 20 years!
3000

2500

2000

T
-
(&)}
o
o

-
o
o
o

I/cm (30 K
(&)
3

0 .\._'
2005 2010 2015 2020 2025 2030
Year

HTS has improved dramatically and will in the future!

Another sweet spot for entry...
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D-Project “Speedy_HTS”: HTS - Unrivaled performance in wind power

% TECHNISCHE n Kramer \5Winer ay

. UNIVERSITAT : :
' DARMSTADT Energietechnik

D=~12m
D~1.8m

14 MW direct drive 14 MW hybrid 14 MW medium speed
RE-PM generator RE-PM generator HTS generator (test stand)
max. efficiency: 98.4% max. efficiency: 97%
RE-mass: > 1500 kg RE-mass: > 150 kg RE-mass: <40 g
Invention for integration of pitch
(RE: rare earth) (scaled product) shaft

HTS: champion in energy & material efficiency!

What is maintained, what is special in this approach?...

12 KIT



Basic designh equation

P=2mn.,+ABcoséV

power [W]
rotational speed [1/s]
current loading [A/m]
air gap magnetic field [T]

volume [m?3]

internal power factor

part of cross section of conventional PM-machine (left)

and HTS field-winding-excited machine (right)

Aspects:

Stator is fixed (by conventional product).
Rotational speed is fixed.

Option to change the air-gap magnetic field by replacing
RE-PM with HTS coils (& option to change the excitation)

Unfortunately, limited due to the need to stay close to the
conventional magnetic circuit.
(using iron in the rotor, not using air-gap stator windings)

Approach:

Keep the magnetic circuit,
but benefit from adjustable excitation

Machine keeps an “iron-copper dominated” high-current Cu-stator — not fully optimized for HTS.

Where is the magic in this approach?...
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Conventional mid-speed wind power generator with high-current n.c. stator

—
O e
S 0,8 -
£ Air-cooling Oil-cooling
S 0,7 ' =
S RE-PM
2
= 06
e
° 05
0 2000 4000 6000 8000

Current [A]

Improving the current capacity/ loading in a stator may not be helpful for some machines! Partially sc. machines provide a workaround!

Cost situation direct-drive vs. mid-speed WP genos...
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Cost situation

Direct drive generator (realistic(?))
LHTS == 200 OOO m

An = +0.5%
P =10 MW
AP = 0.05 MW

€
t = 8600 h/a

benefit = 500 - 0.05 - 8600€/a
= 215.000 €/a
€

Cyrs = ZOE

Chrs.torar = 200.000 - 20 € = 4.000.000 €

Direct drive generator (optimistic)
LHTS == 20 OOO m

An = +0.5%
P =10 MW
AP = 0.05 MW

€
t = 8600 h/a

benefit = 500 - 0.05 - 8600€/a
= 215.000 €/a
€
Cyrs = ZOE
Curs.total = 20.000 - 20 €
= 400.000 €

LHTS - 2 500 m

An = +0.0%
P =14 MW

_ €
Curs = 20;

Cost fully covered by

* increase of cos ¢ and

* savings in rare earth magnets,

* savings in power electronics and

Mid-speed generator (Speedy_ HTS)

Chrs.totar = 2-500 - 20 € = 50.000 €

e savings in connections to the wind park grid.

Viable approach of mid-speed HTS genos (when accepting a 3-stage gearbox).

Challenges by application(s) (genos)...
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Challenges (combined cycle power plants)

] Multi-shaft configuration
o L urbine ® GT + ST on separate
| 0o HP Turbine
— shafts
® 2 generators
Lp MP incl. grid connections
7:|{| fﬂ Steam Turbine ¢ ® Turbines coupled
ERMIT @r’ﬁ thermo-molecular
Condenser .
i Gas = (steam generation)
Turbine Generator
LP | 1P Eco. 4| HPEco Rheater Q Condensate
Ec
W ¢ :@ P Pump
\@ 4_{—'. Cold Reheat T
Feed Pump Hot Reheat
‘
le Condensate Return Y

[Edris, M. (2010). Comparison between single-shaft and mutli-shaft gas fired 800 MWel combined cycle power plant.
Applied Thermal Engineering, 30(16), 2339-2346 https://doi.org/10.1016/j.applthermaleng.2010.05.011 ]

Multi-shaft configuration: coupling only “by pneumatics”, not by mechanics - free end access to genos (two).

Single shaft configuration...
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https://doi.org/10.1016/j.applthermaleng.2010.05.011

Challenges (combined cycle power plants)

to LP Turbine

1 to HP Turbine

\\

Condensate Return

LP MP HP
/] \ % I [
L P EP Steam Turbine
vap! vapo vapo
Gas
tof, ||[rgtpr 2lf Turbine Generator
LP Superheate
Ecq./l/ P Eco./L HPAE_C%/ Reheater ||.° % - Q
\€ </l Cold Reheat
Feed Pump 3 Hot Reheat Condenser

Condensate Pump

72

Cooling
Tq»!e_rs

N/

[Edris, M. (2010). Comparison between single-shaft and mutli-shaft gas fired 800 MWel combined cycle power plant.

Applied Thermal Engineering, 30(16), 2339-2346. https://doi.org/10.1016/j.applthermaleng.2010.05.011 ]

Single-shaft configuration

® GT + ST on same shaft
® 1 generator in the middle

® Turbines coupled thermo-
molecular (steam
generation) and
mechanically (clutch?)

Single-shaft configuration: coupling by pneumatics and mechanics - no end access to single geno!

Other applications with restricted axial access/ end access?...
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Present: wind power

® The pitch control is fed through the main shaft.
For direct-drive WP drivetrains, this is the one and only shaft.

® The rotor must facilitate a warm feedthrough of the pitch control
system (hydraulics or electric).

evrm
IRl l.“-ml--_
! rem— |

Central pitch control in hub

pitch control power slip rings on central shaft of bladders

[ https://www.youtube.com/watch?v=0ZU5AMIx_38 ]

Hard to provide an off-axis cooling access.

Cooling concepts...
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Cooling options

Stationary compressors &
stationary cold heads
| -

[Siemens HTSZ-Genertor 4 MVA]
Cold power: 3x 100 W

Pros

« Full access to cooling equipment
* Low-pressure rotating joints

« Scalable/ extendable

Cons

 Thermosyphon or
gas circuit needed

 Risk of leaks (?)

Stationary compressors &
rotating cold heads

.. Copper winding in the stator Vacuum

HTS coil  pogim - Cold head of G-M
in the rotor gas pipe cryocooler

Fig. 1. A schematic view of the HTS generator in the EcoSwing project.

[Song et al., IEEE Transactions on Energy Conversion 35, no.
2 (2020): 757-64. https://doi.org/10.1109/tec.2019.2960255]

Cold power: 9x 30W
Pros

» Access to compressors
Cons

* Low-/High-pressure rotating joints
needed

* Risk of leaks (?)
 Maintenance on cold heads difficult

Rotating compressors &
rotating cold heads

No-insulation HTS composite stator structure

§ ——  type cryocooler

Sl

7
//\thl a anshaa/m
ral radiat

Lls/m\

nldg

Fig. 1. CAD model of the general partially SC motor topology implemented
in both CHEETA and CRUISE

[T. Balachandran et al., IEEE TAS 35, no. 5 (2025): 1-5.
https://doi.org/10.1109/tasc.2025.3538003]

Cold power: 3.3 W (?)

Pros

* Only electrical supply needed
* “invisible” cooling system
Cons

* Maintenance on cooler difficult
* Not scalable/ extendable

» Slip rings required

3 options to provide thermal anchors and cooling in the rotor.

Let’s focus on the (most stationary) thermosyphon approach...
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Scheme of heat removal by a thermosyphon

® Parasitic gas volume ==

gas
reservoir

condenser

|
W : (/
) Pe—

/ liquid reservoir

(Variants in liquid/ gas ducts have been studied)

A thermosyphon provides a thermal anchor in the central part of the rotor.

More detailed drawings...

KIT



Drawings of Ne-feeding system

/]

kﬁ/l/

Liquid and gaseous neon phases have separated ducts enclosed by vacuum and providing the thermal anchor/ reservoir in the rotor.
The overall cooling system...
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SPEEDY_HTS - Test stand setup

UNIVERSITAT : :
DARMSTADT Energietechnik

TECHNISCHE U Kramer \5 winergy

Stator

coldhead

Current
feedthroughs

Ferrofluid-sealing Ne-condenser

coils cooling tubes

Rotor vessel

support A e
Torque ' il
Transfer .
Element (TTE) 14 MW medium speed
coldbus HTS generator

max. efficiency: 98.7%
RE-mass: <40 g

Multilayer

evaporator/ Insulation
-reservoir MLI

Yoke, HTS-coils, coldbus, thermosiphon, current feeds, TTE designed and partly purchased.

tube

Thermal equivalent circuit...

KIT
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Thermosiphon - Cooling power by cold head - linearization approach

Cooling Capacity (W)

200

3

8

560

y =6,286x - 53,155
100W @ 25K j*
Cooling Capacity @ 60Hz and 50Hz
A Certified Cooling Capacity
seee Reference Operating Range
15 2 25 3 35 4

A fit/ linearization around an operating temperature T;,, = 30 K
yields the expression:

W
P =—-53.155W + 6.286E - T (-1)

Or —when considering the heat flow- for the temperature:

K .
_ = 2
T=85K+0.159-Q (.2)

Linearization of coldhead at operating temperature.

The cold head as a “real temperature source”...

KIT



(Remark: you might connect I3 directly to ground —

and not via V1.
V1 is an “ideal voltage source’”, this is just aesthetics,

Thermal equivalent circuit (coldhead)

but perhaps more “intuitive” as R6 is creating a

“real voltage source” out of V1)

T—85K+o159K ' (.2)
= 8. . WQ .

Download:
https://www.analog.com/en/resources/design-tools-and-calculators/Itspice-simulator.html

The linearization might be used to determine nicely dependencies and temperatures at arbritrary points.

The full TEC of the rotor...

KIT
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https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html

Cooling concept (test stand)- simplified thermal equivalent circuit (draft)

coil coldbus intern
00 mm x 00 mm x 000 mm
R1 R=L/A 1/lambda [K/W]
o R=0.000/(0.000 x 0.000) / 300 K/W = K/W

contact flexlink-coil contact (24x)
A=17.78 cm2= 1778 mm?

R2 R=0.003 [K.cm?/W]* A [am?2]; *: Dhuley2019
R=0.05334 /24 K/W= 0.00222 K/W COId bus

0.00222
flexink (24x)
a0 20 2173
- A " Current bus
0.00075451 25 R=0.2 x 0.2173/(0.040 x 0.020) / 3000 /24 K/W
Support (7] o (conduction)
contact flexlink-spoke (24x)
r f| A=17.78 cm?= 1778 mm? -0.
structures Ra et e . 0.000001 -
0.00222 R=0.05334 /24 K/W= 0.00222 K/W
gt Eddy current loss
ke (24x) A 4
R5 :’:m; x ;0 mm x 483 mm Current bus (2x) -22.26
R=L/A 1/lambda [K/W]; lambda=3000 W/(m.K) 42 mm x 10 mm x 590 mm h
0.00839 R=0.483/(0.040 x 0.020) / 3000 /24 K/W = 0,00839 K/W R=L/A 1/lambda [K/W];

lambda=3000 W/(m.K) -
R=0.590/(0.042 x 0.010) / 3000 / 2 K/W. W m
= 0.23413 K/W

A 4
et tok by e Cold bus h R11 -

= 923413 eddy currents on Cu & steel
-100 15.8 W for fyll inverter at 12.1 MW, 602 rpm
Qjﬁ_s heat E Support structures ]

support

I11

R10 D=1150 mip; d=35 mm; A~50% D/2 2 PI x d=0.063222 m?
2.756 lambda~3.3 W/mK Q_dot=epsilon_r x sigma x A x (T_hi*4-T_low~4) / 2 [ (n+1) W

R=L/A 1/lambda [K/W] Q_dot= 0.012 x 5.67E-8 x PI x 3 x 0.5 x (300”4 - 30°4) / 8W

R=0.575/(9.063222) / 3.3 K/W = 2.756 K/W C urre nt b u S Q dot= 1.18 W

ﬁ (conductic =

L=D/2=0.575 m 51 radiant heat

Cooling capacity

Radiant heat

A
=
N

* Room temperature
* Reservoir of thermosiphon

Cooling URG R79UR8 RO Q@I; i j ] i @1’3 * HTS coils

" 0.159 | | 0.159 | 0.159| | 0.159 -50 0 -1.57 -184 -15.49 79
apacity - i T - b on
ow -1.57W -184 W -15.49 W 79 W

vi reserve cooling power

C) wwmmmmy P Current Current
8 leads bus

ddy current loss ] Robust cooling system even for transients.
]

HTS-coils...

4

\/ *3 0 0.01 uic values partly from \\itepserv.itep.kit.edu\prj-speedy \Kryotechnik\20250218-1130-ME-HeatLoads.xlsx
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2G HTS poles: VPI double coil Nl-windings

Quantity Symbol m

Number of turns Neurns 2x 37

Nominal current I, 1000 A
Nominal temperature I, 30 K
Number of poles Npoles 24 n.a.
Axial length of coils Liot 440 mm
Azimuthal width of coils Weot 146 mm

First sets of rotor coils produced.
Dynamics of coails...
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Current ramping at T=77 K

= Evaluation of the transient signal of the Hall probe
yields a time constant t = 250 s.

12E-02 — 17—

——MR2-M1-05 Als = Sufficient to meet the dynamic requirements in a
' MR2-M2- 2 Als . .
wind turbine.

1.0E-02

8,0E-03 |- c =282 s
¥

6,0E-03

4,0E-03

Voltage of Hall probe [V]

2,0E-03

00E+00 Lt 1 o L 1 S
0O 1000 2000 3000 4000 5000 6000 7000

time [s]

NI-VPI coils are sufficiently “agile” to meet the wind turbine specs.

Testing of the double coils at operating conditions...
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Characterization of coils

* Big vacuum vessel
« Several cold heads
« Simultaneous testing of several coils

Installations available for testing.
Sample holder...

KIT



Topology for performance test of 4 double-coils (T = 30K; B = s.f.)

Representing the environment in the machine
(thermosyphon & Cu-cold bus)

Instrumentation:

- 8 T-sensors (2 per double coil)

« 4 U-signals

« 4 Hall probes

- T-control at evaporator (T-sensor & heater)
Operating current 1000 A

Including failure test (rupture of current bus)

AL LW LR

Stationary vacuum vessel to provide T-environment for 4 double-coils in series.

“Thermosyphon for Dummies”...
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Thermosyphon design “for dummies” - an example

Liquid volume™ Check warm Check liquid filling

Voacuum = 30 ] Vllq op =
Vbuffer =301 0.7 Vevap +
Vcond =041 0.1- (Vgas,xfer + Vliq,xfer) = 0.321
VQVap — 04‘1 mtot,Op = Vliq,op . Qliq + Vgas,xfer . anS — 039 kg
Viigxfer = 0.081 . N -
Vgas xfer = 0.351 pry,; = tot,op * *s;medium * ' hi — 1.24 bar
Vtotal active T Vbuffer
Vtotal,active =1.221
Vi:
hevap,fill = Al_lq,op = 41 mm
evap

* rule of thumb, may be checked for cooling power compatibility

Quantities depend on medium (properties), geometries and required cooling power.

Coming back to the warm shaft challenge...
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Cooling off-axis - invention and WO patent application (published)

w0 2026/132014 A 1|00 0 000 OO D

(54) Title: COOLING SYSTEM FOR A ROTOR. ROTOR AND ELECTRIC MACHINE
(54) Bezeichnung: KUHLSYSTEM FUR EINEN ROTOR. ROTOR UND ELEKTRISCHE MASCHINE

102 104

Fig. 1 162
g 11\2 J

110

i e

om2

(57) Abstract: A cooling system (100} for a rotor {102) is proposed. The cooling system (100) comprises a first vacuum chamber (110),
wherein the first vacuum chamber (110) is designed to be arranged so as to be rotatable relative to a central shaft (106) and is subjected
to a negative pressure with respect to atmospheric conditions. wherein electrical coils (112) are arranged in the first vacuum chamber
(110), a refrigerant reservoir (116), wherein the refrigerant reservoir (116) is arranged and rotatable in the first vacuum chamber (110),
wherein the refrigerant reservoir (110) is connected to the coils {112) in a thermally conductive manner. and a housing (120) having a
cylindrical housing projection (122). wherein the housing (120) has a refrigerant inlet (124). a refrigerant channel (126) and a refrigerant
outlet (128). wherein the refrigerant inlet (124) and the refrigerant outlet (128) are formed in the housing (120}, wherein the refrigerant

= Ring-shaped transfer space
= Half-spiral liquid neon feed

= Central warm “space” for whatever is needed.

Solution filed as patent — enabler for a warm central space, shaft, feedthrough,...

—->STAR-machine...



Conventional asynchronous/ induction/ squirrel cage machine

Iron stacks end-ring (ShOI’t Cil’CUit) Featu res

= ® Cu- or Al-bars connected by end-rings to form
Fﬁm”m:’ e induction loops.

venting

N

== E[ T A — 3} a Fit of the number of loops to the stator
%:”%—;j = configuration
c ———— ® No current leads needed for excitation of the
rotor

Quelle: Breuer Motoren, Deutschland

[A. Binder, TU Darmstadt, IEE, ,Elektrische Maschinen und Antriebe"]

Simple architecture and operation of conventional asynchronous squirrel cage machines.

Historic efforts to rebuild with HTS...
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ISM machine

Cu-based squirrel cage HTS-based squirrel cage Approach:

® Engineers replaced copper by HTS
(partly) in machine designs following
established e-machine theory.

® NEW: HTS machine may be operated
in asynchronous as well as in
synchronous mode!

® ISM=,Induction Synchronous Machine”

(a) (b)

Fig. 2. Squirrel cage rotor of the induction motor. (a) Conventional motor (b)
HTS motor 1, 5: rotor core 2,6: short ring 3, 7: bar 4, 8: assembled rotor.

[Sim, J., K. Lee, G. Cha, and J. K. Lee.,
IEEE Transactions on Applied Superconductivity 14, no. 2 (2004): 916-19.
https://doi.org/10.1109/tasc.2004.830317.]

Replacing copper by HTS adds new functionality.

Torque-speed characteristics...
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Performance torque vs. speed

conventional squirrel cage induction machine

I
A

Tmax = TBD

HTS squirrel cage machine (more than induction)

T
A

Tmtlﬂ]’

™

Nsyn

HTS-machine works with higher torque even for s — 0 (as synchronous machine).
Motivation for end rings & number of bars...
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Conventional 3-phase 4 pole induction motor (with squirrel cage)

Details:
® Stator: Distributed winding 12 slots
® Rotor: Squirrel cage 16 bars,

2 end rings

[CC BY 3.0: https://en.wikipedia.org/wiki/Induction_motor#/media/File:Asynchronmotor_animation.gif]
Motor theory: end rings are required to form induction loops sufficiently large along the rotor perimeter to act according Lentz.

Novel approach of the STAR-machine ...
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Test stand (schematic)

Rotor

® Only hollow FRP-body (filled with LN2)
® HTS bars glued to FRP-body (epoxy)
® No ohmic contacts, no ohmic currents
B

Bearings Only supercurrents

FRP Tube
Teststand

LN, Vessel ® No cryostat included in the proof-of-concept design
Winding, Cu ® Vertical position for the sake of simple cooling by LN2

LTS Bars ® Spatial separation of bearing shields to ensure thermal

| (2G-HTS and M530-504) ,2decoupling”

Bars Support

Bearings [R. Oliveira, T. Arndt, A. Yenes, M. Eisele, M. Klaser.

"A Novel Type of Jointless HTS Induction Machine—Proof-of-Principle."
IEEE Transactions on Applied Superconductivity 36, no. 8 (2026): 5206010-10.
https://doi.org/10.1109/tasc.2026.3711020]

Very simple test stand to proof the concept.
Closing...
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https://doi.org/10.1109/tasc.2026.3711020

Conclusions
® Superconducting rotating machines have been developed for decades — even with LTS using LHe

® HTS enable new business opportunities (simplified cooling) even for lower power ratings
® HTS machine’s main benefits:
® Increased air-gap magnetic field, allows high stator current loadings
® Larger air-gap, smaller X, high power factor
® Thermosyphon allows simple and flexible cooling with thermal anchors in the rotor
® [SM concept with enlarged torque range & eliminating current leads
® STAR-machine(?)
® Main challenges:
® HTS wire: stabilization, quench handling, current feeding
| Rotor:
® TTE: heat load vs. torque transmission
® Cooling: COP of sized equipment, Off-axis-concept, closed, maintenance
® Excitation: dynamics vs. Nl-coils, heat-load/ efficiency & HTS dynamo
® Armature:
® AC-losses, cold inverters(?), distributed windings, I,

Thank you!
QnA...

KIT



Questions?

Thank you!
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