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QOutline

e
g o About the GREEN

e Motor’s realizations

Flux concentration motor
Synchronous motor
Axial motor with magnetic coupling

Flux barrier motor

* Bulk magnetization activities

Field cooling process with MgB2 samples
Pulsed Field Magnetization with REBCO
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Research Team
Q
‘ » Permanent Members o PhD Students

> Pr].Lévéque (team leader) > R.Alhasan

> Pr B.Douine > C.H.Bonnard

> Pr A.Rezzoug (emeritus) > B.Dolisy

> Dr K. Berger > B.Gony

> Dr G.Didier > R.Linares

> Dr M. Hinaje

> Dr S. Mezani o ®

> DrT.Lubin ° Y2 permanent technician

° no permanent engineer
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Academic collaborations

o KIT (M. Noe, F. Grilli)

e University of Applied Science Mannheim (S. Elschner)

e Saarland University (M.R. Koblichka)

* Polytechnique Montréal, Quebec (F. Sirois)

e Center for Superconductivity, University of Houston, (P. Masson)
* University of Liege (P. Vanderbemden)

* University of Alger and Khémis-Miliana (E.H. Ailam)

* National Autonomous University of Mexico (F. Trillaud)

e French labs:

o CRETA-CNRS (X. Chaud) and Grenoble Electrical Engineering Laboratory (P.
Tixador),

° Institut Jean Lamour in Nancy (S. Mangin and T. Hauet),
> CRISMAT laboratory (J. Noudem and P. Bernstein)...
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Industrial collaborations

Jeumont Electric: Project REIMS (Inductor of a machine)

e Converteam (now GE): ULCOMAP for ULtra-COmpact MArine
Propulsion

e DCNS - French industrial group specialized in naval defense and
energy

o EADS and Airbus Group (Design of superconducting machines for
Aircrafts)

e Hispano-Suiza and Safran Group

* DGA for General Directorate for Armament (Design and realization
of superconducting machines)
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Research topics and expertise

e Characterization of materials
* Modeling (FEM and analytical)

e Superconducting motors

* Magnetic coupling transmission
e Superconducting fault current limiter and electrical network

e ... other applications
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Motors design and, their realization

* 5 motor’s projects since 2006

e 4 motor’s realizations since 2006

2 ANR grants (French National Research Agency)

e Most of our industrial collaborations
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|5t - study of an inductor in 2002

Coils:

- NbTi wires
- 260A

- 880 turns

() Coils

(2) YBaCuO HTS bulks

(3) Protection resistor

(4) Hall probe connections
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250 kW | 2 poles pairs | HTS inductor
1500 rpm 50 Hz Bi 2223
400V Xd:0.22 pu 30A
360 A Xq:0.1 pu 30K

Zenergy Power GmbH
Werkstoffzentrum Rheinbach GmbH
Futura composite

Converteam (now GE)

Silesian University

University of Nancy

@ UNIVERSITE ‘ N
DE LORRAINE _ e



N

ULCOMAP Project
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ULCOMAP Project
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ULCOMAP Project

=» Total weight: 2 776 kg, Power density: 90 W/kg

3rd October 2008 test 9th October 2008 test

Rotation speed N (rpm) 1000 1500

i excit (Amp. d.c.) 10 29 15 28 324
U stator (V rms between phases) 104.3 249.8 2247 372.2 401.7
| stator (A rms)) 124.2 248.5 248.3 331.4 354.5
Reactive power (KVA) 3.16 15.16 13.6 30.1 348
Active power at terminals (KW) 22.2 106.4 95.7 211.5 244.2
Cos. Phi (p.u.) 0.99 0.99 0.99 0.99 0.99
Voltage Total Harmonic Distorsion (%) 14

Current Total Harmonic Distorsion (%) 4.8

Shaft power (KW) 211.5 251.3
Efficiency % 97.1 97.2

» ‘
UNIVERSITE W
BELREARE! N_E, E-N.




(O st ;’Z \ gy}

New kind of axial HTS motor
including a superconducting
magnetic coupling
for naval propulsion

June 2014 - B. Dolisy’s thesis




Motor principle

HTS inductor

Stator yoke with
copper winding

Permanent magnets

"

Output shaft

Magnetic coupling

ADVANTAGES

* Increases the compactness

* Better efficiency
* Torque transmission without contact 47 No Torque-tubes
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Design and manufacture
Goals and difficulties

Goals
e Study the behavior of the complete system (motor and magnetic coupling)

* Validate the superconducting tape modeling
* Increase the know-how of the laboratory

Difficulties
* Manufacturing the stator without ferromagnetic tooth

* Winding of the superconducting coil
* Design the rotating parts in cryogenic atmosphere
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Design and manufacture
DESign ChOiceS Superconducting coils DOUbI?_I?f&r_mOtor side

f 60 turns / layer A b9
. . . sl B 2
Restrict the external motor dimensions . S & o
— Round HTS coils S| Sgis @
. . . ~ o Q
Oint = 70 mm minimal curvature diameter > &,
= (\]
ﬁout IOO mm Iron yoke Il |z

* Stator yoke with 6 copper coils

Copper coils
250 turns

Iron yoke
laminated
following the
radius

* Permanent magnets rotor
Gout= 100 mm

Iron yoke
Permanent magnet

NdFeB
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Design and manufacture
De5|gn choices

e variable

e =5 mm Epoxy cryostat

Slip rings for the alimentation of the inductor

Cooling by submersion in a
liquid nitrogen bath

I

Vertical
machine

Liquid nitrogen tank

+ Efficient cooling of HTS coils

+ Easy installation

- High consumption of liquid nitrogen

- Bearings of inductor are cold To load
— dry bearings

NS I
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Design and manufacture
Stator with copper winding

Description Unit | Value
Thickness of a coil mm |15
Opening of a call - 60°
Conductor cross-section mm? | 0.75
Number of turns per coil - 250
Nominal current A 7.5
Maximum power kW I

FeSi Thickness 0.3 mm
Jout = 260 mm
dint = 80 mm

@ i \__ = o s_j

Anchorage of the coils
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Design and manufacture
HTS inductor

BSCCO tape
Description Unit | Value
Thickness of the tape mm 0.25
Width of the tape mm 4.4
Length m | 240 BSCCO type Hi 240 m
lc @ 77K Self Field A 190

Characterization of a sample (10 cm) of BSCCO tape @77K
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Permanent gscco tape
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Design and manufacture

HTS inductor

Description Unit | Value
External diameter mm 100
Internal diameter mm 70
(minimal bending diameter)

Thickness / layer mm 5
Turns / layer - 60
Length / layer m |16

Ferromagnetic yoke 4>

UNIVERSITE

Current lead

Simple layer (magnetic coupling side)

Inox core




Design and manufacture
Permanent magnets rotor

Description Unit | Value
External diameter mm 100
Thickness mm 10
Remanence of the permanent magnets T |.25
Iron yoke

Permanent magnets NdFeB
glued on the iron yoke

L. Belguerras, PhD Thesis, « Etudes Théoriques et Expérimentales
d’Accouplements Magnétiques Supraconducteurs », may 201 4.
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Design and manufacture
Final assembly

Slip rings Incremental encoder

Bearings Static torque measure

Stator
Slip rings and brushes

HTS inductor
Cryostat

Permanent magnets rotor

Bearings
DC motor

Incremental encoder
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@ | R D/Z\l



Tests
Under rotation

Good agreement with the design

-o--Comsol
—Measures

Back EMF

Single voltage
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Tests
Behn-Eschenburg model

‘. No-load test Short circuittestR ix
K\, m — m B
’ inductor < /I\E ’ inductor <

) Dk

18 8 .
|-=-250 trfmin| =250 tr/min /'
e / ! /
14 P
/', 26
S12 = /
o )/ o ° d
s 10 / = 4 /
v 3 /
X 8 —_
g pd 53 y
m 6 < /
/ @,
4 v I/
2 ’/ 1
OO 10 20 30 40 50 O0 10 20 30 40 50
Inductor current (A) Inductor current (A)

Motor parameters

Rs= 0.82 Q Xs= .98
(Xs comsol = I78 Q)
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Study and realisation of a flux
barrier synchronous
superconducting motor

October 2014 - R.Alhasan’s thesis




Motor principle

Magnetic flux
\ Superconducting screen Cryostat

Superconducting
inductor
Copper

Superconducting
coils
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Influence of the iron
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Assembly

Inductor coil Superconcting screen Armature
NbTi ( 4.2K) YBaCuO Copper
Liow=17 cm D=I5cm,e =l cm 1680 turns
Lociive = 4.5 cm Circular Shape Swire= 0.4 mm?
D.,ire= 0.75 mm
N= 850 turns
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Internal vessel

Fixing of the thermal

Cryostat —> screen
T—
Inductor
Thermal screen
External
Armature
vessel
—

+

DC current
motor
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Summary

‘ * GREEN has a good expertise in superconducting motors
> AC losses measurements/modeling are linked to this topic

> The characterization of tapes is also needed

> Magnetic coupling is a kind of synchronous machine

* Most of the motors developed by the GREEN involve
bulk superconductors

> They can trap or screen very high magnetic fields

> They are the key for a major technological advance

\‘
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Outline - High magnetic flux
generation with superconductors

* How high!?

» For what purpose? it

e How it works?

* How we made it?

> Example of field cooling on MgB2 measurements
> Pulsed Field Magnetization onYBCO @ 77 K
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How high!?

18
17 |
16 |
YBCO bulke 24, wilh
Resin 157 resin impregnation
impregnated 41
YBCO pellets B3
12
= YBCO bulke 24
_; 1y without resin
2t
2 gl
e |5T can be trapped at 30 K e ¥
using field cooling method oo
7t
e The behavior is different from ol
Permanent magnets: 5t
° Permanent magnets operate at
“constant flux” 3t
o HTS operate at “constant 2
current” Ly
" 10 0 3 40 s 60 70 80 90

Temperature (K)
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M. Tomita et M. Murakami., « High-temperature superconductor bulk
magnets that can trap magnetic fields of over 17 tesla at 29 K », Nature 421,

How high? w0

16F
14[
Resin -
impregnated | 1ok
YBCO pellets | i
E 1of:
o |
Q0 i
el
e Record:17 T trapped 8
e Higher fields are theoretically sl
possible i
al
e Cryo-magnets are promising, but i
they are difficult to implement 21
N 78 K
0 —— an .\
-14 L7 0 7 14

Distance from the centre (mm)
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For what purpose?

e Electrical machines * Magnetic coupling

Design of bulk-HTS synchronous motor > Replacing PM by YBCO bulks

Current
Feed-through

Armature coil

Bearing
&
Magnetic
fluid seal

Rotary
Joint .
. Cutput
Bull-HTS
Magnets Armature
Rotor Plate - cooling hase
H. Matsuzaki et al., « HTS Bulk Pole-Field Magnets Motor With a Multiple T. Lubin et al., « Experimental and Theoretical Analyses of Axial
Rotor Cooled by Liquid Nitrogen », IEEE Trans. Applied Superconductivity 147 Magnetic Coupling Under Steady-State and Transient Operations », I[EEE
(2), pp- 1553-1556, 2007. Trans. Industrial Electronics 61 (8), 2014.
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How it works?

> When a variation of the magnetic field is
applied to a superconductor, there are
induced currents

> Even if the applied field is null, the currents
remain indefinitely in the superconductor
producing a magnetic field like a coil

> The interaction of the induced currents
with a perpendicular magnetic field, (e.g.
PM) results in a force according to the
Laplace formula F, = | ,x B,

% Levitation principle
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How we made it!?

e Cryocooler capabilities

> For cooling the HTS down to 10 K
70W @ 30 K (CH 110, 45 cm bore)
2W @ 10 K (CH 204 with 2 stages)
0.IW @ 5 K (ARS 202 with 2 stages)

o The HTS with the cryocooler is put
inside the bore of the LTS coil

@ UNIVERSITE -
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How we made it!?



How we made it!?

e By Field Cooling process using:
> Home made LTS coil 4T with @ 10 cm bore (Nancy)
> Oxford Instruments £5 T, @ 7.5 cm bore (Saarbrucken)

- -
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MgB2 sample with 4% Ag
f.‘ D 20 mm

» Sweep rate influence on the flux jumps

18— T 7T

—— 10K ; 0.05 T/min 7
— —-10K; 0.10 T/minT]
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MgB2 sample produced by SPS

Q @ 30 mm
‘ » Sweep rate influence on the flux jumps
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2xMgB?2 samples produced by SPS

Q @ 20 mm
‘ * Higher trapped fields inside the pellet

5 T I T I T I T I T I T I T I T I L] I

4_‘ a ——10K; 0.05 T/min |
] — —-20K; 0.10 T/min
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2xMgB?2 samples produced by SPS
f" D 20 mm

(‘ * Higher trapped fields inside the pellet
5] 4.80 B Top A/ﬁ
] -Insideq\"

10K 20K 20 K 25K
0.05 T/min 0.10 T/min 0.50 T/min 0.10 T/min



Pulsed Field Magnetization technique

k‘ * The most convenient and most common way to

magnetize a superconducting pellet is to use a
Pulsed Magnetic Field,

e It can generate strong magnetic fields while using
a relatively small and simple coil,

e Thus, the pellet can be directly magnetized into
the final application, e.g., a machine.



Experimental apparatus

220 Vac + Rectifier
350Vdc

‘ Measurement of the current and the magnetic fisld
T AC/DC switch? I t B resistance
v

> Inductor
b

Liquid n-nitrogen

Bulk

Capacitor bank
15 mF

Thyristor 16 kA max
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Experimental apparatus

e PFM within an iron core:

> To reproduce the classical
motor structure

> To increase the trapped
magnetic field in the HTS

» ‘
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xperimental apparatus @ 77K

B. Gony, K. Berger et al., “Improvement of the Magnetization of a
Superconducting Bulk using an Iron Core”, IEEE Transactions on Applied
Superconductivity, to be publisher, 2015.
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Pulsed current and magnetic field

Optimal pulse with the iron core

2 I I I I I 3{":"]
: : : : v | == === hIagnetic field in the center of bulk smface
Y T Magnetic field at the edge of bulk swmface
= Cwrent pulse in the electrical circuit
L[ R B Y P - A - {2000

= 3 E e U R
; ; i After 10 Min, we obtain:a stable —_
T Y : \ﬂ trappeil magnetic field of 0.85 T <
= Lo : "~ : : : b=
o 1 R EERI ALLLLD L S| R RS SRR NN R T '¢ ---------- R —1000 E
g Y ! ., | P —— =
= S p———— ———'—————:——"‘—— 'ﬁ ‘:hl E : =
= ' : 2 > P M, : ©
(-1 ' “ : LA -.‘..-‘.....
E . . K E LRL R

IIIll-.‘.*ll..fll-ll:lllllllll:llllll! "' 1 1 [ TE 1

0.5 : : : o) : eyt e RO -0
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' ' ' =1000
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Magnetization behavior of YBCO

Trapped Magnetic Field as a function of Vdc
|

Lo | | A

Trapped Magnetic Field (T)

-250 -200 -150 -100 -50 0 50 100 150 200 250
Capacitor Voltage Vvdc (V)
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Study of the demagnetization

! ! !
! ! !
1 Regionl ! Region 2 1 Region3  IRegion 4
Self evolution ! AC field applied ! Selfevolution }AC field
(without any applied field) : : : Applied
i i 1120mT/
N— i i i 50Hz
0.8 - 4
2 S o
< ! ]
= 1 1
006 I I
] ; i
= N— !-----------------i _______
= ! !
3 1220mT | i {
204 VA i I
@ o i it Sl I i-----
" i ! !
— B (center) : : :
— B - - L]
0.2 (edge) i i i
! ! !
i i !
! ! !
i i !
! ! !
O - -
0 5 10 15 20 25 30

Time (day)
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Advantages and future works on PFM

N
& * Increased of 35% of the trapped magnetic field

by using the iron core,

B. Gony, K. Berger, B. Douine, M. Koblischka, J. Lévéque.
“Improvement of the Magnetization of a Superconducting Bulk using an
Iron Core.”, IEEE Transactions on Applied Superconductivity, 2015.

e Maximal current of the discharge 40% lower
with the iron core,

e The PFM with an iron core will be studied at low
temperature using a CH-110 cryocooler.
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New activities at the GREEN

f e Using Fuel cell as a Power Supply for Superconducting Coil

Current collector plate
Ending plate

Anode channel

Hyvdrogen inlet

Cathede channel HZ 5 oH 426 2H +2e +%02 - Hzo

/— Current collector plate

Water inlet

. ®
~— Ending plate Flow Channel v Flow Channel
Air inlet H, (Inlet) Air, H,0(Inlet)

Air outlet

O *)
Water outlet i — — i
Cooling Water j = — ¢_ Cooling Water
(Inlet) — — (Inlet)
— ]
Hydrogen outlet — ——
Cooling Water — — Cooling Water
g = = g
(Outlet) — — (Outlet)
— >
Circuit d’hydrogene
Circuit d"air l
Circuit de refroidissement Flow Channel Flow Channel
Circuit d’eau m H, (Outlet) Qe e g o Air,H,0(Outlet)
oL 520
On 5 0 0
" B3l ‘i GE) §
Q E @ ® | £°%
m humidificateur 8 8
» " 581 683 | 586.1

8Y1 3A3 Robinet sortie d’eau
¢
<
@551
<
<

) U
—— B —
A 4 v
Sortie air
M6 @
[ZN >
) [:[SYJ:] > Bain
Sortie H2 - ¥ Eau de ville | thermostaté Réservoir
condensat d’eau

Evacuation eau
Q e
refroidicsement
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New activities at the GREEN

e Using Fuel cell as a Power Supply for Superconducting Coil

Une cellule :

Vec[V] 4
IV, 50A pour 100 cm?

ocv

oy | Activation losses |

Ohmiclosses |

[Concentration losses |

~0.6V dommeen T
I |
I' Usual workingarea | q
n
: | 1o (t)=leen(t)— Cya - dta
I I dnC
| Ic(t) Icell(t) Cdlc e
1 R dt
i . . icc [A/lcm?
Low current density Highcurrentdensity ~ Jrc [A/CM?] Ve = (Ec _ nc)_ (Ea n Tla)_ N
E
Ne = Ne,act T Ne,conc Icell Ia @ Na R Ne Ec |
= s W JER] A
RT J 2 |
MNeact = In [1+J_C p<— ¢
oc
—>
RT J I I
n In 1——°J
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New activities at the GREEN

e Using Fuel cell as a Power Supply for Superconducting Coil

Tek  Stopped 1 Acos 13 Dec 12 12:17:26

‘_""I&""|""r“"'|""__ """" ]

EE f f f S S f f S

Sensori (.. .
regulatorscor |

Chl 5.04 Q Cha 5.04 M 20.0s 50055 20 Orndat
Ch3 20.0rmLdn... Chd Z20.0rmy 4 Mideo  Chi
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New activities at the GREEN

‘ | e A vector magnet generating up to 3 T with 3 axis orientation

" > homogeneity greater than 95% in a sphere of 10 cm diameter
e T2 = ==
— T— 0 = =
—T | I —_ 02 o P = !
| : ) s -_"'--0_‘ .. .:.( P
b £ 4 . o 0 f:f ™ | i v
I ‘. | | . =20 P ‘ — 1 “ a-

Contour de calcul

pour Bmax N K

G

v 0.08 | SRS As
3 4 ) [] 7 B
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New activities at the GREEN

e Characterization bench for MgB2 wires: [5-40 K, | T, 600 A

Hot Helium
Cold Helium
.............. LN2
I AL325 GM cold head Compressor
I
! & GM cooler Circulator
|
CP1110
:Super—insulated flexible CP830
Application :transfer line 801 : : 5
| : gn_.i ........ [ —-0—Teslresults J
G ! g 70 ——Expeclations ,
" ! w0 :
A :Cold Heat Exchanger JLN2 s | ;
Appllcatlon I 1] s ittt > % 50 o
Heat Exchanger : @ § 40 _
I :g 0 _ ,
Vacuum : >
pumping | 1
I : — . i
: / 0 15 7 1I9 21 23 ZI5 ZI? 29 3I‘I
! Recuperator Heat Exchangers Tempersdira 0
! Vacuum cryostat
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New activities at the GREEN

e Characterization bench for MgB2 wires: 10-40 K, | T, 600 A

@HE"E&.?&LT.EE e - 1 B. Douine & K. Berger, May 29th 2015, CEA Saclay, France 75
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