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Motivation

Objective:
Increase power and torque density of direct drive electrical machines using HTS

Application area
- Marine propulsion , wind turbine generators
- Automotive, Aerospace, Gas & oil...

Normal flux density [T] Limits of conventional machines
Torque [Nm] (Field winding) (copper + PM) :
N - Saturation of tooth
[ V.B.H B~09T
_ / \ _ « Cooling systems
Machine volume Tangential magnetic . .
(air gap) field [A/m] (Armature winding) Limited cooling factor i/

Only the increase of B due to the field winding is considered in this work because HTS
IS much mature for dc applications in which losses are reduced compared to the ac case. 3



Constitutive law of superconductors

Normal

Superconducting state — 3 critical parameters

« Critical Temperature: T, <110K
« Critical magnetic field B, < few Teslas
« Critical current density: J. < hundreds of A/mm?

J, (A-m2)

High Temperature Superconductors (HTS) — power law at fixed T

c-elf)
¢ C Power

n: index of the power law E(v/m) 4 lawe’s
J. : critical current density
E. : critical electric field E, =10"*V/m

Both J_ and n depend on the applied magnetic field




Constitutive law of superconductors

Jc(B) comparison : 1G vs. 2G tapes

Jc(B) curves comparison 5000

. —6—2G - 20K | |
" 4500 —46—1G - 20K

1G tape : Di-BSCCO from SUMITOMO
2G tape : YBCO from FUJIWARA

The 2G HTS tape exhibits a much higher current &
density compared to the 1G tape (5T and 20K): 3
1G: 330 A/mm2 vs 2G: 1640 A/mm? S 500 M
(5 times higher) % 1 2 3 4 5 & 7 3

Perpendicular flux density (T)
1G Di-BSCCO H type

>~

2G YBCCO FESC-SCH12 type
CHARACTERISTIC FEATURE

- Superior in-field critical current and excellent
mechanical properties applicable for magnet
applications

- Original key manufacturing techniques of IBAD
& PLD process enabling high superconducting

Reinforcement
tape

performance
Type H wire
8E
N g2
g
o . s
¢ ~/ - 3
- v -
A £
Reinforcement woT
um \ 4-12mm
T | Substrate
B H: N
) PN 75750 pm Y Y
S ooy 4 r Buffer Laye: ducting ‘ Protection Layer Stabilizer [Cu
MgOo [Ag] 2 um Plating] 20 pm



Constitutive law of superconductors

HTS tape under applied magnetic field

Jc(B) "FESC-SCH12" Fujiwara 2G HTS tape

4500 4794 ’ ri(:?c:zilzzooi ]
* J.and n depend on B < = 0666 O Measured 30K
« Anisotropic behavior: the perpendicular g 40007 (Bl 22) Kim model 30K | |
component B, has the most important influence 3500
on the value of J.. 3000
3428

Je (BJ_) =

B,

(1 + B, /0.847)0593 |

0 1 2 3 4 5

B_L Perpendicular flux density (T)6 ' i
Kim’s model
- For modeling purposes, it is more convenient to Jco
- - - Je (BL) = 5
approximate the Jc(B) curve by an analytical function. . 1B, |
- Interpolation of the measured data — J.q, 8, By ( T By )

The measured data are freely available:

S. C. Wimbush and N. M. Strickland, "A Public Database of High-Temperature Superconductor

Critical Current Data," IEEE Transactions on Applied Superconductivity, vol. 27, no. 4, pp. 1-5
June 2017, no. 8000105, doi: 10.1109/TASC.2016.2628700.



Operating current of an HTS coll

Definition of I, (theoritical)

Maximal allowable current avoiding
thermal limits.

Several criteria can be used (B,

Emax1 pmax)
The computation of I,, must be done
while sizing the HTS device

Load line (or curve) method

Easy to implement but does not
consider n

B, Criteria (magnetic field calculation
needed)

Take the worst case between B | and
By,

3500

w
o
o
o

2500

N
o
o
o

1500

Current density (A/mm?)
S
o
o

500

1 ——Jc(B) - 2G - 30K

L L’ —load line

— \ Stack of
i Em— 01 HTS tapes

—
| - Operating

current
- Jc(B)
_ " max(J, (B))
2 3 4 5 6 7

Perpendicular flux density (T)




Radial field synchronous machine with HTS rotor

Radial flux machine
» Slotless HTS rotor (2G YBCO) Stator iron

» Slotless 3-phase armature winding
(copper)

« Back-iron made from FeCo
magnetic material

Cooling technology
« Cryocoolers @ 30K.

« The rotor is placed in a cryostat
so the “magnetic” airgap
(cryostat wall+mechanical
clearance) is equal to 8 mm

2D cross section view of HTS
machine (p=2, Ne=12 slots)



2D analytical model

Hypotheses Solution
Infinite iron permeability « Single source
* Only low permeability domains are considered to « \ector potential formulation
establish the 2D model (winding and airgap) « Separation of variables
» The machine is decomposed into annular domains in « Polar coordinates
which the solution is periodic owing the periodicity «  Superposition of elementary solutions
of the current density distribution in the winding —> Fully analytical solution

Decomposition into sub-problems in 2D



Analytical solution due to the rotor source

PDEs to solve (in polar coordinates)
* Insubdomain 1 (HTS winding): AA,; + pgj- =0
* In subdomain 2 (air): A4,, =0

‘L[—)OO

Subdomain 2
(air)
A

Boundary and continuity conditions

9A. . 4.,
5y Ir=Rpr = 5 lr=rp; =0

A (r=R,) =A,,(r =R;)

04,4 _ 04 _ )
or TR ar Ir=r =
Current density distribution in the HTS winding 4 Jr(6)
(subdomain 1) ],
jT(H) = Z]nr cos(np 6) mlp 0
n=1 I >
. odd zn/p
Where: -, , ; Brm/2p Bom/p
“JTr . np r h
]nr:Z - Slﬂ( 5 ), 0<p<1 -Jr

n=1
odd 10



Analytical solution due to the rotor source

\ector potential expressions

Ars(r,0) = ) (Uny (r/Ryy )™ + Var (/Rpr) ™+ oy (r))cos(np6)
n=1

odd o
Ara(r,0) = Wiy ( (r/Rys)™+ (1 /Rys) ™P)cos(np0)
odd
Where:
( 2
Mo JurT
7 np # 2
furr) = (PP
Ho JnrT (1 T 4111(1’)) _
np = 2
L 16

The integration constant for the air subdomain is:

err: (Rr)Pnp (Rbr» Rr) + nfn (Rr)an (Rbr: Rr) - ZRbrfrl (Rbr)
Znan (Rbr» Rbs)

Wy =

Where: P (a,b) = (a/b)* + (a/b)~% , Qi(a b) = (a/b)* — (a/b)~*

Similar expressions can be derived for U,,, and 1},
11



Analytical solution due to the stator source

The results for the stator source problem are the same as for the rotor source problem.
We only need to replace the subscript r by s in the solution of the rotor problem.
It also necessary to adapt the current density distribution to the stator armature winding.

The vector potential in the air region is:

Asa(r,0) = ) Wh((/Ryy)™+ (1 /Ryy) ™P)cos(np6)
n=1

odd
Where W, is obtained by changing the subscript r by s in W,,,. expression given .

Torgue expression:
Integration of the Maxwell stress tensor in the middle of the airgap: R, = @.
The expression of the torque due to the 1st space harmonic n=p pole pairs is:

Tem - (nszu/#O)Wpr%s (Pp (Re: RbT)Qp (Re; Rbs) - Pp (Re: Rbs)Qp (Re: Rbr))

Where:  P,(a,b) = (a/b)* + (a/b)™* , Qi(a,b) = (a/b)¥ — (a/b)7*

12



Sizing a 2 MW - 5000 rpm HTS machine

Optimization tool - Office Calc interface with solver

é‘l optim_moteur_HTS.ods - LibreOffice Calc K
Fichier Egit\'on Affichage Insertion Format Styles Feuille Données Qutils Fenétre Aide
_| Options
A | & | ¢ | o ‘ : c NN ) K | o M|
1_|Specification Constraints J Moteur du Solveur:
w) Ntr (rpm) Tem (Nm)  Tem_maj D_hls Jemax LulTaup Rbr H .

3 5,00E+06 100 477E#05  573E+05 0,000181564 125 00E+09| 2,538922925 1,368138177 | Lemnss

4 |Dimensions (m) H [~ Afficher I'état du solveur avancé

3P Rbr (m) Wr eg (m) Ws (m) Rr (m) Rs (m) Rbs (m) Lu (m) Rext Re Rint M | Cycles d'apprentissage: 2000

: 32 N1e,552031004 120E-02  1,00E-02  2,00E-02 bt'sar:oamm Dl,ﬁsoiu;m Ll‘:s?;tsal‘o?:w t3;95:4)1 )1,743349578 1,579031004  1,368138177 V | DE: Facteur déchelle maximum (0- 1.2): 05
A A =l AR M) LSOl S (TSSi08 rofimm 8 | DE: Facteur d'échelle minimum (0 - 1.2): 05

8 1 192 300E01 B800E0l  2,95E-02 0026179939 0,107346425 414608347  4,64E+01 - acteur d échelle minimum (0-1.2: 0,
o [Sources (AIm?) Solveu DE‘: probabilité de.crmsemer‘n: (0-1):09

10 |Jsrms(A/m?) Jr (Alm?) Jsp (Am?)  Kfill Wnsp fnls dfnls fn2s dfn2s Jeu (Am?) | ) [ Estimation des limites de variable

11| 300E+06 2096E+08  3,30E+06  7,00E-01  2,22E-03 0,010446869| 0,013025769 0,010187978 0,012863356 4,28571428( Cellulecible §Hi16 |

12_|Performance calculus | Optimiser le résultat 3 ol
_B|Can(¥m) Bperp(l) Bemax  hes(m)  her(m)  Jemax prmserie et © Magimum

14 5,73E+05  2,799999998 1,8 0,139318574 0,193892827  1,44E+09 O b Aide s

15_|my_iron (ke/r my-cu (kg/mM_iron (Kg) M_cu(kg) M totlkg)  Pu (KWikg) Vol tot (m’) Tvol(khm/m’) LT

16 | 8120E+03 B8920E+03  1,04E+04 5199837802 10930,45644 457,0611007 3,76991817 1266512449 =TT
?Flux O Valeur de

18 |® Rbr (Wh) ® Rbs (Wh) THD_E | o

19 | 0,153110448 0,110015051 1,007 Par modification des cellules | $A$6:3C$6;$E36;$156,9C38;$B511

20 |Harmonics calculation | - L

21 |k Jr (AVm?) inl dfnl fn2 dfn2 Unr Vnr Wor Xnr | Conditions de kmitation

2 1 171146837,3 0,522402366 0663776463 0,514467411 0,658716005 -0,188626751 -0,156472537| 0,066800997 0,06689099] |peférence de cellule Opérateur e

3 3 124114003,8 0,04194723 0,053299115 0,041310078 0,052892777/-0,010063647 -0,00920302 0,002631959 0,00263105¢

24 5 53313480,83 0,006484872 0,008230828 0,006386371 0,00817701 -0,00096285 -0,000883021 0,000143477 0,00014347] | SAS6 &l | [Nombre entier | = || R

53 7 -8424740,073 -0,000522795 -0,000664276 -0,000514854 -0,000659211 4,74876E-05 4,28907E-05)-3,66081E-06 -3,66081E-0f

% 9 -37321620,08 -0,001400983 -0,001780121 -0,001379703 -0,00176655 7,78384E-05 6,82572E-05 -2,99364E-06 -2,99364E-0f | SAS6 & 9 | B

7 11 -30535871 -0,000767318 -0,000074972 -0,000755663 -0,000967539 2,60908E-05 2,17972E-05 -4,93826E-07 -4,93826E-0]

2 13 -4536398,628 -8, 16152E-06 -0,000103702 -8,03755E-05 -0,000102012  1,699E-06 1,31258E-06 -1,57429E-08 -1,57420E-0{ | $B36 = =2 || R

2 15 177711632 0,000240147 0,000305136 0,000236499 0,00030281 -3,06132E-06 -2,07591E-06 1,38578E-08 1,38578E-0f

30 17 21902471,27 0,000230429 0,000292780 0,000226929 0,000290557 -1,79906E-06 -0,6476E-07 3,07400E-09 3,07400E-0{ | 5C36 = S || B

31 19 9007728,350 7,58664E-05 9,63075E-05 7,4714E-05 9,56626E-05 -3,62808E-07 -1,17038E-07 3,01106E-10 3,91106E-1(

2 21-8149849,326 -5,6180E-05 -7,1305E-05 -5,53355E-05 -7,08507E-05  1,646E-07 -8,8721E-11/-8,65524E-11 -B,65524E-1] . o ;

EE] 23 -16188783,00 -9,30461E-05 -0,000118227 -0,16328E-05 -0,000117325 1,66976E-07 -8,20265E-08 -4,28228E-11 -4,28228E-1 Aide Tout réinitialiser Options... Eermer Résoudre

4 25  -10662698 -5,18712E-05 -6,50087E-05 -5,10833E-05 -6,54063E-05 5,70262E-08 -7,06821E-08 -7,13232E-12 -7,13232E-11 ) ) ) ) ) )

25 77 TRAIN 21 DINNEREE NE 1 1ETAOE NE 2 0O7170F NE 1 1A2R7E NE R 12ER1E NN 1 ARMI2E NQ 2 TAMAE 12 2 7TAMAE 12 20710E NE 7NANMNIE NE E0TNANRE 12 E1NRME 1N 1 1ET7TAOE NR N NANANAAY I -
< >

4 4 ¥ =4 Analytical model Ic2B HTS Results

ol @




Sizing a 2 MW - 5000 rom machine

Results for 2G HTS tapes @ 30K Name _ Value
The analytical model allows fast computations: Number of pole pairs 14
the cpu time is around 5 minutes ; the External diameter 59 cm
convergence of the algorithm is obtained after A_ctlve Igngth . G
1000-1500 iterations. LD (el GRiDEiE] 8 T

Stator winding (Copper) 10 mm

» For the sizing, the torque value has been increased thllgl;rtfrsil.rs (YBCO) windin 4 mm
by 20% to allow for stability during transients and TRl J
to consider saturation not taken into account by Stator back-iron (FeCo) Tl 1o
the analytical model. thickness

Rotor back-iron (FeCo) 68 mm

« The rotor current density Jr cannot exceed 90% of thickness
the operating current determined by the load line Stator slot width / tooth pitch 0.8
method ratio

Rotor slot width / pole pitch ratio 0.5

» The optimum is obtained for 14 pole-pairs which Stator slot rms current density 15
results in operating frequency of 1,166 kHz (Litz A/mm?2
wires may be necessary for the armature Rotor HTS winding dc current 793
winding). density A/mm?

Maximal perpendicular flux 3T

« An active power density of about 26 kW/kg is density on HTS winding
achieved which is 30% higher than state of the art ~ ACtVe Mass 7?2 kg
oil-cooled radial field PMSM.



Sizing a2 MW - 5000 rom HTS machine

Finite element validation
« Cobalt iron laminations are used which allows high saturation level (in excess of 2,4 T)

* The analytical model doesn’t consider saturation so the max flux density in the HTS winding is limited
to3T

« The analytical and FE results are in good accordance

* The torque difference doesn’t exceed 10%
Radial flux density distribution in the middle

of the airgap (full load, saturated FE)
3 ‘ ‘ T = ‘

3.040e+000 : >3.200e+000
2.880e-+000 : 3.040e-+000 25— ——]
2.720e+000 : 2.880e-+000 LN\ /4
2.560e+000 : 2.720e-+000

2.400e+000 : 2.560e-000
2.240e+000 : 2.400e-+000
2.080+000 : 2.240e-+000
1.920e+000 : 2.080e+000
1.760e+000 : 1.920e+000

1.600e+000 : 1.760e+000
1.440e+000 : 1.600e+000

1r x& 1

0.5 \ f’ )l
0F y / 1
-0.5F .\"» / 1

Radial flux density (T)

1.280e+000 : 1.440e+000 % 7

1.120e+000 : 1.280e+000 o % :
9.600e-001 : 1.120e+000 15} "\ W |
8.000e-001 : 9.600e-001

6.400e-001 : 8.000e-001 2 XL’_’_‘—/ : ;initletglelment i
4.800e-001 : 6.400e-001 / nalytica
3.200e-001 : 4.800e-001 251 \—/// b
1.600e-001 : 3.200e-001 -3 L I I ! ! |
<1.770e-007 : 1.600e-001 0 4 8 12 16 20 24 28

&

nsity Plot: |B|, Tesla Angle (mech. degrees) 15




Conclusions

HTS synchronous machine is sized via a combination of
analytical model and optimization algorithm

The computation tool is a free spreadsheet software which can
easily

2D analytical models, validated by finite elements, for sizing
and optimizing HTS machines taken into account the operating
current of HTS coills

Investigation of iron free machines are currently considered to
reduce weight owing the high performances of the 2G tapes, In
particular at higher flux densities.

16
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