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Motivation

 Development of models:

o Existing advanced formulations of Maxwell equations: H-A and T-A mixed with homogeneous technique
= practical for machine models [1]

o Modeling of SC components interacting with simple external circuit / components
o Next step: from component to system = FEM - Circuit coupling [2]

 Supporting:

o Development light and compact power components for transportation based on High Temperature
Superconductor (HTS) components [3]

J Responding to:

o Growing interest in the aircraft industries (two axes): 1) liquid hydrogen fuel, 2) more electric aircraft
(MEA) = Hydrogen as coolant for SC components [4]

Fig. 1: Hybrid hydrogen
- aircraft from airbus
= (https://www.airbus.com/en/i
B nnovation/zero-emission/hy
drogen/zeroe)

[1]: Y. Yang, et al, IEEE Trans on App. Sup., 2020, doi: 10.1109/TASC.2020.3005503.

[2]:Z. Wang et al.,IEEE Trans. on App. Sup., 2017, doi: 10.1109/TASC.2017.2653807.

[3]: K. S. Haran et al, Supercond. Sci. Technol. 30 (2017) 123002 (41pp)

[4]: Airbus website, ACEND project, March 2021:
https://www.airbus.com/en/newsroom/press-releases/2021-03-airbus-to-boost-cold-technology-test
ing-as-part-of-its
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DC power chain

 Power chain: D i ont @ Tabe o
o Generation (HTSG, 10 MW) - cold e Descent (6 Laing
o Conversion (power electronics) - warm/cold _f
o distribution (HTSC) - cold Q_ - 4

10

o Load (HTSM, 2.5 MW) - cold

Actually simulated
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Fig. 3: Power demand. Interest in transient:
Take off (2) wit maximum peak of demand [5]

Circuit
=N

Fig. 2: Power chain from turbine to load: G for generator, C for cable and M for motor.

Inverter

[5]: M. Boll et al, Supercond. Sci. Technol. 33 (2020) 044014 (14pp)
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FEM-Circuit model

[ Cosimulation: transient FEM - electrical circuit model using COMSOL Multiphysics and Simulink

A Case study (Fig. 4): superconducting (SC) generators, rectifier, filter, SC cable, inverter, filter and
SC motors (1 out of 4, we used 1 power converter for this case study)

d Machine model for generator and motor: SC ironless rotor - conventional stator [6]

J Machines and cable modeled with homogeneous T-A, with Kim'’s relation J (B)
1 out of 4 load

SC Generator (HTSG) pommmm s Pt .||SCCable|| ------------- W gmmmmm—ma . SC Motor (HTSM)

L | =TSO ||/ \ !
T | ! ' Tam
L ! I :I >
: : KA "@;: T [ Tom
1 : : : ! | ——p
i : | = | lem
L . 4@4{}7 =
¥ I ! ¥ l

Rectifier 1| Filter 1 | " Inverter /,': Filter2 !

COMSOL Simulink COMSOL Simulink COMSOL

Fig. 4: Diagram of the coupled FEM-Circuit using COMSOL and Simulink.

[6]: M. Corduan et al, IEEE Trans on App. Sup., 2020, doi: 10.1109/TASC.2019.2963396.
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HTS rotating machines (HTSG and HTSM)

A Hybrid machines cooled by liquid hydrogen at 25 K:

: : : Similar geometry on purpose

o Ironless rotor: REBCO racetrack coils (/_ of tape at peak perpendicular field) g fy on prp

— Continuous boundary/
rotation boundary

— Boundary rotor

o Stator: basic COMSOL model (magnetic core to lock the flux) Stator iron yoke

Tabla I: Characteristics of SC machines

Parameters Generator Motor
Maximum power 10 MW 2.5 MW Air HTS tapes/
rotor windings
: S
Rotor mechanical speed 10,000 rpm 4,500 rpm Copper stator
Torque 10 kNm 531 kNm windings/Phase A
Copper stator Copper stator
Electrical frequency, f; 833.33 Hz 525 Hz windings/Phase B windings/Phase C
Current density in stator 15 A/m™2 6.7 A/m™2 Fig. 5: Geometric model of generator.
Number of pairs of pole 5 7 Stator fron yoke — Continuous boundary/
Number of slots 12 rotation boundary
g . — Boundary rotor
Stator winding resistance 1.22 mQ 1.31 mQ
Rotor operating temperature 25K Alr HTS tapes{
(hydrogen coolant) rotor windings
Number of HTS tapes per coil on the rotor 160 180 Copper stator o
Transport current for each HTS tape / 1[7] ~ S00A/1224A  S30A/1224 A windings/Phase A
¢ Copper stator Copper stator

windings/Phase C windings/Phase B

[7]: Robinson Research Institute, "Critical current characterisation of Fujikura FYSC 2G HTS superconducting wire",
https://figshare.com/articles/dataset/Critical current characterisation of Fujikura 2G HTS superconducting wire/37593217?backTo=/
collections/A high temperature superconducting HTS wire critical current database/2861821

Fig. 6: Geometric model of motor.

Development of coupled FEM-Circuit analysis of interconnected High

HTS Modelling 2022

Temperature Superconducting machines and components


https://figshare.com/articles/dataset/Critical_current_characterisation_of_Fujikura_2G_HTS_superconducting_wire/3759321?backTo=/collections/A_high_temperature_superconducting_HTS_wire_critical_current_database/2861821
https://figshare.com/articles/dataset/Critical_current_characterisation_of_Fujikura_2G_HTS_superconducting_wire/3759321?backTo=/collections/A_high_temperature_superconducting_HTS_wire_critical_current_database/2861821

Cosimulation: COMSOL - Simulink

1 Cosimulation tool: Simulink LiveLink™ module, sequentially coupling COMSOL Multiphysics®
with Simulink®

d Setting up the cosimulation:

1. Create a COMSOL model
2. Generation of a cosimulation file in FMU format
3. Build a Simulink circuit including a “COMSOL Cosimulation” block

4. Run Simulink

- o Q e-0--0-0 0@ = 0> o COMSOL time steps @ Initial conditions

/

’ @Data communication from COMSOL to Simulink

/7 time
® Simulink and Simscape time steps
@ Data communication from Simulink to COMSOL

c—Q- —>
Fig. 7: Exchange process between COMSOL and Simulink.
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Case studies: steady state case for now

SC Generator (HTSG) ] I, :, ---------- N ‘L‘ ----------- N )
d Step-by-step approach AR —
1) Vg 1&.{‘@?
 The original case study was split in 4 sub-cases: IREEE I
| Rectifier | | Filter DC Bus
COMSOL Simulink~——----- e .

1. SC Generator - DC circuit

2. DC circuit - SC motor

3. SC Generator - DC circuit - SC motor 2)
4. SC Generator - Circuit - SC cable

4 Rotor current ramped up from 0 to rated current | . VR Y
LFTE | ekeked (O
Q Characteristics of the circuit components: 3) S I T e
o Generator resistances, R =1.22 mQ | Rester || Fiter |\ fmerer /| Filer |
COMSOL Simulink COMSOL
o Motor resistances, R_ = .31 mQ Commm OIS | o G
. - Vv, Rs | / T\ip (HTSO) |
o RLC filter (rectifier): v j‘* EFWTM =
Vo Re || 2y —] | E
r=0.08 Q, L=0.05mH, C=100 uF 4) , ;‘EH‘E TC ;
i i VIS g |
o 3-phase LC filter (inverter): = Tt
COMSOL Simulink*---------- e : COMSOL Qmm]mk_
L=0.5 mH, C=0.132 MF Fig. 8: Four sub-case studies: 1) SC Generator - DC circuit, 2) DC circuit - SC motor,

3) SC Generator - DC circuit - SC motor, and 4) SC Generator- DC circuit- SC cable
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Case 1: SC generator - DC circuit

4 Infinite DC bus modeled by a constant ideal voltage source at 3 kV
4 Rectifier: power diodes; r..=0.107 mQ, 1/roff =10nSy V.=0.8V.

SC Generator (HTSG)

ag , S

Vg

MAEEE

. . :\ Rectifier |\ Filter ,,: iDC Busé
COMSOL Simulink--------- e —— N ‘

Fig. 9: Circuit: SC Generator - DC Bus.

Tabla Il. Co-simulation time parameters SC
generator - DC bus circuit

Cosimulation FEM-Electric Circuit (for 4 electrical cycles)

Cosimulation time 6 h 30 min 24 s
Time step in FEM 1/100/f,= 1.2 E-5s
Communication step 2/100/f,=2.4E-5s
Stop time 48 E-3s

HTS Modelling 2022

2 4 T T T
- 1 B 2-\/IN].N“F\/\F
> <
) ot = 0
< 5
-1 -2 H
‘2 C 1 N 1 I 1 T dl _4 1 I 1 I I T
0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
t (s) t (s)
Fig. 10: Generator output voltages Fig. 11: Generator output currents
15 T . . T . : 15
_ 12.5F 1 —~125}F |
E. IONVWWWMM ; \/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\,
é 7.5¢ 1 - 10 1
S 1 < 75t :
251
1 1 1 1 1 1 5 L L L L L L
0_%015 0.002  0.0025 0.003 0.0035 0.004 0.0045 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
t (s) t (s)
Fig. 12: Generator electromagnetic torque Fig. 13: Power supplied to the DC bus
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Case 2: DC circuit - SC motor

4 AC voltage source, maximum voltage 2 kV, fe = 833.33 Hz, phase of 120°

4 Inverter: Pulse Width Modulation (PWM)

R N 7 \ SC Motor (HTSM)
; R b e f‘ i ! —
! Vg 59 || H i i Lo =
Gl T X I T e e Z
Qe | = o
| . i C —H Tc i, <
; Q'V\/V—’I H H ' t > S
: @ ' ¥ i i v e
! 1 m ]; i . | -
\? Voltage sources ’,/ ‘\\\ Rectiﬁef‘//[ L Filter P ‘\\ Inverter _/' L Filter |

Simulink COMSOL

Fig. 14: Circuit: DC Circuit - SC motor.

Tabla lll. Co-simulation time parameters DC
circuit - SC Motor

Co-simulation FEM-Electric Circuit ol ' ' ' ' : ' ' '

—— , s ”\AMWMMM 5
Co-simulation time 9h45min5s g4t | -z
Time step in FEM 1/100/f,=1.905 E-5 s &2t 5

1 L
Communication step 2/100/f,=3.81 E-5's T 5 2 4 & 6 7 § 8
t (s) %107
top ti .01 . .
Stop time 0.01s Fig. 17: Motor electromagnetic torque Fig. 16: Inverter input currents
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Case 3: SC Generator - Circuit - SC Motor

Tabla IV. Parameters of the co-simulation: SC Generator-Circuit- SC Motor

SC Generator (HTSG) ST \‘: z ------ o ‘//—v T ”w“\__ :’ ‘‘‘‘‘‘‘‘ ™ SC Motor (HTSM) NO 1ntema1 StepS
v R g , Iy : S . o . : . :
"VJ—’V\’V'@ZK i = per 1 cycle/electric Time stepin ~ Communication  No. Electric No. of rev Stop Cosnpulatlon
$ELAN = — ] FEM (s) Step(s) cycles time time
IEBIWRIE I Y X =1 fom) (FEM)
| Resiter | File ||l ,
imulink COMSOL - _
O . .S = o Generator 80 1.5E-3 3E-3 > 83 116 0.007s 14 h 14 min 16s
Fig. 18: Circuit: SC Generator - DC Circuit - SC motor. Motor 100 1.905E-5 3.81E-5 3.67 0.525
B T T T T T i 15 T T T T I
4 | L5 — Generator
=, _ o 12.5¢ —Motor |
= 24 0.5
50 - 0 5
O —1, .05 .
:?‘ _2 —Ib [ K|E _1 5
nes | | | =L 15 | . , , . (5) - | | | |
15 2 3 4 5 6 7 1 2 3 4 g 6 ] 15 2 3 4 5 6 7
t(s) %1073 b18) x10° t (s) x10?
Fig. 20: Motor inputs currents . , ,
15 , , , , , Fig. 23: Electromagnetic torque comparison

Fig. 21: Generator output voltages Fig. 22: Motor input voltages
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Case 4. SC generator - Circuit - SC cable

e — SC Cable .
1 g (®TSO) |

o
2] o
é

u !

“ Rectifier A Filter ] 1 DC Bus;

COMSOL Simulink -~~~ P — ‘ COMSOL|| Simulink |

Fig. 24: Circuit: SC Generator- DC circuit- SC cable

el SC Cable Model \\

COMSOL:
PDE(c) + mf
R1 Rscl Lscl

Rz Rsc Lsc2

R; Rocz  Lgcs

o
From LYWV '®—
&)

generator +
rectifier + R Revi Leos .._.to DC
filter... | AAA ARt _@_ Circuit. ..

Rs | Rses Lys
L ANA AR ) —

R6 RSC6 Lscé

o L p——— ---------"

\ Electrical circuit in Simulink
N ’
~

Fig. 25: Conceptual diagram of the electrical circuit
(Simulink) coupling SC Generator- DC circuit- SC cable

O Redistribution of current in the cable may be not
uniform from layer to layer (/. dependency on B
and transients)

HTS Modelling 2022

Tabla V. Parameters of the cosimulation: SC Generator-Circuit- SC Cable

Time step in Communication  Stop time Co-simulation

FEM (s) Step (s) (s) time
Generator 1.5E-5 3E-5 0.0036s 5 h41 min 47s
Cable 1.2E-5 6E-5
4 : : — 4 15 T T T T 15
—Va (kV)

N 9 —1 4 (kA) |
i
= 0
&

2

Fig. 26: Generator, voltage vs current (phase a)

2.5 3 3.5 ' :
£ (s) 103 t(s) %107
Fig. 27: Comparison of electromagnetic torque, power
supplied to the DC bus and three-phase power generator.

4 ' ' ' 600
3 :\/\/\/\/\/\/\/\/\/\/\_
= = |/
20 =550,
<L
: : : 500 : : : : : : '
1.5 2.5 3 3.5 2 22 24 26 28 3 32 34 36
t(s) %1073 t (S) %107
Fig. 28: /., DC bus Fig. 29: Current distribution in each tape of the SC cable
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Conclusions and perspectives

d A coupled FEM-Circuit is being developed to simulate the transient electromagnetic behavior of
SC components for a MEA power chain

d The final step is the coupling of the SC machines and the SC cable to complete the power chain
d The goal is to provide a roadmap to study power systems considering HTS devices for
performance analysis and design optimization still benefiting from the FEM capabilities
d Upcoming:
o Initial conditions for machine models, need for a pre-estimation of machine parameters under load

o Transient studies

o Global reduction of computation time
4 Future work:

o MgB, stator for SC machines for full SC machines thinking of power electronics at cryogenics
temperature [8]

[8]: H. Gui et al.,IEEE Trans on P. Elect., 2020, doi: 10.1109/TPEL.2019.2944781.
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Thank you for your attention!

Development of coupled FEM-Circuit analysis of interconnected High

HTS Modelling 2022

Temperature Superconducting machines and components



Case 3: Coupling process

4 Coupling HTSG 10 MW and HTSM 2.5 MW.

A Division of the electrical circuit into two subcircuits.

SC Generator (HTSG) ST L \

4 Equivalent resistance (REq) calculate:

R eq = ﬁ . 1 COMSOL Shl;ulink
T 1. \4

_________________________

4 REq represents the load of the 4 motors in parallel.

1
! i
] i
| il
1

| i
! i
! i
I i
] i
] i
T

\

1 I
[N . I
Inverter | Filter ;

Simulink COMSOL

M| IdC and VdC are DC measurements from the inverter side.

d /= filtering process

Fig. 30: Conceptual diagram of coupling HTS machines
(HTSG and HTSM)- DC circuit in Simulink
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Case 3: Simulink model

Generator cosimulation block From COMSOL From COMSOL

[IDc]
- Rbob1])>—pf>— >3
0 Flux2 P> @ W a1 a2 w output
— DC+ atl a2 il g C it
. Variable ResistorG1 TN (L—<< L [Req]

Resistance1 [Rbob1]

- Resistance2 R £
T ociorces NN Rbob2] W il v 2 i ( vV =
i == o >
Torque —». @ @ '
Variable ResistorG2 '

(a0

1B
VA_ind
N E—— W 1 2 V3
- B Variable ResistorG3 [vbe M ac h | ne | N
el

Measurement Rectifier

) =0 Generator Moasurement S imulink

Rectifier

3

‘COMSOL Cosimulation GENERATOR

.|”

Motor cosimulation block

Vind A

»(J
o | num(s) . IAVS VA F rom
> = vs VAinv
den(s) Vref (PU) __.@ COMSOL 53
Vd_ref 1—D VA
100 =0 lavg vs Idc s Vabe . -

(=] : ©
Gate driver L | <<l [VAf] [Al A Resistance3
Voltage regulator 1 ul

R Torque

Vind B

0

Vind C

ol

Resistance1

Resistance2

R

F
O

= —— From COMSOL e )

L [IphC]

X = COMSOL Cosimulation MOTOR
+
[lavg]

Rea From Simulink,Req calculate '

2 ‘ I_ © g ‘\ - i o —
al aj | \ Current §
(5 | ey e AN
= b1 — b2 R |
l b | T b1 b2 1 .—ullia' i O . Q I .
bt b2 , ol c2 . e VWV <<t~ [vBi )
M Inverter .5 mH Measurement N -
fvae] g e[a)sg_r"erl‘-ae " 0o i i & inverter +H AN
0.132 mF § IphB]
[IphB]
a~
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Case 3: SC Generator - Circuit - SC Motor

*  COMSOL- time step,
Generator

Initial conditions
ty=0[s] t,=1.5E-5[s] t;=3E-5[s] t;=4.5E-5[s] t,=6E-5[s]t;=7.5E-5[s] ts=9E-5[s]t,=1.05E-4[s] t=1.2E-4(s]

O & @ L >
> >
Iy 3 A
C L. 4 |Vig L2
. Communication step 2
Generator
te=0[s] 1 t,=3E-5[s] 1  t,=6E-5[s] t;=9E-5 [s] ty=1.2E-4 [s]
o >0 >0 "0 >0 ">
. S|mu||nk (so|ver) @ --0-0-—a _O . . ®—8 - —6 O @ - -8 & _0_ ® —B- B - }. —9 — 0-9-- 8>
*  Communication step
Motor to=0 [s] t;=3.81E-5[s] t,=7.619E-5[s] t;=1.143E-4 [s]
i N I .
*  COMSOL-time step, 2 4 [Vim lm Vom =z Vam
Motor 3
t,=0[s] t,=1.905E-5[s] t,=3.81E-5[s] t;=5.714E-5 [s] t,=7-619E-5 [s] t;=9.524E-5 [s] ty=1.143E-4 [s]
O L4 @ @ O @ O >

Iy
Initial conditions

Fig. 31: Process of steps the cosimulation of the FEM models (generator and motor) with electrical circuit.
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