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• After 45.5-T generation, some institutes are trying 

to develop ultra-high field magnets exceeding 30 T.

• The no-insulation (NI) winding technique is one 

option to enhance the thermal stability of ultra-high 

field magnets.

• Recent years, mechanical damage on REBCO 

coated conductors attract much attention. 

Meanwhile, the cause of mechanical damages is 

not clear.

• For ultra-high field magnet R&D, fundamental 

experiments are important.

2Introduction



• Accurate simulation is a very strong tool for 

design and stability evaluation of ultra-high field 

magnet.

• We have learned many things from UH field 

experiments. More experiments are need for 

accurate simulation.

3Introduction
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• design for ultrahigh field magnets, 
• simulation for ultrahigh field magnets.

Electromagnetic Thermal Mechanical

Design

➢ Spercond. Characteristic

✓ E-J characteristic

✓ Field dependency

✓ Temp. dependency

➢ Screening current

✓ Field irregularity

✓ Stress concentration

➢ Stability

✓ Cooling ability

✓ Normal zone 

propagation

➢ Quench protection

✓ NI or INS

✓ Quench detection

➢ Magnet protection

✓ Reinforcement

(Overband or 

YOROI …)

➢ Stress

✓ Delamination

➢ Deformation

✓ Wavy or kink …

✓ Ic degradation

➢ Magnet spec.

✓ Field strength

✓ Magnet dimension

✓ Current  … etc.
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Electromagnetic Thermal Mechanical

Simulation

➢ Spercond. Characteristics

✓ E-J characteristics

✓ Field dependency

✓ Temp. dependency

➢ Screening current

✓ Field irregularity

✓ Field relaxation

✓ Stress concentration

➢ Charging delay

➢ Temp. change

✓ Supercond. 

characteristics

➢ Stability

✓ Cooling ability

✓ Normal zone 

propagation

➢ Quench protection

✓ NI or INS

✓ Quench detection

➢ Magnet protection

✓ Structural support

✓ Reinforcement

➢ Stress

✓ Delamination

➢ Deformation

✓ Wavy or kink …

✓ Ic degradation

✓ Supercond. 

characteristics

• design for ultrahigh field magnets, 
• simulation for ultrahigh field magnets.



Comparison of EM Simulation Methods



Current Distribution Simulation Methods 7
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Current Distribution Simulation Methods

# Model Pros. Cons.

I Axisymmetric 

FEM

- FEM-based -

• Simple

• Short computation time

• Small memory usage

• Not considering winding 

structure

• No axial current

II 3D FEM

- FEM-based -

• High accuracy

• Considering winding 

structure and axial current

• Hard to implement

• Long computation time

• Large memory needed

• Special technique (e.g. Fast 

multipole method) needed

• Ignore time-varying axial field

III Lumped circuit

- Circuit-based -

• Simplest

• Easy to implement

• Possible to couple with NI 

simple simulation

• Poor accuracy

• Not considering winding 

structure

• No axial current

IV Complicated 

network equiv.  

circuit

- Circuit-based -

• High accuracy

• Considering time-varying 

axial field

• Considering winding 

structure and axial current

• Hard to calculate inductances



Current Distribution Simulation Methods

# Software Axisymmetric 3D

1 COMSOL 

Multiphysics

(most popular 

for supercond. 

magnet 

researchers)

• T-A method

• Thin film approximation 

technique

• Package can be downloaded 

freely (see HTS modelling)

• Spiral winding structure is not 

considered

• Axial current is not simulated

• No-insulation coil cannot be 

modeled

• T-A method

• Thin film approximation 

technique

• Package can be downloaded 

freely (see HTS modelling)

• Spiral winding structure is 

possible

• Axial current is simulated

• No-insulation coil cannot be 

modeled

2 JMAG

(most popular 

in Japan)

• A-V method

• Function is provided

• Spiral winding structure is 

possible

• Axial current is not simulated

• No-insulation coil cannot be 

modeled

• A-V method

• Spiral winding structure is 

possible

• Axial current is simulated

• No-insulation coil is modeled



T-A method （COMSOL）

10

➢ A great number of elements are needed for A method.

Coil thickness

Coil heightREBCO coil

➢ Operating current is considered.

The law of current conservation must be met in every turn.

The screening currents affect the current distribution. 

T method is suitable for current distribution simulation.

Development of T-A method  (COMSOL）

T-A Method FEM
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T-A method （COMSOL）

The A method is applied for air region, and the T method for 

superconducting magnets.

H. Zhang, et al., Superconductor Science and Technology, doi:10.1088/1361-6668/30/2/024005

∇ × 𝜌 ∇ × 𝑻 = −
𝜕𝑩0

𝜕𝑡
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T-A method （COMSOL）

Coupling with A region and T region 

H. Zhang, et al., Superconductor Science and Technology, doi:10.1088/1361-6668/30/2/024005

The dense matrix derived from T formulation makes the simulation 

time long.
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Acceleration of T-A method （COMSOL）

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120

Coarse mesh for acceleration of 

computation
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Acceleration of T-A method （COMSOL）

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120
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Acceleration of T-A method （COMSOL）

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120

𝐵sc = 𝐵mea − 𝐵uni

𝐵mea：Measured or simulated field

𝐵uni：Field by uniform current



T-A Method FEM 16

Acceleration of T-A method （COMSOL）

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120



A-V method （JMAG）

17A-V Method FEM

3D model but only 1 deg. 

using symmetry condition

・600 elements for cross section of one turn

・Screening current is computed as eddy current.

・Operating current is supplied by coupling with 

circuit condition.

1 deg.



A-V method （JMAG）

18A-V Method FEM
1

0
0

 m
m

140 mm

Stacked pancake coils

Enlargement of pancake coils



19Summary of Differences for Test Models

Case I Case II Case III

COMSOL JMAG (1 µm thick) JMAG (100 µm thick)

T-A method + thin film 

approximation

A-V method A-V method

10 division in vertical 10 division in vertical 10 division in horizontal

0 division in horizontal 3 division in horizontal 3 division in horizontal

A few minutes 2-3 days 1 day

Line elements 

in T method

Extracted to the 

thickness direction 

in A method
1 µm

(REBCO thickness)

100 µm

(tape thickness)

4 mm

Using original 

REBCO layer Jc.

Using engineering 

Je.



20Simulation for Comparison
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Parameters Value

REBCO tape width [mm] 4.0

REBCO tape thickness [µm] 100

REBCO layer thickness [µm] 1.0

Coil inner diameter [mm] 30

Coil outer diameter [mm] 50

Coil height [mm] 59

Number of turns per pancake 100

Insulation thickness [µm] 30

Number of single pancakes 12

n-value 20

Ec [µV/cm] 1.0

Critical Current [A] 100

Sweep speed [A/s] 1.0

Target current [A] 50

SP7

SP8

SP9

SP10

SP11

SP12

Time [s]

O
p

e
ra

ti
n

g

c
u

rr
e

n
t 
[A

]
1 A/s

50 A

50 100



21Simulation Result
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22Simulation Comparison (Current Distribution)

Current distributions of 50th turn of top pancake coil.

Case I Case II Case III

[A/m2]

[A/m2] [A/m2]



23Simulation Comparison (Current Distribution)
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24Simulation Comparison (Current Distribution)
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25Simulation Comparison (Current Distribution)

Graded in thickness direction

Normalized, Enlargement view
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26Simulation Comparison (Current Distribution)
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27Simulation Comparison (Force Distribution)
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Thank you for attention!

• In general, EM simulation takes a few 

approximations. It strongly affects the simulation 

results.

• More experiments are need for accurate 

simulation, especially for UH field magnets.



Screening Current Simulation 
- Tape deformation simulation -



Alternatively simulated

Stress Simulation Considering Screening Current 30

SC simulation Elastic simulation

Screening

Current

Magnetic 

Field

SC simulation Elastic simulation Elastic simulation

Comparing with a simulation without consideration of coil deformation:

✓ By changing the angle of magnetic field to REBCO tape, an accurate 

screening current can be simulated.

✓ By changing the angle of magnetic field to c-axis, 

Jc also changes, 



5-turn test coil

Stress Simulation Considering Screening Current 31

A small test coil was charged inside an external magnet.

➢ Test coil was placed 25 cm away from the midplane.

➢ Operation profile is shown bellow.

➢ Screening current and elastic simulation were done. External 

magnet

Test coil

25 cm

r

z

6 cm

REBCO tape

Polymide

2000 4000

8T

12T

4400 s

400A

Screening current simulation Stress simulation



Stress Simulation Considering Screening Current 32

Current distribution with Field Vectors

With considering deformation

2000 4000

8T

12T

4400 s

400A

9

r
0.0 mm

1.0 mm

2.1 mm

3.1 mm

4.0 mm
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Current distribution with Field Vectors

With considering deformation Without considering deformation



T-A Method for NI Magnet 34

R. C. Mataira, et al., “Finite-element modelling of no-insulation HTS coils using rotated anisotropic resistivity,” Superconductor 
Science and Technology, 33, 2020, 08LT01, doi:10.1088/1361-6668/ab9688
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R. C. Mataira, et al., “Finite-element modelling of no-insulation HTS coils using rotated anisotropic resistivity,” Superconductor 
Science and Technology, 33, 2020, 08LT01, doi:10.1088/1361-6668/ab9688
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