
RIGHT:

URL:

CITATION:

AUTHOR(S):

ISSUE DATE:

TITLE:

Simplified Electromagnetic
Modelling of Accelerator Magnets
Wound With Conductor on Round
Core Wires for AC Loss Calculations

Sogabe, Yusuke; Yasunaga, Masahiro; Amemiya,
Naoyuki

Sogabe, Yusuke ...[et al]. Simplified Electromagnetic Modelling of Accelerator Magnets
Wound With Conductor on Round Core Wires for AC Loss Calculations. IEEE Transactions
on Applied Superconductivity 2020, 30(4): 4004005.

2020-06

http://hdl.handle.net/2433/270112

© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes,
creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of
this work in other works.; This is not the published version. Please cite only the published version. この論文は出版社版
でありません。引用の際には出版社版をご確認ご利用ください。



Thu-Mo-Po4.07-04 

  
Template version 8.0d, 22 August 2017. IEEE will put copyright information in this area 

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 

1 

Simplified Electromagnetic Modelling of 
Accelerator Magnets Wound with Conductor on 

Round Core Wires for AC Loss Calculations 
 

Yusuke Sogabe, Member, IEEE, Masahiro Yasunaga, and Naoyuki Amemiya, Member, IEEE 
 

 

 
Abstract—We developed a simplified three-dimensional electro-

magnetic field analysis model for accelerator magnets wound with 

Conductor on Round Core (CORC®) to estimate ac loss of mag-
nets. In our model, the coil winding of the analyzed magnet was 
separated into several divisions composed of dozens of turns. Then, 

ac loss density in a division was assumed to be the same as that of a 
single CORC® wire exposed to magnetic field in a representative 
turn of the division. We carried out the ac loss calculations using 

the model for a superferric magnet composed of coil wound with 
CORC® wires and iron core. 
 

Index Terms—AC loss, accelerator magnet, conductor on 
round core wires, electromagnetic field analysis, rapid-cycling 
synchrotron 

I. INTRODUCTION 

ONDUCTOR on round core (CORC®, written here as just 

“CORC”) wires are attractive assembled conductors for 

applications to accelerator magnets because of their large cur-

rent capacity and mechanical flexibility [1][6]. Because accel-

erator magnets are sometimes employed to generate time-

dependent magnetic fields, ac losses and their distribution in the 

magnets can be an issue due to thermal runaway and burn out of 

coil windings [7][10]. Electromagnetic field analysis is a con-

venient tool for ac loss calculation of CORC wires composing 

accelerator magnets. However, electromagnetic field analyses of 

accelerator magnets wound with CORC wires are difficult be-

cause of the complicated three-dimensional geometry of the 

coated conductors in CORC wires. In CORC wires, the over-

lapping of coated conductors is not uniform along the cable 

axis. Therefore, there are some places in CORC wires where 

the magnetic flux can penetrate into coated conductors easily. 

As a consequence, the ac loss density distribution is not uni-

form along the wire axis. Therefore, to accurately estimate the 

ac losses of CORC wires, three-dimensional simulations are 

necessary. 
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In this paper, we report a simple electromagnetic field anal-

ysis model for ac loss calculations of accelerator magnets 

wound with CORC wires. In the model, a representative 

CORC wire in a coil winding is approximated by a single 

CORC wire that is exposed to the magnetic field where the 

representing CORC wire is placed in the coil winding. We de-

signed a superferric magnet composed of coil wound with 

CORC wires and iron core for a rapid-cycling synchrotron to 

compute the ac loss in the magnet. The AC loss distributions in 

coated conductors composing a CORC wire representing one 

turn of the coil winding are calculated and discussed based on 

the calculated magnetic field in the cross-sections of the CORC 

wire. 

II. SIMPLIFIED ELECTROMAGNETIC MODELING OF MAGNETS 

WOUND WITH CORC WIRES 

A. Modeling Overview  

To calculate ac losses in accelerator magnets wound with 

CORC wires, we need to construct a simplified electromagnet-

ic field analysis model. The three-dimensional geometry of the 

coated conductor composing the CORC wires is important for 

their ac loss characteristics. In addition, the complicated distri-

butions of the magnetic field seen by the coated conductors 

composing CORC wires in the magnets are also the key for the 

ac loss characteristics of the CORC wires wound into the coils. 

Therefore, it is important in the modeling to be able to consider 

the three-dimensional geometry of the CORC wires and the 

three-dimensional magnetic field distribution in the coated con-

ductors composing CORC wires. 

First, two-dimensional magnetic field distribution in a cross-

section of a CORC wire that corresponds to one turn of the coils 

is calculated based on static field calculation. In the case of 

magnets including iron yokes, the non-linear magnetic flux den-

sity Bmagnetic field H should be considered. Second, the cal-

culated two-dimensional magnetic field distribution in the 

cross-section of the CORC wire is assumed uniform along the 

longitudinal direction of the CORC wire. Finally, a three-

dimensional electromagnetic field analysis is conducted for the 

CORC wire, and the ac loss density at the typical point is calcu-

lated from the ac loss calculation result of the CORC wire. 

In the model because the three-dimensional geometry of coil 

windings is simplified as a single straight CORC wire, the in-
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fluence of the curved geometry of the coil windings is ignored. 

Furthermore, the strict current distribution in the CORC wires is 

neglected, and uniform current density distribution in the coil 

cross-section is assumed. Moreover, the nonuniform current 

density distribution influenced by induced shielding currents in 

the coated conductors composing the non-analyzed CORC 

wires is not considered. These ignored components are not 

dominant for the results of ac loss calculation in the CORC wire. 

Because the CORC wire is part of a large-scale accelerator 

magnet that has a large number of turns, the current that gener-

ates an external magnetic flux density and the magnetized iron 

yoke are much higher than them. 

B. Calculation of Magnetic Field in a CORC Wire in Coil 

Winding 

In the model, some cross-sections of coil windings are cho-

sen. Then, each is separated into divisions composed of doz-

ens of CORC wires. AC loss density is approximated in a 

cross-section division within one CORC wire corresponding to 

the representing turn as shown in Fig. 1 (in this paper, the repre-

senting turn is defined as the central turn of the division). To 

calculate the ac loss density in the representative CORC wire, 

we assume that the magnetic flux density observed by every 

CORC wire in each division has the same distribution in a 

cross-section of the representative CORC wire. Moreover, we 

assume that the magnetic flux density distribution along the coil 

winding direction is uniform. Therefore, the ac loss density in a 

division is approximated by the ac loss density in a single infi-

nitely long straight CORC wire that is exposed to a two-

dimensional magnetic flux density in the cross-section of the 

representing CORC wire of the division. 

Another possible modelling of magnetic field distribution in 

an analyzed CORC wire in coil windings is calculating three-

dimensional field distribution in the coated conductors for one-

pitch length. The difference between these modelling is whether 

we consider non-uniform magnetic field distribution along the 

cable axis in final three-dimensional simulation for ac loss cal-

culation. By the latter modelling, magnetic field at one end of a 

section of a CORC wire is not congruent with it at the other end. 

Therefore, we cannot consider periodic boundary for the section 

of the CORC wire. It causes problem in the simulation of the 

CORC wire assumed having infinite length. Although three-

dimensional simulation of the section of a CORC wire is one of 

other choices, the ac loss density distribution could be different 

because the long length in the coil winding is not considered. 

Consequently, we use former modelling. 

The calculation procedure to obtain the magnetic flux density 

in a representative CORC wire of a division is as follows. First, 

the magnetic flux density seen by the cross-section of a CORC 

wire is calculated, which corresponds to a representing turn of a 

division of the analyzed coil. In this approximation, instead of 

exact current distributions in the CORC wires composing the 

coil winding, the uniform current density in the cross-section of 

the coil winding is assumed, and two-dimensional magnetic flux 

density is calculated on the lattice points shown in Fig. 2. Here, 

each section of the lattice corresponds to one turn (one CORC 

wire). By using the magnetic flux density on the lattice points of 

the analyzed CORC wire, the two-dimensional magnetic flux 

density is calculated in the analyzed CORC wire by using linear 

interpolation. 

Second, the three-dimensional magnetic flux density distribu-

tion is calculated in the coated conductors composing the single 

straight CORC wire by using the calculated two-dimensional 

magnetic flux density distribution in the CORC wire. Here, the 

calculated magnetic flux density distribution in the cross-section 

of the CORC wire is assumed to be uniform along the longitu-

dinal direction of the CORC wire. We refer to the calculated 

three-dimensional magnetic flux density as the external magnet-

ic field. Because the three-dimensional geometry of the 

coated conductors composing the CORC wire is considered 

in the model, the magnetic flux density distribution seen by 

the coated conductors is not uniform along the longitudinal 

direction of the coated conductors even if the CORC wire is 

under two-dimensional magnetic flux density distribution. 

 
Fig. 1. Schematics of a coil wound with CORC wires divided into some di-

visions and representing CORC wires of the divisions. In this schematics, 
magnitude of magnetic flux density in the coil is shown with color. 

 

 
Fig. 2. Schematics of a cross-section of HTS coils wound with CORC 

wires composing an accelerator magnet. The cross-section of the coils are di-

vided into a lattice, and magnetic flux density distribution is calculated on the 

lattice points. Each section of lattice corresponds one turn (one CORC wire). 
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C. Three-Dimensional Electromagnetic Field Analysis of a 

Single CORC Wire 

To calculate the ac loss in a single infinite-long CORC wire 

exposed to an external magnetic field, we conducted three-

dimensional electromagnetic field analysis. The equation is de-

rived from Faraday’s law, BiotSavarts law, Ohm’s law, and 

the definition of the current vector potential. In addition, the 

thin-strip approximation is used in the model for coated con-

ductors. The governing equation is as follows [11]: 
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Here, T and T are the magnitudes of the current vector poten-

tials at the field point where the potential is calculated and the 

source point where the current exists, respectively. n and n 

are normal vectors at the field point and source points, respec-

tively, and r is a vector from the source point to the field point. 

ts and  are the thickness of the superconductor layer of the 

coated conductor and its equivalent conductivity, respectively. 

Bext is the external magnetic flux density applied to the ana-

lyzed coated conductors. S is the area of the wide face of the 

superconductor layer of the analyzed magnet. 

Some accelerator magnets have iron yokes that have non-

linear magnetic flux density Bmagnetic field H. To calculate 

ac losses in coils wound with CORC wires in this type of ac-

celerator magnet, we need to consider the influence of the mag-

netized iron yoke on the magnetic flux density distribution in 

the coil windings. To consider this, we apply the approximation 

described in [10]. In the approximation, the influence of mag-

netized iron yokes is considered as externally applied magnetic 

flux density Bext in equation (1). Namely, we can consider the 

nonlinear B–H characteristics as time-dependent Bext, which is 

not proportional to the transport current in the coils. 

Furthermore, in the 3D simulation of CORC wires, the in-

fluence of magnetization of the coated conductors (the mag-

netic coupling) is considered in the simulation, but coupling 

current through finite contact resistance (the electrical cou-

pling) is not considered. Therefore, in this simulation, we as-

sumed a uniform transport current in each coated conductor. 

The validity of the electromagnetic field analysis model for 

single CORC wires was confirmed through a comparison be-

tween measurements and analyses [12]. 

III. SPECIFICATIONS OF DESIGNED MAGNET AND CORC WIRES 

FOR TEST ANALYSIS 

We designed a magnet composed of an iron yoke and HTS 

coil wound with CORC wires and calculated ac loss density in a 

coil division. 

The analyzed magnet is designed based on requirements for 

a rapid cycling synchrotron [10]. The magnet is a combined-

function magnet that generates dipole and quadrupole compo-

nents of the magnetic field. The bird view image of the mag-

net is shown in Fig. 3(a), and the cross-section of the magnet 

is shown in Fig. 3(b). The specifications of the HTS coils and 

CORC wires are listed in Table I. The HTS coil composing the 

magnet consists of stacked curved racetrack coils. The HTS 

coils in the magnet are operated at 65 K in liquid nitrogen, re-

ducing the pressure, but the iron yoke is placed in room tem-

perature area. We assume that the HTS coils are surrounded by 

liquid nitrogen, heat insulation, and cryostat. 

The three-dimensional geometry of the CORC wire is shown 

in Fig. 4. As described in Sec. II, the three-dimensional geome-

try of the CORC wire is essential for ac loss calculations. In the 

three-dimensional electromagnetic field analysis, we use the 

 
Fig. 3. Configuration of the designed and analyzed magnet which is com-

posed of iron yoke and HTS coil wound with CORC wires; (a) Bird view of 
the designed magnet; (b) Cross-section of the designed magnet. 

 

TABLE I 
SPECIFICATIONS OF THE HTS COIL AND THE CORC WIRES 

 

Parameters of the HTS coil 

Number of CORC wires 400 (20  20) 
Separation between CORC wires 0.03 mm 

Maximum transport current 
186 A/wire 
31.0 A/tape 

Frequency of current 100 Hz 

Parameters of the CORC wires 

Number of layers 3 
Number of coated conductors per layer 2 

Diameter of core 2.5 mm 
Width of tape 2.0 mm 

Thickness of superconducting layer 1.0 m 
Separation between layers 45 m 

Pitch length 5.6 mm 

 

 
Fig. 4. Three-dimensional geometry of the CORC wire: (a) Bird view and 

(b) side view. 
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symmetrical geometry of the CORC wire, and then the analyzed 

objects are reduced to one tape of each layer. 

The current profile of the HTS coils is shown in Fig. 5. Here, 

the current per strand (coated conductor) in the CORC wire is 

plotted. For the electromagnetic field analysis, we use the for-

mulated electric field Ecurrent density J characteristics of the 

coated conductors composing the CORC wire [10]. The formu-

lation is based on the power-law model and Kim model [13] as 

follows: 
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where E0 is the defining electric field criterion (fixed at 

104 V/m) for the critical current density Jc. The dependence of 

Jc and n-value is determined based on the measured electric 

field–current characteristics under various external magnetic 

flux densities of a coated conductor at 65 K. We formulated the 

dependence of Jc and n-value on magnitude and angle of mag-

netic flux density as follows [14]: 
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Here, x represents either Jc or n, x0ab,c represents either Jc0ab,c 

or n0ab,c, and the subscript ab,c means ab or c. The angular de-

pendence fab,c() is as follows: 
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where  = 0 is the direction of the normal vector to the wide 

face of the REBCO conductor. 

IV. AC LOSS CALCULATION RESULTS 

A. Conditions for Application of the Model 

We calculate ac loss density in the division shown in Fig. 6. 

In this division, the magnetic flux density seen by the coated 

conductors composing the representing CORC wire is the larg-

est among all divisions. Therefore, the ac loss density in the di-

vision should be the highest. 

B. AC Loss Density and Current Distribution in the Analyzed 

CORC Wire 

The calculated three-dimensional ac loss density distribu-

tion in the CORC wire at t = 15 s is shown in Fig. 7(a). The cal-

culated ac loss density is in the superconductor layers of the 

coated conductors. We can see the local concentration of ac loss 

in the red circle. Here, there is a non-covered area by the coated 

conductors in the third and second layers. In this situation, the 

shielding effect of coated conductors against the external mag-

netic field is weak, and the magnetic flux can penetrate into the 

coated conductors from this part. This effect increases the ac 

loss density in the coated conductors. The ac loss density distri-

butions in the developed coated conductors composing the 

 
Fig. 5. Current profile of the magnet. Here, current per strand (coated con-

ductor) in the CORC wire is plotted. 

 

 
Fig. 6. Schematics at where the model is applied; (a) top view of the coil 

winding and analyzed coil cross-section A-B and (b) analyzed CORC wire in 

the coil cross-section A-B. 
 

 

 
Fig. 7. Ac loss density distribution in the analyzed CORC wire at t = 15 s 

(when current is maximum in second cycle): (a) three-dimensional distribution 

in the CORC wire and (b) two-dimensional distribution in the developed coated 
conductor with current lines (white lines). The first layer means the coated con-

ductor in the innermost layer of the CORC wire, and the third layer means the 

coated conductor in the outermost layer of CORC wire. Each coated conductor 
is enlarged in width direction. 
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CORC wire are shown in Fig. 7(b) with current lines. Here, the 

first layer is the coated conductor in the innermost layer of the 

CORC wire, and the third layer is the coated conductor in the 

outermost layer of the CORC wire. Each coated conductor is 

enlarged in the width direction of the coated conductor. We can 

see the effect of the non-covered area on the ac loss density dis-

tribution in the coated conductors. In this area, the current also 

concentrates on the edge of the coated conductors. 

Moreover, the loops of the shielding currents induced by the 

external magnetic field are closed in the half-pitch of the 

CORC wire. This is because of the three-dimensional spiral ge-

ometry of the coated conductor in the CORC wire. In this ge-

ometry, the normal component of magnetic field seen by the 

coated conductors in the CORC wire is altered in half-pitch of 

the CORC wire. 

C. Temporal Evolution of AC Loss in the Analyzed CORC 

Wire 

The calculated temporal change in ac loss per length of the 

analyzed CORC wire is shown in Fig. 8. Here, the calculated ac 

loss denotes the overall ac loss of all coated conductors compos-

ing the analyzed CORC wire. We can see the ac loss becomes 

zero at t = 5 ms and t = 15 ms. Namely, the ac loss is strongly 

influenced by dI/dt or dBext/dt: I denote current, and Bext denotes 

the external magnetic flux density. This is because the loops of 

shielding currents are closed in the half-pitch of the CORC wire 

as shown in Fig. 7(b), and therefore, the inductance of the loops 

of the shielding currents and decay time constants of them are 

much smaller than them in the coils wound with not-twisted 

single coated conductor. 

V. CONCLUSION 

A simplified electromagnetic field analysis model was de-

veloped for ac loss calculations of accelerator magnets wound 

with CORC wires. In the model, each turn of the coil winding 

composing the magnet, i.e. single CORC wire, is the analyzed 

object. The magnetic flux density distribution in the CORC wire 

is calculated based on the assumption of uniform current density 

in the coil cross-section. By using the model, we can calculate 

the three-dimensional ac loss density distribution in coated con-

ductors composing the CORC wire. We applied the model to an 

accelerator magnet and calculated the ac loss in a part of coil 

winding. The three-dimensional geometry of the CORC wire 

contributed to the characteristics of the ac loss distribution in the 

CORC wire which was observed as local concentration of ac 

loss density and small inductance of shielding current loops in 

the coated conductors. 
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