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Abstract—The second-generation high temperature 

superconducting tapes (2G-HTS) such as the REBCO coated 

conductors (CC) are known for their strong mechanical 

properties and high current carrying capacity with low AC losses 

compared with first-generation HTS tapes as well as low 

temperature superconductors. Therefore, they seem to be good 

candidates to assemble coils for Superconducting Rotating 

Electric Machines (SuREMs). In this paper, to investigate 

influence of a Soft Magnetic Composite (SMC) material on the 

DC and AC HTS coil performances at cryogenic temperatures, 

GdBCO- and YBCO- based commercial tapes from different 

manufactures were used to assemble 10 HTS coils in double-

pancake configuration. These tapes were wound using two 

different core structures, i.e. fixed and movable cores, having the 

same circular shape but different diameters as well as materials, 

i.e. fiberglass and SMC. Critical currents and AC transport 

current losses of these coils were measured using the electrical 

method. To evaluate the parallel and perpendicular components 

of the profile of magnetic flux density for each assembled HTS 

coil, a finite element model has been developed using Maxwell 

2D. Eventually, the performance of different coils for SuREM 

application was discussed. 

 

Index Terms— AC losses, Electric machine, Former/core 

material, HTS coils, REBCO tape 

I. INTRODUCTION 

HE progress of second-generation (2G) superconducting 

materials and their high efficiency have accelerated the 

use of superconducting electric machines by replacing their 

conventional counterpart in higher power density applications 

such as electric aircraft [1]. The 2G high temperature 

superconducting (HTS) tapes, such as ReBa2Cu3O7-x (Re is a 

rare earth material, usually Y, Gd, or Sm) coated conductors 
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(CC), possess several unique properties which make them 

quite attractive for being utilized in a wide range of large-scale 

power applications [1-4]. Adoption of HTS materials for 

power applications would be of great advantage due to their 

remarkable loss and efficiency performances as well as the 

fact that operating temperature can be set within the liquid 

nitrogen (LN2) temperature range. Therefore, designing and 

assembling a rotating electric machine with much higher 

torque density, efficiency, power density, and lighter weight 

would be possible by implementing HTS technology [5-8]. 

The development of these superconducting machines is also 

depends on the improvement of magnetic materials. To this 

end, a very promising magnetic material scenario involves the 

adoption of soft magnetic composite (SMC) materials. Due to 

their electrical and magnetic properties such as low hysteresis 

and eddy current losses, high permeability at low field 

strength, high saturation level, and uniform magnetic 

characteristics, SMCs are currently attracting the attention [9-

10]. In particular, SMCs can be used as magnetic core instead 

of conventional steel laminations, amorphous sheets or ferrites 

in electric machines applications [11-13]. For example, the 

properties of the coil former/core (shape, geometric 

dimensions, and type of material) and the substrate material of 

HTS tape (non-magnetic or ferromagnetic) dramatically affect 

on the performances of an axial flux electric machine when its 

double-pancake HTS coils are wound using a 2G tape around 

a trapezoidal or circular shaped SMC core, and placed over the 

stator or rotor disc. Thus, to optimize electric machine design, 

investigation of SMC core behavior at cryogenic temperatures, 

as well as DC and AC characterizations of HTS coils are 

crucial [12-17].  

In the literature, many papers have discussed the usage of 

HTS tapes and coils for different applications, although, there 

are not many papers comprehensively discussing the 

challenges of the winding process, material selection, 

fabrication process, and electrical testing of HTS coils as well 

as offering solutions for overcoming these technical and 

manufacturing issues. In [14-17], the design and assembling 

processes of an axial flux permanent magnet synchronous 

machine using HTS coils was investigated. For this purpose, 

trapezoidal and circular cores/formers were used to wind coils 

in double-pancake configuration, and their electrical properties 

and characteristics were measured, experimentally. In [18], 
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AC loss of an HTS winding assembled by several double-

pancake coils was measured. AC loss was reduced by placing 

a ferromagnetic disk near it. Basically, to decrease AC losses, 

magnetic field distribution around the winding was 

manipulated and reconfigured. 

The Superconductivity Group at the Italian National 

Agency for New Technologies, Energy and Sustainable 

Economic Development (ENEA) located in the Frascati 

Research Center, Italy was investigating the role of ATOMET-

EM1, an SMC material, on HTS coil performance for SuREM 

applications in collaboration with the Department of Electrical 

Engineering and Information Technology, University of 

Cassino and Southern Lazio, Italy. Two different materials, 

fiberglass (G10) and SMC (ATOMET-EM1), were used to 

fabricate cores/formers on which different HTS tapes were 

wound to produce ten circular double-pancake coils. We used 

a movable former to increase the core diameter. DC and AC 

perfiormances of coils were characterized in the self-field at 

LN2 temperature. In order to evaluate the components of 

magnetic flux density of each coil, a 2D finite element model 

was developed using the ANSYS Maxwell software package. 

This paper reports, discusses and compares experimental and 

simulation results. 

II. HTS COILS: CHALLENGES FOR SUPERCONDUCTING 

ROTATING ELECTRIC MACHINES APPLICATION 

There are challenges for the utilization of HTS coils in 

SuREMs, which are disscussed in the following sections: 

A. Coil manufacturing 

The selection of suitable tape to assemble an HTS coil is a 

challenge itself as the performances of the tapes produced by 

different manufactures are very different and are strongly 

influenced by magnitude and orientation of magnetic fields. 

Any change in Jc(B) characteristics of the tape leads to a huge 

change in the current-carrying capacity of the assembled coil 

as well as the electric loading and power density of the 

rotating machine fabricated by the coil. Critical current 

measurements in self-field and external magnetic field 

conditions are essential DC characterizations to help choosing 

a suitable tape for a specific application, knowing that 

following materials affect coil performances: 1) 

superconducting layer material (Gd, Y, etc.); 2) substrate 

material (Hastelloy, NiW alloy, stainless steel, etc.) [19-20].  

As the coil must be wound around a core as a former, its 

material and shape could increase or decrease the magnetic 

field components around the tape in the coil and thus, affect 

the DC and AC performances of the manufactured machine. 

On the other hand, the coil configuration also depends on the 

application, e.g. double-pancake, single-pancake, racetrack, or 

helical coils could be a suitable choice for a specific 

application or a disastrous choice for another one [21]. To 

overcome the coil manufacturing challenge, all these 

considerations must be taken into account as well as extra care 

and attention for handling very thin 2G HTS tapes. This means 

any mistreatment (usually bending) of the thin HTS tape could 

reduce the critical current density of the tape and finally, the 

produced coil. This sort of mechanical damages usually leads 

to having weak points in a tape/coil which can initiate hotspots 

in the winding of the manufactured electric machine [22-23]. 

B. Insulation and impregnation 

In a real rotating machine environment, all coils need turn-

to-turn insulation as well as a final stage impregnation 

process. The reason for this is for: 1) making each layer of 

tape in coil from another electrically isolated, 2)  immobilizing 

the turns in the final manufactured coil [24] from any 

movement caused by assembling process, as well as 

electromagnetic force and vibrations during normal operation. 

3) enabling the efficient heat transfer for the coils [25]. 

The type and thickness of insulation depend on many 

different factors such as the thickness of tape, voltage level of 

machine, number of turns, operating temperature, coolant 

type, and so on, so that choosing the best insulation material is 

not straightforward. The impregnation process is also an area 

to be investigated. A good impregnation material should have 

a high voltage withstanding capability, low thermal 

contraction/expansion, and high thermal conductivity at 

cryogenic temperatures [26-27], but there is not much 

information about the impregnation techniques and materials 

in the literature. While this process is an inevitable step for 

manufacturing a coil in electric machines, even though it has 

some drawbacks and can cause harm to the coil, too. The 

critical current degradation and AC loss increase are the 

results of choosing the wrong material for the impregnating 

process [27-28], which affect the performance of the 

superconducting electric machines, as their torque and power 

densities depend on their current-carrying capacity (electric 

loading), whereas their cooling efficiency depends on the AC 

loss as the main source of heat load in the machine 

coils/windings. On the other hand, the utilization of some 

insulation and impregnation materials at cryogenic 

temperatures, raises a huge concern about thermal cycling 

issues because there is not enough information about the 

characteristics of commercial insulation and impregnation 

materials at cryogenic temperatures; sure enough, after many 

times of thermal cycling or electric transients, the insulation 

could be weak or cracked [27, 29]. Thermal cycling studies 

are vital when the rotating machine is going to be used in 

critical applications such as electric aircraft [1] or energy-

related applications but, unfortunately, there is no 

comprehensive standard method for it at the moment. Frequent 

thermal cycling may cause delamination of the tape due to its 

contraction (including superconducting, stabilizer, and 

substrate layers), since the insulation and the former/core 

materials have different contraction/expansion coefficients. 

Thus, during the cooling down process, one layer would 

contract faster and more than other layers, and this imposes a 

huge transversal tension and stress as well as longitudinal 

tensile stress on different layers in the tape. This phenomenon 

together with the effect of moisture (in wet cryostats) 

accelerate the delamination process [30-31]. Note that the 

tackiness of the impregnation material makes the whole 

process more complicated. 
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C. Quench behavior 

The quench behavior of an HTS coil is related to the tape 

structure, heat transfer and thermal issues, joints, and 

transients in currents [32]. Weak and damaged points that can 

occur along the tape length during the coil assembling process 

trigger a partial quench or lead to a full coil quench. In 

addition, usually hotspots initiate in such weak points over 

time and could burn the insulation or cause some other 

electro-thermal stresses [33, 34]. These rapid electro-thermal 

transients lead to a quench due to low heat transfer in the 

internal turns which are unable to dissipate the amount of heat 

accumulated [2, 25]. Selection of an appropriate inter-turn 

insulation layer thus becomes critical. Kapton tape is typical 

adhesive insulation for turn-to-turn isolation, but it normally 

burns at medium range temperatures around 120 to 200 K, 

(depends on the thickness) which makes it a weak thermal 

insulation, especially for wet-cryostat/winding machines. 

Since LN2 or other coolant liquids could penetrate underneath 

the Kapton, they produce a gas-sheath and decrease heat 

transfer especially during high current transients which leads 

to quench [25]. Suitable solid insulation made by epoxy resin 

and mixed with a filler powder such as alumina, aluminium 

nitride, or beryllium could be an solution [1, 25, 35]. 

Sometimes inside the coil, there are joints because of tape 

splicing which can be critical points for initiating a quench or 

during some transient happens in current such as a short 

circuit [2] or a short-term overload. One needs to consider this 

issue during coil design and fabricating stages to allow for 

sufficient cooling of the coil. 

D. AC loss characteristics 

Accurate estimation of the AC loss of a coil and, as a result, 

its efficiency is very important for electric machine 

applications [36-37]. This AC loss causes extra heating and 

temperature rise if the cooling system does not work 

efficiently to dissipate it from the cryostat. The problem starts 

when the AC loss is estimated for a pure sinusoidal current or 

external magnetic field, and the cooling system is designed 

accordingly. Some harmonics in the magnetic field due to the 

distribution of windings or failure of the bearings can occur 

under normal operating condition of an electric machine [38]. 

On the hand, current can be nonsinusoidal too because of the 

harmonics produced by power electronic converters [21, 32]. 

AC loss could drastically increase when this happens [21, 32] 

and as a consequence, the heat load of the machine increases. 

Therefore, it must be taken into account when estimating AC 

loss [39] and designing the most suitable cooling system, 

otherwise, it would either lead to thermal breakdown of the 

cooling system or temperature rise of the machine winding. 

Having high precision in AC loss calculation/estimation 

method together with meaningful experimental results would 

be a great help for manufacturing suitable HTS coils for the 

rotating electric machine to avoid such thermal runaway. 

 

 

 

  
(a) (b) 

Fig. 1. Core configurations a) Fixed, b) Movable 

     
TABLE I 

GEOMETRIC SPECIFICATION OF TWO TYPES OF CORE 

CONFIGURATIONS 

Type of core Fixed Movable 

Outer diameter 40 mm 50 mm 

Inner diameter  40 mm 

Height 10 mm 10 mm 

III. HTS COIL CONFIGURATIONS AND ASSEMBLY 

A. Tape materials and core configurations 

Two types of circular core configurations, fixed and 

movable, were manufactured in the ENEA laboratory, as 

shown in Fig.1(a) and Fig.1(b), respectively. 

The movable core configuration, in particular, consists of 

two concentric cylinders: an outer one, on which the HTS tape 

is wound, and an inner one easily replaceable, as shown in 

Fig.1(b). Different materials, G10 and SMC, were used for 

both the fixed core and the inner cylinder of the movable core. 

Note that the outer cylinder, concentric to the inner one, is 

made with G10. The geometric parameters of the two types of 

core configurations are shown in Table I. 

Several meters of REBCO CC tapes, commercially 

available and produced by different manufacturers, were used 

to wind double-pancake HTS coils around different circular 

core configurations. The specifications of these tapes are as 

follows: 

1. YBCO tape, SCS4050 with cross-section 4.0 mm x 0.1 

mm and a Hastelloy substrate, manufactured by 

SuperPower (SP) Inc: nominal critical current Ic = 100 A 

at 77 K and self-field; 

2. YBCO Amperium
®
 copper-laminated tape with cross-

section 4.8 mm x 0.2 mm and a ferromagnetic substrate, 

manufactured by AMSC (Am): nominal critical current Ic 

>100 A at 77 K and self-field; 

3. GdBCO tape, HCN04150 with cross-section 4 mm x 

0.105 mm and a Hastelloy substrate, manufactured by 

SuNAM Co. Ltd (Su): nominal critical current Ic = 220 A 

at 77 K and self-field. 

B. Manufacturing and assembling processes of the coils 

Before starting the coil winding process, a 25mthick 

Kapton adhesive tape was placed on the REBCO side of 18 m 

of SP tape, 7 m of Am tape and 18 m of Su tape, respectively. 

This insulating tape also fixes the distance between the turns. 
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(a) (b) 

Fig. 2. HTS coils wound on a fixed core with: a) G10 core material using 

Su tape.  b) SMC core material using SP tape 

 

 

 TABLE II 

SPECIFICATIONS OF THE TEN MANUFACTURED DOUBLE-PANCAKE COILS  

 

HTS 

tape 

Core 

Config. 

Dext 

(mm) 

Core 

Material 
Turns 

Total 

tape 
length 

Coil Code 

Su 

Fixed 
45 G10 34 4.5 m Su_FG_34 

45 SMC 34 4.5 m Su_FS_34 

Movable 
55,16 G10 26 4.5 m Su_MG_26 

55,16 SMC 26 4.5 m Su_MS_26 

SP 

Fixed 
44,8 G10 34 4.5 m SP_FG_34 

44,8 SMC 34 4.5 m SP_FS_34 

Movable 
55 G10 26 4.5 m SP_MG_26 

55 SMC 26 4.5 m SP_MS_26 

Am Fixed 
46,5 G10 26 3.5 m Am_FG_26 

46,5 SMC 26 3.5 m Am_FS_26 

 

 

The benefits in terms of no degradation of the critical 

current of the tape when it is subjected to compression stresses 

are known. However, it was interesting to compare the critical 

currents of coils wound by tapes with different mechanical 

properties, and the possible effects caused by tension stresses. 

So, with the REBCO side oriented outwards, the insulated CC 

tapes were wound on a fixed and movable circular cores by a 

commercial winding machine under a proper tension. All the 

coils were wound in a double-pancake configuration and their 

winding process started at mid-section of the tape, so that the 

two sections (pancakes) of a coil are separated by a small gap. 

As can be seen in Table II, ten double-pancake coils, with the 

same circular shape but different turns number, were 

assembled: 6 coils with the fixed core configuration using 

different core materials, G10 (3 coils) and SMC (3 coils) as 

shown in Figs. 2(a) and 2(b), respectively; 4 coils with the 

movable core configuration using different core materials, 

G10 (2 coils) and SMC (2 coils) for the internal cylinder as 

shown in Figs. 3(a) and 3(b), respectively.  

     To distinguish one coil from another, each coil is identified 

by a three-point code indicator, respectively: HTS tape 

manufacturer (Su, SP, Am); core configuration (F, M) and 

material (G, S); turns number (26, 34). After the winding 

process, to suppress mechanical vibration, all coils were fixed 

by cryogenic tape symmetrically distributed over the perimeter 

of the coil. 

 
(a) 

 
(b) 

Fig. 3. HTS coils wound on a movable core with: a) G10 core material using 
Su tape.  b) SMC core material using SP tape 
 

TABLE III 

CRITICAL CURRENT OF THE MANUFACTURED HTS COILS @ 77 K 

 

Coil Code Ic_coil @ 77 K 

Su_FG_34 88 A 

Su_FS_34 75 A 

Su_MG_26 89 A 

Su_MS_26 88 A 

SP_FG_34 55 A 

SP_FS_34 47 A 

SP_MG_26 61 A 

SP_MS_26 59 A 

Am_FG_26 79 A 

Am_FS_26 69 A 

 

IV. EXPERIMENTAL SETUP AND MEASUREMENTS 

A. DC characterization of the manufactured coils 

To determine the critical current of each coil, current-

voltage (I-V) curves were measured using the standard four-

probe electrical method. All DC measurements were 

conducted in a LN2 bath (77 K) and self-field condition. As a 

first step, the I-V curve of HTS coils wound on different core 

configurations and core materials using HTS tape with no 

magnetic substrate (Su and SP) were measured. As a second 

step, the I-V curve of HTS coils, 26 turns, wound on different 

core configurations using Am tape with magnetic substrate 

were measured. As a criterion for the critical current (Ic) 

determination, 1 Vcm
-1

 has been chosen; so, by measuring 

the voltage across the whole tape length, the Ic values versus 

turn number of each coil were obtained and listed in Table III. 

B. AC characterization of the manufactured coils 

An HTS coil carries out electrical current without energy 

dissipation in DC condition but in AC condition it shows an 

impedance, Zcoil = Rcoil + jLcoil: the imaginary part comes 

from the coil inductance while the real part is produced by AC 

losses [16]. In this section, the AC characteristics of HTS coils 

were investigated, including measurement of AC transport 

current losses and the coil impedance, Zcoil.  
 

B.1. Transport AC loss measurements 

The experimental setup for transport AC loss measurements 

is shown in Fig. 4. The HTS coil under test, connected in 

series to a 40 mΩ shunt resistance, was immersed in a non-

metallic cryostat containing a LN2 bath and supplied by an 

AC current source which could produce maximum 100 A, 

peak to peak, with a frequency between 0 to 400 Hz. 
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TABLE IV 

MEASURED AND CALCULATED INDUCTANCES OF HTS COILS AT 77 AND 300 K 

Coil code Lcoil coil @ 77K (H) 
Lcoil coil @ 

300K (H) 

 
Measured by 

LCR meter 

Calculated from 

AC losses 

measurements 

Measured by 

LCR meter 

Su_FG_34 71 61 77.5 

Su_FS_34 98 104 106 

Su_MG_26 55 55 57 

Su_MS_26 67 69 71 

SP_FG_34 65 68 69 

SP_FS_34 95 115 110 

SP_MG_26 57 60 60 

SP_MS_26 69 73 73 

Am_FG_26 44.5 45 46.5 

Am_FS_26 62 68 70 

 

A digital oscilloscope was used to observe the signals and 

check the reference voltage waveform and its amplitude 

during the tests. The voltage signal, Vcoil, across the HTS coil 

impedance, 𝑍coil(𝑓), contains an undesireable imaginary 

component coming from the coil inductance (𝐿coil) and a real 

component (Rcoil) which, being produced from AC losses, is 

the measure of our interest. To measure and separate the Vcoil 

components, a dual-channel lock-in amplifier was used. There 

are some difficulties related with the lock-in measurements. 

First of all, a correct measurement of the phase difference that 

decides the losses is very important to give an accurate result; 

the large inductance produces a large difference between in-

phase and quadrature components of voltage (several orders of 

magnitude), which may lead to troubles with the dynamic 

reserve of the used Lock-in amplifier input stage. This occurs 

when the geometric parameters of the coil and its turns 

number are large that the inductance, Lcoil, assumes values of 

the order of mH: this drawback can be overcome by using a 

compensating coil [40, 16].  

In this paper, we are dealing with coils of small dimensions 

and few turns (Lcoil are tens of H), so the use of a large 

dynamic reserve in the lock-in amplifier has shown to 

introduce a small noise in the phase without adopting a 

reactive voltage compensation and it was also possible to 

obtain a high value of the SNR (Signal-Noise Ratio) in a wide 

range of frequency. Furthermore, all the measures were 

carried out taking care not to introduce stray inductances into 

the circuit and to avoid magnetic couplings with the 

environment.  

All the voltage signals, acquired by a lock-in amplifier, 

were referred to the ground point chosen on the HTS coil 

under test. As a first step, AC transport current loss (Ploss) 

versus RMS current at different frequencies (from 2 Hz up to 

100 Hz) was measured for each HTS coil. As the topic of this 

paper concerns the electric machine application, the 60 Hz AC 

loss experimental data of HTS coils with the same turn 

numbers, 34 or 26 turns, but different tapes and different core 

materials and configurations, were shown as typical results in 

Fig.5 and Fig.6, respectively. 

 

 
Fig. 5. AC losses (Ploss) versus RMS current at 60 Hz for HTS coils having 34 

turns of different tape (Su and SP) and fixed core configuration but different 

core material (G10 and SMC) 

 

 

B.2. Components of coil impedance 

A preliminary measurement of the coil inductance value, 

Lcoil, of each HTS coils at LN2 (77 K) and room (300 K) 

temperatures was done using a high precision LCR meter. 

These experimental results at 77 K, reported in Table IV, 

are in agreement with the results derived from the imaginary 

voltage component Vcoil acquired during the AC loss 

measurements: 𝐿𝑐𝑜𝑖𝑙 =
𝐼𝑚(𝑉𝑐𝑜𝑖𝑙)

2∙𝜋∙𝑓∙𝐼𝑜𝑝
.  

 
Fig. 4. Schematic of experimental apparatus setup for AC loss 

measurements 

 
Fig. 6. AC losses (Ploss) versus RMS current at 60 Hz for HTS coils having 26 

turns of different tapes (Su, SP and Am), core configuration and core material. 
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The amount of heat associated with the AC loss in the tape, 

used to wind the coil, is the active power supplied to the coil 

by AC current source. This power is modeled as the power 

dissipated on the Rcoil resistance by the joule effect. Therefore, 

the real component of the coil impedance, derived from the 

RMS current in-phase component voltage Vcoil, is very useful 

to identify the AC behavior of the coil: 𝑅𝑐𝑜𝑖𝑙 =
𝑅𝑒(𝑉𝑐𝑜𝑖𝑙)

𝐼𝑜𝑝
  

The Rcoil curve (per unit length) versus frequency of each 

HTS coil wound using Su, SP or Am tapes is shown in Fig.7 

when the applied RMS current was 35 A. 

 

 

Fig. 7. Rloss per meter versus RMS frequency at 35 Arms curves of HTS wound 

using different tape, core material and core configuration 

 

C. Magnetic characterization of SMC material 

 An SMC specimen was machined to obtain the sample 

shown in Fig. 8(a), on which two copper windings with 

different turns numbers were wound. With reference to the 

Fig. 8(b), when a sinusoidal current, flowing into the primary 

winding and supplied by a current source, generates a 

magnetic field, an induced voltage proportional to magnetic 

flux density (B) across the secondary winding can be 

measured. A B-H magnetization curve was obtained at 300 K 

and 50 Hz frequency and then loaded into the material library 

of ANSYS Maxwell software to model the magnetic behavior 

of the SMC material. This curve was shown in Fig. 9. Because 

the B-H curve of the SMC material does not change in the 

temperature range between 77 K and 300 K [10], it was 

possible to extrapolate the SMC core relative magnetic 

permeability, r, from the curve of Fig. 9, and then use it in 

the simulation studies of section V. 

 
Fig. 9. SMC magnetization curve at 50 Hz and 300 K similar to that 

of 77 K 

 

V. SIMULATION STUDY 

The profile of the components of the air-gap magnetic flux 

density, can be a useful tool for the design of an axial flux 

electrical machine, for example, with HTS coils placed on the 

stator or rotor discs. In particular, the radial component, Bradial, 

is useful to estimate the AC losses of a coil whereas the axial 

component, Baxial, is useful to calculate the profile and the 

strength of the torque when HTS coils are placed on rotor disc 

or to design the PMs axial thickness for HTS coils placed on 

stator disc [15]. To investigate the influence of the former/core 

(material and configuration) and the tape parameters on the 

magnetic field profile of each coil, a magnetostatic simulation 

study was carried out using a 2D finite element model in the 

ANSYS Maxwell software package.     

 The cross-section of each coil, modelled in the r-z plane, 

consists of several domains: the surrounding air, the core and 

the turns. Each turn includes the superconducting layer, the 

substrate and the stabilization matrix. The gap along z-

direction between two single pancakes of each HTS coil is 2 

mm. Fig. 10 shows the distribution of the magnetic flux 

density profile for the Su coil with 26 turns carrying an 

operating transport current, Iop = 70 A and wound on a 

movable core with G10 core material. 

Assuming that each coil carries an operating transport 

current Iop = 0.8·Ic (see table V), the axial and the radial 

component profiles of the magnetic flux density for each coil 

were estimated along the airgap line and on top of the coil, 

respectively. Both components of the B profiles shown as a 

function of the distance from its magnetic axis, as following: 

 
Fig. 10. Magnetic flux density for Su_MG_26 coil at Iop = 70A 

 
(a) 

 
(b) 

Fig. 8. Magnetic characterization of SMC material. a) SMC sample under test. 

b) Experimental set-up for SMC magnetization curve measurement 
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 Fig.11 shows the comparison of Baxial profiles along the 

airgap line (1 mm from top of the coil) for coils with the 

same turns number (26) and configuration (Movable) but 

different HTS tape and core materials; 

 Fig.12 shows the comparison of Bradial profiles for coils 

with the same turns number (26) and core configuration 

(Movable) but different HTS tape and core materials; 

 Fig.13 shows the comparison of Baxial profiles along the 

airgap line (1mm from the top of the coil) for coils with 

the same core configuration (Fixed) but different tape, 

turns number and core materials; 

 Fig.14 shows the comparison of Bradial profiles for coils 

with the same core configuration (Fixed) but different 

HTS tape, turns number and core materials. 

 
                                      TABLE V 

       SPECIFICATION OF DIFFERENT HTS COILS FOR THE SIMULATION STUDY 

 

Coil  Ic Iop 

Su_FG_34 88 A 
60 A 

Su_FS_34 75 A 

Su_MG_26 89 A 
70 A 

Su_MS_26 88 A 

SP_FG_34 55 A 
38 A 

SP_FS_34 47 A 

SP_MG_26 61 A 
47 A 

SP_MS_26 59 A 

Am_FG_26 79 A 
55 A 

Am_FS_26 69 A 

 

From Fig. 15, it can be seen that the profile of the Bradial 

component, perpendicular to the HTS tape of the Su_MG_26 

coil, has the maximum local value at the top edge of the 

central turns (6-7-8).  

By varying the coil operating current from 0 to 180 A, the 

load line was obtained from a simulation study, reported on 

the Icoil - Bradial,max and shown in Fig. 16. The intersection of 

this load line with the Ic-Bperpendicular curves obtained from Ic 

measurements on the bare Su tape at different external 

magnetic fields and temperatures gives the value of Ic for the 

coils made by Su tape at different temperatures. 
 

 

 

VI. DISCUSSIONS  

The discussion on findings and comparison of the 

experimental and modelling results of the ten manufactured 

HTS coils were done according to their potential arrangement 

inside a superconducting rotating electric machine in this 

context, the choice of using one of the aforementioned coils 

depends whether the coil is located on the field winding or on 

 
Fig. 14. Bradial versus distance from the magnetic axis for coils  with the same 

core configuration (Fixed) but different tape, turns number and core materials 

 
Fig. 11. Baxial versus distance from the magnetic axis on the airgap line for 

coils with the same turns number (26) and core configuration but different 

tape and core materials  

 

 
Fig. 12. Bradial versus distance from the magnetic axis for coils with the same 
turns number (26) and core configuration (Movable) but different tape and 

core materials 

 
Fig. 13. Baxial versus distance from the magnetic axis on the airgap line for 

coils  with the same core configuration (Fixed) but different tape, turns 

number and core materials 
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the armature winding.  

 

 

For example, HTS coils positioned on the stator disc of an 

axial flux permanent magnets synchronous machine, could be 

compared in terms of minimum AC loss and maximum current 

density since they are mostly related to electric loading of 

machine. On the contrary, the HTS coils on the field winding 

of this machine with a conventional armature winding, could 

be compared in terms of the maximum magnetic flux density 

as well as quality of produced magnetic field waveform (as 

sinusoidal as possible). Note that the field winding controls 

the magnetic loading of the machine. Therefore, the choice of 

the best coil to use will be the right trade-off between several 

parameters depending on their application. 

A. DC characterization  

  As can be seen in Table III, the coils wound by Gd-based 

tape with the same length of tape, have the highest Ic in self-

field. Instead, in comparison to the coils wound using Y-based 

tape in fixed core configuration and with almost the same 

outer diameter, coils with Am tape have a higher Ic value 

despite the lowest turns number. Even the core material has a 

significant role on the coil Ic value in both core configurations. 

The Ic value of HTS coils in fixed core configuration with the 

G10 core material is higher than with the SMC core. This 

experimental result is in agreement with the magnetostatic 

simulation result.  

As shown in Figs. 12 and 14, the SMC material modifies the 

magnetic field profile and increases the value of the radial 

component of the magnetic flux density, perpendicular to the 

tape, reducing Ic. For the same amount of tape used in the 

fixed core configuration, increasing the internal diameter and 

decreasing the turns number of coils with a movable core 

configuration, a better performance for the SMC material in 

terms of the magnetic flux density profile was obtained. It 

should be noted also that the mechanical stability of the Am 

tape, with a silver stabilization matrix and a magnetic 

substrate, is better than the Su and SP tapes with a copper 

matrix stabilization and non-magnetic substrate instead. So, 

Am and Su tapes are the best options to assemble HTS coils 

with a higher number of turns and high current carrying 

performance, respectively. 

B. AC characterization  

Studying the behavior of each coil in AC condition is 

crucial for the design of the static (power transformers) or 

rotating electric machines. By comparing the obtained AC loss 

results, it is possible to estimate the real component of the coil 

impedance and choose the most suitable coil (tape, core 

material, core configuration, and so on) to increase the 

efficiency of the electric machine.  

As shown in Fig. 5, for the same turns number, core 

configuration and core material, the AC transport current 

losses of Su coils measured at 60 Hz and 35 Arms, are lower 

than those of SP coils due to the tape properties. This means 

that, at the same RMS transport current, the associated Lorentz 

force must overcome a lower pinning force into the tape with a 

lower critical current. The reason is, the coil with the tape 

which has an area more penetrated by the magnetic flux, has a 

greater hysteresis loss than the one with the same turns 

number and geometric parameters, but a different tape with a 

higher Ic. 

As expected, at the same tape and transport current, the 

increase of the magnetic field components due to the magnetic 

core material is such as to produce an increase of losses. AC 

losses of Su and SP coils with SMC core material are 6 and 8 

times higher than G10 core material counterparts, respectively.  

Obviously, increasing the coil diameter while changing 

from a fixed to a movable configuration and keeping the 

length of Su and SP tapes used to wind the coils with 26 turns, 

decreases the AC loss difference between the coils with SMC 

and G10 core materials (PSMC-G10) at the same frequency and 

current value (see Fig. 6), i.e., PSMC-G10 of Su_Fixed_34 coils 

is almost 2 W whereas PSMC-G10 of Su_Movable_26 coils is 

almost 0.15 W at 35 Arms and 60 Hz. Due to the magnetic 

substrate, coils with 26 turns and wound by Am tape on the 

fixed core using different materials, have higher AC losses 

than Su or SP coils counterpart.   

Considering instead the Iop/Ic = 0.4 parameter, at the same 

turns number (34), configuration (Fixed) and core material, SP 

coils show slightly lower losses than Su coils: SP_FG = 0.25 

W and SP_FS = 1.2 W; Su_FG = 0.4 W and Su_FS = 1.5 W 

 
Fig. 15. Bradial for Su coil in the movable core configuration with the G10 core 

material, at Iop = 120 A 

 
Fig. 16. Load line for Su_ coils in the movable core configuration 
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(see Fig. 5). The results are identical for coils with 26 turns 

and a movable core configuration: SP_MG = 0.25 W and 

SP_MS = 0.3 W; Su_MG = 0.35 W and Su_MS = 0.5 W (see 

Fig. 6). This highlights as the choice of a SMC core further 

increases the AC losses when the turns number of coils made 

with the same tape and the same configuration (Fixed or 

Movable) increases.  

Due to an SMC core the AC losses increasing is also 

confirmed in the coil wound with AMSC tape: Am_FG = 0.5 

W and Am_FS = 1.5 W. 

The comparison of the real component of the coil 

impedance, Rcoil, per cycle and unit length of different tapes is 

shown in the Fig. 7. The Rcoil trend shows the SMC core 

material is the best choice for coils wound on movable core 

configuration using non-magnetic substrate tape. Rcoil grows 

linearly with frequency as it takes into account the power 

dissipation but its value is always lower than the reactive part 

Xcoil = 2f·Lcoil so that taking into account an axial flux 

permanent magnet synchronous machine with HTS coils on 

the stator disc, the imaginary component of the synchronous 

impedance Zs should be higher than the real component. This 

means that the stator ampere-turns, opposing the rotor ampere-

turns, could demagnetize the permanent magnets and decrease 

the total magnetization level of the machine when tested under 

the short-circuit condition.  

C. Simulation study 

Supposing the fixed core configuration coil is arranged on 

the rotor disc of an axial flux permanent magnet synchronous 

machine and referring to the results in Fig. 13, due to the 

higher ampere-turns number Su_FS and Su_FG coils have the 

highest Baxial value (55 mT and 53 mT, respectively), estimated 

on the coil magnetic axis and the airgap line (1 mm from the 

top of the coil), than the SP and Am counterparts. However, 

the SMC core material significantly changes the Baxial profile 

causing a strong field gradient (BSMC = 107 mT >BG10 = 17 

mT) when moving from the coil axis to the first turn, and as a 

consequence, the waveform of the field winding is strongly 

distorted. As the core diameter increases from the fixed to the 

movable core configuration, the Su coils always have the 

highest Baxial values compared to the SP counterpart but this 

discrepancy decreases: BSu-SP = 21 mT and BSu-SP = 14 mT 

for the fixed and movable core configurations, respectively 

(see Fig. 11). From Fig. 12, the difference between Bradial 

values estimated in correspondence with the central turns on 

top of the Su and SP coils is almost BSu-SP = 50 mT for both 

core materials in the movable core configuration. This causes 

a critical current reduction of 59% for the Su coils versus a 

reduction of 40% in the SP coils, compared to the Ic of the 

bare tape. Fig. 14 shows that for coils with a fixed core 

configuration, the difference BSu-SP is 56 mT (on central 

turns) and 68 mT (on the first turn) for the G10 and SMC core 

materials, respectively. This discrepancy between the Bradial 

values is even more pronounced for the Am coils wound by a 

tape with a ferromagnetic substrate around different core 

materials. 

Taking into account the Ic curves of a Su bare tape 

measured as a function of the perpendicular component of 

magnetic flux density with respect to the surface of the tape at 

different temperatures, the load lines of the Su_MG_26 and 

Su_FG_34 coils are obtained at different coil operating 

currents and shown in Fig. 16. At the intersection point of the 

load line with the Ic-Bperpendicular curve at 77 K, the coil Ic value 

is obtained: the simulation and experimental results are in 

good agreement. This plot is then a useful tool for estimating 

the Ic of the coil at LN2 temperature range. As can be seen, 

when the temperature changes from 77 K to 65 K the Ic of the 

Su_MG_26 coil increases almost 100% as does the Ic of the 

Su_FG_34.  

VII. CONCLUSION 

 To investigate how a superconducting and SMC materials 

can influence the rotating electrical machine performances, 

circular HTS coils with a double-pancake configuration and 

with different parameters such as tape material, number of 

turns, core configuration (fixed and movable), and core 

material (G10 and SMC), were wound and characterized in the 

ENEA laboratories. Critical current and AC transport current 

losses of each coil were measured at LN2 temperature by an 

electrical method. A simulation study was also carried out to 

estimate the magnetic flux density components, Baxial and 

Bradial, along the airgap line and the top of the coil, 

respectively. Based on the simulation and experimental 

results, it can be concluded that the SMC materials are suitable 

in the movable core configuration because they allow  

changing Baxial and Bradial without significant reduction of the 

critical current or increasing the coil power dissipation. 

Among the different coil options, the one made with GdBCO 

tape offers a very low AC loss level, at the same current 

carried, which makes it a great option for electric machines, 

especially in electric aircraft applications. On the other hand, 

as this tape is very delicate and brittle compared to the YBCO 

tape with a ferromagnetic substrate, it is not a recommended 

option for electrical machines with high Lorentz force. Since 

the torque and power of rotating machines are proportional to 

the square of the magnetic flux density, adding an SMC core 

to the coil helps to increase the magnetic field in the airgap. 

Therefore, HTS coils with a medium turn number, wound over 

an SMC core material in the movable core configuration, are 

recommended for rotating electric machine applications. 
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