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MNpBa MefyHapozHa koHdepeHumja ETVIMA
First International Conference ETIMA

PREFACE

The Faculty of Electrical Engineering at University Goce Delcev (UGD), has organized the
International Conference Electrical Engineering, Informatics, Machinery and Automation -
Technical Sciences applied in Economy, Education and Industry-ETIMA.

ETIMA has a goal to gather the scientists, professors, experts and professionals from the field of
technical sciences in one place as a forum for exchange of ideas, to strengthen the multidisciplinary
research and cooperation and to promote the achievements of technology and its impact on every aspect
of living. We hope that this conference will continue to be a venue for presenting the latest research
results and developments on the field of technology.

Conference ETIMA was held as online conference where contributed more than sixty colleagues, from
six different countries with forty papers.

We would like to express our gratitude to all the colleagues, who contributed to the success of
ETIMA’21 by presenting the results of their current research activities and by launching the new ideas
through many fruitful discussions.

We invite you and your colleagues also to attend ETIMA Conference in the future. One should believe
that next time we will have opportunity to meet each other and exchange ideas, scientific knowledge
and useful information in direct contact, as well as to enjoy the social events together.

The Organizing Committee of the Conference
IIPE/ITOBOP

Merynapoanata konpeperuuja Enexmpomexnuxa, Texnonozuja, Hngpopmamuxa, Mawuncmeo u
Aemomamuxa-mexHuuKu HAyKu 60 ciyxycoa na ekonomuja, oopazoseanue u unoycmpuja-ETHMA e
opraHu3MpaHa oJi cTpaHa Ha ENeKTpOoTeXHUUKHUOT paKkynTeT npu YHuBep3uteToT [ome Jemues.
ETUMA wuma 3a men ma ru cobepe Ha €IHO MECTO HAYYHHUIUTE, Mpodecopute, eKCHEepTUTE H
npodeCHOHAIIINTE O] MTOJIETO Ha TEXHUYKUTE HAYKH U Ja IIpeJicTaByBa (OopyM 3a pa3MeHa Ha UJCH, a
IO 3ajKaHyBa MyJITHIUCIUIUTHHAPHOTO HCTPAXKYBamkhe U cOpadOTKa U J1a TH POMOBHPA TEXHOJIOIIKUTE
JNOCTUTHYBamba M HUBHOTO BJIMjaHHE BpP3 CEKOj aclekT of kuBeewmeTo. Ce HazeBaMe JeKa OBaa
KoH(epeHIIMja ke TPOJOJDKU Ja OMJe HACTaH Ha KOj Ke Ce Mpe3cHTHpaaT HajHOBUTE PE3YJITaTH O]
UCTpaXyBamaTa U pa3BojoT Ha IIOJIETO HAa TEXHOJIOTHjaTa.

Kondepennujata ETUMA ce onpika online u Ha Hea Jjajioa CBOj JOIMPHUHOC MOBEKE OJ1 IIEECET aBTOPH
O]l IIECT PA3IIMYHK 3eMjU CO YETUPHECET TPYIA.

Cakame 512 ja nckakeMe Hamiata OJaroJapHOCT O CHUTE KOJIETM KOHM JOIpHHEcOoa 3a YCIEXOT Ha
ETHMA’21 co npe3eHTHpame Ha pe3yaTaTH O] HUBHUTE TEKOBHU HCTPaXKyBama U CO JAHCHPAme Ha
HOBH HJIEU NPEKY MHOTY IJIOJHHU TUCKYCHH.

Be nokanyBame Bue u Bammte xonern na 3emere ydectBo Ha ETVIMA u Bo mnanna. BepyBame nmexa
CIEIHHOT MaT K& UMaMe MOXHOCT Ja C€ CpeTHeMe, Ja pa3MEHUME HUJEH, 3HACHE U KOPHUCHU

I/IH(l)OpMaIH/II/I BO IUPEKTCH KOHTAKT, HO UCTO TaKa Ja Y)KMBaM€ 3a€IHO U BO APYIITBCHUTC HACTaHU.

Opeanuzayuonen 0060p Ha KoOHepeHyujama
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MNpBa MefyHapozHa koHdepeHumja ETVIMA
First International Conference ETIMA

UDC: 538.945:537.635

PROGRESS OF NO-INSULATION HTS MAGNET DEVELOPMENT
TOWARDS ULTRA-HIGH MAGNETIC FIELD GENERATION

Takanobu Mato?, Syumpei Mori?, So Noguch1?!
Graduate School of Information Science and Technology, Hokkaido University, email: mato@em.hokudai.ac.jp

Abstract

In this paper, we present the progress of the development of a No-Insulation (NI) winding technique. The NI
technique is recognized as a technology necessary for the ultra-high magnetic field generation, because the NI
technology drastically improves the thermal stability of High Temperature Superconducting (HTS) magnets.
Many researchers have presented several types of the NI coils, such as Metal-as-Insulation (MI), Conductive-
Epoxy-Resin-Covered (CERC), and intra-Layer No-Insulation (LNI) coils. However, the thermal stabilities of
these coils are not clarified nor compared. Hence, in this paper, we systematically investigate the thermal
stabilities and conduct the thermal stability comparison among these coils.
Key words
HTS magnets, No-insulation winding technique, thermal-stability, ultra-high field.

Introduction

High Temperature Superconducting (HTS) magnets have a potential to revolutionize high
field applications; such as Magnetic Resonance Imaging (MRI) Error! Reference source not f
ound., Nuclear Magnetic Resonance (NMR) Error! Reference source not found., and
particle accelerators Error! Reference source not found.. Rare-Earth Barium Copper Oxide (
REBCO) coated conductor, which is one promising high temperature superconducting wire,
has the higher critical current and critical magnetic field than other superconductors.

In general, superconducting magnets have any electrical insulation between turns and layers.
One well problem of turn-insulated REBCO coils is a high possibility to be burned-out or
mechanically damaged at an event of “quench” Error! Reference source not found.. H
owever, in 2011, a breakthrough winding technique has been proposed, which is called No-
Insulation (NI) winding technique Error! Reference source not found.. The NI winding t
echnique dramatically improves the thermal stability of REBCO pancake coils, because the
operating currents can bypass a local hot spot through turn-to-turn contacts to reduce Joule
heating. At National High Magnetic Field Laboratory of US, on 2017, an NI REBCO pancake
coil showed its great potential by generating a world-record highest DC magnetic field of
45.5 T Error! Reference source not found..

Towards higher magnetic field generation, the thermal stability improvement is more
important. To date, many researchers have proposed several different types of the NI winding
technology, such as Metal-as-Insulation (MI) Error! Reference source not found., C
onductive-Epoxy-Resin-Covered Error! Reference source not found., and intra-Layer No-
Insulation (LNI) Error! Reference source not found.. These coils are simply categorized into t
wo groups from the viewpoint of the electrical equivalent circuit: 1) conventional-based NI
including conventional NI and M1 and 2) supplementary-based NI (SNI-) including CERC and
LNI. For the conventional-based NI REBCO coils, the thermal stability has been well
investigated in experiments and simulations. Meanwhile, for the SNI REBCO coils, the thermal
stability has not been investigated well, although the different thermal stabilities and electrical
behaviors have been reported Error! Reference source not found.. Towards further i
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mprovements in thermal stability, it is necessary to clarify the thermal stability dependence on
the characteristic parameters of SNI REBCO coils. In this paper, we investigated the thermal
stabilities of SNI HTS coils systematically in simulations. The simulation results are compared
with that of the conventional-based NI REBCO coils.

1. Electrical equivalent circuit of conventional-based NI REBCO coils

Fig. 1 shows the schematic view of the conventional NI and the Ml REBCO pancake coils,
which are categorized to the conventional-based NI REBCO pancake coils. In the case of the
conventional NI REBCO pancake coil, an insulator between turns is removed. In a normal
operation, the operating current flows through a REBCO layer in the circumferential direction
without electrical resistance, because the turn-to-turn contact resistance is much higher than
the superconducting zero resistance. When a local hot spot appears, the current escapes into
the radial direction to reduce the Joule heating, as shown in Fig. 1 (a). If a current keeps passing
through a normal-transitioned REBCO layer, a REBCO pancake coil would be burned out due
to its high electrical resistance. For the Ml REBCO pancake coils, although the REBCO tape
is cowound with stainless steel tapes, a current can also bypass a local hot spot as shown in
Fig. 1 (b). The current shortcut-paths of NI and MI REBCO pancake coils are identical despite
their different structures.

The electrical equivalent circuit of the conventional-based NI REBCO pancake coils are
shown in Fig. 2 [8]. The azimuthally directional elements are composed of the inductance L,
the REBCO layer resistance Rre, and the copper matrix resistance Rmt. The REBCO layer
resistance Rre exhibits a strong nonlinearity and the calculation model given in [13] is adopted.
The radially directional element consisting of the radial turn-to-turn contact resistance Rr is
connected in parallel to the azimuthally directional elements. It is well known that the radially
directional turn-to-turn contact resistance characterizes the thermal stability of the conventional
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Fig. 2 Electrical equivalent circuit of conventional-based NI REBCO pancake coils. Radial turn-
to-turn contact resistance K. determines thermal characiteristics,

NI REBCO pancake coil Error! Reference source not found.. It is noted that each coil turn i
s modeled as an element circuit of Fig. 2.

2. Electrical equivalent circuit of SNI REBCO coils

The schematic views of the LNI and the CERC REBCO pancake coils are shown in Fig. 3. The
LNI REBCO coil, as shown in Fig. 3 (a), is composed of a solenoid coil embedding
supplementary copper sheets and insulators between layers. For the CERC REBCO pancake
coil, the REBCO coated conductor is wound with insulator, and conductive epoxy is coated
onto the top surface as a supplementary conductor. These coils are categorized into SNI
REBCO coils, based on its bypassing current paths. For instance, in the case of the CERC
REBCO pancake coil, a bypassing current flows into conductive epoxy when a local hot spot
appears, and the bypassing current flows back into the adjacent turn.
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Fig. 4 shows the electrical equivalent circuit for the supplementary-based NI coils. The
azimuthal elements are the same as these of the conventional NI coils. The radially directional

elements, which are connected in parallel to the azimuthal elements, represent the

— - Current 3 : Hot Spot

(a)
LNI
REBCO Coil/ Insulator

-

Copper
Sheet

\ Hastelloy

{b) f,fconductive Epoxy
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Fig. 3 Schematic views of (a) LNI REBCO coil and (b) CERC REBCO pancake coil.

Fig. 4 Electrical Equivalent Circuit of Supplementary-Based NI REBCO Coils. Each Coil Turn

Is Modeled as an Element Circuit.

supplementary conductor resistance Rsp. The supplementary conductor resistance is obtained
based on the volume and resistivity of the supplementary conductor such as copper and
conductive epoxy. The contact resistance Rcn between the REBCO coated conductor and the
supplementary conductor is also modeled based on the contact area. The supplementary
conductor resistance and the turn-to-turn contact resistance are the parameters to characterize

the thermal stability of the SNI REBCO coils.

From the equivalent circuit, the electrical behavior is easily simulated. The heat diffusion along
the radial direction is also simulated with a finite element method to correctly grasp the quench
phenomenon. In this simulation, the heat generation on the contact surface between the
supplementary conductor and the REBCO coated conductor is assumed to be equivalently

divided to the supplementary conductor and the REBCO coated conductor.
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3. Simulation Results

To compare the thermal stability of the conventional NI and the CERC REBCO pancake coils,
the temperature rise was investigated when whole one turn of the REBCO coils turns from
superconducting to normal state at t = 0. The simulation conditions are listed in Table 1.

Fig. 5 shows the temperature rise in 2 s after the occurrence of the local normal state transition.
The nonlinear dependence of the temperature rise against the different supplementary
conductor resistances is depicted (red, blue and green line). The high supplementary conductor
resistance or contact resistance results in high temperature rise. Whereas, in the case of the
conventional-based NI REBCO pancake coils (black line), the temperature linearly rises with
the turn-to-turn contact resistance. It is noted that the temperature rise of the SNI REBCO caoil
in the dashed red-circle is lower than that of the conventional NI REBCO pancake coil. That
is, the SNI REBCO coils with sufficiently small contact resistance are thermally more stable
than the NI REBCO pancake coils.

The actual resistances gained in experiences are also plotted in Fig. 5, for the conventional NI
[14], the MI [5], the LNI [12], and the CERC coils [6]. The high temperature rises of the CERC
and the LNI REBCO pancake coils are observed. Whereas the temperature rise of the
conventional NI RBECO pancake coils is much smaller than the others. Thus, the thermally
most stable coil is the conventional NI REBCO pancake coil. To achieve the development of

Table 1 Tape and Coil Conditions and Operating Conditions

Parameters Values
REBCO coated conductor

Tape width [mm] 41
Tape thickness [mm] 0.15
Copper matrix thickness (each side) [1m] 20
REBCO laver thickness [Lm] 20
Critical current at 77 K_ self-field [A] 140
Pancake coil

Inner and outer diameters [mm] 100; 136
Number of turns [-] 100
(MI, CERC) Insulator thickness [Lim] 30
(CERC) Conductive epoxv thickness [mm] 1.0
(LNI) Copper sheet thickness [Lim] 7.0
Supplementary conductor resistivity [Om] variable
Contact resistivity [(Om?] variable
Operating conditions

Operating temperature [K] 50
Operating current [A] 300

Turn number of turning to normal state [-]

50th (middle turn)
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Fig. 5 Temperature rise in 2 s after local normal state appearance as function of supplementary
conductor B, or turn-to-turn contact resistance K,. Red, blue and green line shows in case SNI
REBCO coils for different contact resistance, and black line shows conventional-based NI
REBCO pancake coils.

thermally more stable NI REBCO coils for ultra-high magnetic field generation, the important
task is to decrease the contact resistance.

Conclusions

In this paper, we investigated the thermal stability of several No-Insulation (NI) Rare-Earth
Barium Copper Oxide (REBCO) coils, such as the conventional NI [1], the Metal-as-Insulation
[5], the intra-Layer NI (LNI) REBCO [12], and the Conductive-Epoxy-Resin-Covered (CERC)
REBCO coil [6]. We modeled the electrical equivalent circuit of these coils and categorized
them based on the equivalent circuit; 1) the conventional-based NI for the conventional NI and
the Ml REBCO coils, and 2) the supplementary-based NI (SNI) for the CERC and the LNI
REBCO coils. The thermal stability dependences on the supplementary conductor resistance
and the contact resistance together with the radial turn-to-turn contact resistance are
systematically investigated. As the result, the SNI REBCO coil exhibits the nonlinear thermal
stability, whereas the conventional-based NI REBCO pancake coil shows linear dependence.
Also, it is found that the SNI REBCO coils are thermally more stable than the conventional-
based NI REBCO pancake coils when the contact resistance is sufficiently small. The thermal
stability comparison among the four types of NI REBCO coils was also conducted. The
conventional NI REBCO pancake coils are the best in the thermal point of view. However, the
CERC and the LNI REBCO caoils are thermally unstable due to their large contact resistivity,
compared to the conventional NI REBCO pancake coil. A technology to reduce the contact
resistivity is required.
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