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Effects of Stabilizer Thickness of 2G HTS
Wire on the Design of a 1.5-MW-Class
HTS Synchronous Machine

Ji Hyung Kim, Thanh Dung Le, Do Jin Kim, Chang-Jin Boo, Young-Sik Jo, Yong Soo Yoon,
Kyung Yong Yoon, Yoon Hyuck Choi, Haigun Lee, and Ho Min Kim

Abstract—In general, a metallic stabilization layer is overcoated
on the outermost layer of a second-generation high-temperature
superconducting (2G HTS) wire to stably transfer current against
thermal and magnetic disturbances. Stabilizer thickness T is
one of the key issues in an HTS synchronous machine (HTSSM)
application because it strongly affects the electrical output per-
formance of the machine and the stable operation and reliable
protection of the HTS field coil. In this paper, a design and
characteristic analysis for manufacturing a 1.5-MW-class HTSSM
was performed using a 2-D analytical design code and a 3-D
finite-element method. Various T; values were considered in the
HTS field-coil design to investigate their effects on the stability and
protection of the HTS coil and the back-electromotive force of the
machine. The design parameters are also discussed to determine
suitable T’; for the 2G HTS wire.

Index Terms—Adiabatic superconducting magnets, Cu stabi-
lizer thickness, heating duration, phase back-electromotive force,
stability margin.

I. INTRODUCTION

OMMERCIALIZED second-generation high-

temperature superconducting (2G HTS) wires are gener-
ally manufactured in the form of a composite conductor by
laminating a metallic layer of a so-called stabilizer such as
copper (Cu), stainless steel, or silver on the outermost layer of
the wire. The 2G HTS wire plays a significant role in the stable
transfer of a DC transport current from a superconducting layer,
i.e., (RE) BCO layer, to a metallic layer under thermally and
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magnetically unstable operating conditions of HTS magnets
and in providing mechanical strength and thermal conduction
[1], [2]. If a hotspot caused by transitory or prolonged
magnetic, thermal, or mechanical disturbance occurs in the
local-region (RE) BCO layer of a composite conductor, most
of the charged DC currents and generated thermal heat are
bypassed and transferred to a stabilizer with a proper thickness.
The thickness of the stabilization layer for a 2G HTS wire
is one of the key issues in an HTS synchronous machine
(HTSSM) application because it technically affects the elec-
trical output performance of the rotating machine and the
operating and protection characteristics of the HT'S field coil.
The present study focuses on three effects of the changes
in the stabilizer thickness (7s) of the 2G HTS wire in terms
of electrical output performance of a rotating machine and
the stability and protection issues of HTS field coils. There-
fore, in this study, we developed a comparative design of a
1.5-MW-class HTSSM considering different T values of the
wire for HTS field coils. First, electromagnetic finite element
method (FEM) analyses were conducted to calculate the phase
back-electromotive force (EMF) of a 1.5-MW-class HTSSM.
We then studied the stability and protection characteristics of
HTS field magnets according to the FEM simulation results.
Finally, comparative analysis results were presented and dis-
cussed to determine a suitable 7T value of the 2G HTS wire.

II. EFFECTS OF STABILIZER THICKNESS OF HTS
WIRE ON THE MACHINE CHARACTERISTICS

A. Effects of Changes in Stabilizer Thickness

Fig. 1 shows the influence of various T values of an HTS
wire on the output performance of the HTSSM and the stability
and protection of the HTS field coils. The conductor current
density (Jcq), matrix current density (.J,,), and winding pack
current density (Jwa) of the HTS field coil vary according to
the changes in T of the HT'S wire. The crucial electromagnetic
design parameters such as phase back- EMF of the HTSSM,
maximum magnetic field density (Bmag), maximum magnetic
field perpendicularly applied to the tape (B,), stored energy
(W), and inductance (L) of the HTS coil depend on the Jyq
value of the field coil, which varies with 7. In addition, the
temperature margin (AT, ) and stability margin (Aey, ), which
may indicate the HTS coil stability, are affected by the B,
value caused by changes in 7. Finally, some parameters in
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Fig. 1. Effects of the stabilizer thickness of an HTS wire on the stability and
protection of HTS field coils and HTSSM performance.

TABLE 1
MAJOR SPECIFICATIONS OF THE COMMERCIAL
2G HTS WIRE FOR THE FIVE DESIGNS

Items Unit Values
Conductor type (RE) BCO coated conductor
Width [mm] 12
Thickness [mm] 0.07-0.18
REBCO Thickness Tre [um] 1-2 (in 2014)
Stabilizer thickness 7 [um] 40", 10-120"* (both sides)
Min. I @77 K, self-field [A] 300

Stabilizer material Copper

#: standard product, ** special order product
the design of the HTS coil protection scheme, including the
minimum normal zone length (I,,i, ) and heating duration (7ap,),
are influenced by J,,. Therefore, various T values should
be cautiously considered and properly applied in the HTSSM
development.

B. Commercial 2G HTS Wire

A surround Cu stabilizer (SCS) 12050 advanced pinning
(AP) type, which can be commercially produced and ordered
from SuperPower Inc. (SPI), was selected as the wire for the
HTS field coils. The various major specifications of the 2G
HTS wire for five design models are listed in Table I. This wire
has been manufactured with 12-mm width and 0.07-0.18-mm
thickness and is surrounded by a Cu stabilization layer of
0.01-0.12 mm on both outermost sides of the wire. Stabilizer
thickness 7’5 of 0.04 mm is standard for certain products, and
others are used for special-order products. The critical current
(I.) was 300 A, generated at a 77-K operating temperature
under a self-field condition [3].

III. PERFORMANCE OF HTSSM
A. Conceptual Design of the HTS Field Coil

The machine design parameters were specified in [4],
which focused on the conceptual electromagnetic design of a
1.5-MW-class HTSSM. Fig. 2 shows a cross-sectional view of
a conceptual design for a 1.5-MW-class HTSSM and the HTS
field-coil design view considering the T’ values of the wire. The
structure contains a mechanical shield, armature coils, a flux
damper, a cryostat, and an HTS field coil. Fig. 2(b) shows the
zoom-out view of the basic structure of an HTS single pancake

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 26, NO. 4, JUNE 2016
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Fig. 2. (a) Cross-sectional view of a one-sixth design of a 1.5-MW-class
HTSSM. (b) HTS field-coil view with the mentioned parameters.

TABLE 11
HTS FIELD-COIL DESIGN PARAMETERS CONSIDERING
THE STABILIZER THICKNESS

Model Model Model Model Model
1 2 3 4 5

Ttems Unit Values
T [mm] 0.1 0.12 0.14 0.16 0.18
Ts [mm] 0.04 0.06 0.08 0.1 0.12
T; [mm] 0.13
Is [mm] 635
Iy [mm] 1006
he [mm] 42
te [mm] 73.37 79.75 86.13 92.51 98.89
i [mm] 112.09 10571  99.33 92.95 86.57
7o [mm] 185.46
Jed [A/mm?] 254.17 21181 181.55  158.85  141.20
Jm [A/mm?] 63542 42361 31771  254.17 211.81
Jwd [A/mm?] 110.51 101.67 94.14 87.64 81.99
Feo [%] 43.48 48 51.85 55.17 58.07
a [ro/ri] 1.65 1.75 1.87 2.0 2.14
Lop [A] 305
N 957
MMF [AT] 291885
Ly [m] 12660 12545 12430 12315 12199

T: wire thickness, 7;: insulation thickness, /: axial length, /;: total coil

length, A: height of SPCs, #.: thickness of SPCs, F: coil filling factor,

N¢: winding turns per pole
coil (SPC) with the parameter definitions. An electromagnetic
air-gap size of 63 mm and the magnetomotive force (MMF)
values of the HTS field coil were set as constant to obtain
comparable analysis results under equivalent design conditions.
Table II lists the HTS field-coil parameters of five models,
which were built up by CAD software for 3D FEM simulations.
To investigate some effects of T of a 2G HTS wire on the
characteristics of machine performance and stability as well as
on the protection of the HTS field coil, we used HTS wires in
the field-coil windings in this study with 7T values ranging from
0.04 to 0.12 mm. A T value below 0.04 mm is not effective in
enhancing the stability and protection of the HTS field coil. As
mentioned in Section II-A, the J.q, J,n, and, Jyq values of each
analysis model were varied according to the changes in 7.

Moreover, the inner radius of the field coil (r;) in each

model decreased because of the added stabilizer in the wire
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TABLE II1
THREE-DIMENSIONAL FEM ANALYSIS RESULTS
FOR THE FIVE HTSSM DESIGNS

Model Model Model Model Model
1 2 3 4 5
Items Unit Values
HTS Synchronous Rotating Machine
Back EMF  [Vips] 1874 1834 1790 1746 1698
HTS Field Coil
Max. Bmag [T] 2.74 2.64 2.53 2.5 245
Max. By [T] 1.94 1.84 1.73 1.62 1.54
w [J] 51258 48955 46677 44693 42712
L [H] 1.1 1.05 1 0.96 0.92
C-Pratiot  [$/kAm] 77 80 81 83 86
89442 94338 99129 10381 10838
HTS cost [$] 9 4 3 55 3]

f:@operating condition

and the limitation in the outer radius (r,) of the field coil. As
T, was further increased, the shape factor «(r,/r;) of the field
coils also increased. As a result, the HTS SPC became thicker,
meaning that the mechanical stress increased [5]. Accordingly,
increasing T in terms of the mechanical strength of an HTS
coil is counterproductive. Additionally, a significant softening
effect of the stress—strain characteristic relationships for the
SPI SCS-AP model occurs with additional Cu T due to the
decreased modulus and yielding of the Cu material [6].

The larger the T’ value is, the lower is the required HTS wire
length (I,,) in each model because 7;, i.e., the bending inner
radius of the round part in a racetrack-type field coil, decreased
with increasing 7.

B. 3D FEM Analysis of Machine Performance

From [7], the output performance of an HTSSM, i.e., the
phase back-EMEF, is sensitively affected by By, of the rotor
HTS field coil, which determines the degree of the coupled
linkage flux in air-core armature windings and is directly pro-
portional to the overall current density (Jyq) of the winding
pack in the HTS field coil. Jyq is expressed as [8], [9]

Nl NI, NI, Nl

JWd: (Acd+An1,+Ai11) - Awd N hctc a hc(ro_'ri)

ey

where A.q, A, and A;, are the cross-sectional areas of
the composite conductor, matrix corresponding to the metallic
stabilizer of the 2G wire, and insulation layer, respectively.
Moreover, Aq is the overall cross-sectional area of the SPC,
which depends on the A,,,(T) value of the HTS wire, as shown
in Fig. 2. Finally, N1, is the MMF value of the HTS field coil,
which is often called the total ampere-turns. In case of the same
NI, and h. values, Jy,q is inversely proportional to ¢., which
can be changed by 7.

Table III lists a summary of the 3D electromagnetic FEM
analysis results considering the five field-coil designs with dif-
ferent Cu Ts values. These were obtained via ANSYS Maxwell
3D software which were used for the simulation in a time-
transient solver for steady state of a motor no-load operation
with fully charged I, of 305 A and rated rotating speed of
200 rpm. Fig. 3 shows the steady-state waveform of the gen-
erated phase B back-EMF for the no-load operation with three
cycles (300 ms). The By,,¢ and B,, values generated in the HTS
SPCs for each model were computed at a range from 2.74 to

5206705

—~ z
2 ~ 3
i A 2752
=3 \
= 2 g
E % 250%
\ =
=< 1 N )
\ \ 2
8 7 i — -t i ' 225
2 o ' Wi \ (i
2 ¢ il 4 " 1 N |, 9 F
z | \ ¥ [ by 260 270 280 =
r':':. 1 \ \ Elapsed Time (ms) z
'g —s— Model 1 —— Model 2
-] —+—Model 3 —~— Model 4
= -2 Moddl 5
°
z

0 50 100 150 200 250 300
Elapsed Time (ms)

Fig. 3. Generated back-EMF of phase B in steady state for the no-load
operation.

2.45 T and from 1.94 to 1.54 T, respectively. Consequently, the
back-EMF values of each model were reduced from 1874 to
1698 Vins, as shown in Fig. 3. The back-EMF of the HTSSM
and both magnetic field density values of the HTS field coil
were inversely proportional to the increased Cu T, which may
reduce the Jq values. In addition, the coil W and L per
pole were calculated as listed in Table III. These values are
dependent not only on Bp,,e but also on the structural dimen-
sions of the coil changed by the T value. The critical current
values under the operating condition (I.,) were estimated from
the in-field properties under a 30-K cooling temperature and
respective B), values [3]. Model 5, with T of 0.12 mm, yielded
the highest I, value; hence, it will be more stable than the other
models under the same disturbance conditions. Finally, the total
costs of the required HTS wires to manufacture the HTS field
coils were estimated using the unit cost (in dollars per meter)
of the HTS wires, as listed in Table III [4]. The unit costs of
each design model included the extra cost of added T’s and were
supplied by SPI. Besides, the specific C—P ratios of all models
were considered under the operating conditions based on the
3D FEM simulation results.

IV. STABILITY OF THE HTS FIELD COILS

Designing and manufacturing HTS magnets with robust sta-
bility require fundamental countermeasures such as avoiding
thermal quench rather than merely protecting against it. There-
fore, investigating the stability characteristics of HTS coils
is necessary. Generally, HTS magnets can be categorized as
adiabatic superconducting magnets of essentially five types,
which can be classified by one of the cryostatic and adiabatic
stability approaches [10], [11].

This section presents the so-called “stability margin” or
“enthalpy margin” (Aey) estimated by an adiabatic stability
approach to ensure reliable and stable operation of the HTS
field coil [12]. Aey, is the maximum permissible thermal energy
density that must be absorbed by the volumetric enthalpy of the
composite conductor to maintain stable operation of the HTS
magnet against various disturbances. If the disturbance energy
density does not exceed Aep, the HTS magnet is thermally
stable, at least during the DC-charging operation. However,
HTS magnets applied to the field coil of HTSSMs occasionally
operate in both magnetically asynchronous transient conditions
such as coil charging and discharging, rotor startup, and load
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TABLE IV
ESTIMATION RESULTS OF THE TEMPERATURE AND STABILITY MARGIN
OF HTS FIELD COILS FOR THE FIVE HTSSM DESIGNS

Model Model Model Model Model
1 2 3 4 5
Items Unit Values
Ieol [A] 913 940 979 1012 1033
Lift factor ¥ 3.04 3.13 3.26 3.37 3.44
fop [lop/leo)  0.334 0.324 0.312 0.301 0.295
Te K] 86.9 87.2 87.4 87.5 87.7
Tes (Iop) [K] 67.89 68.64 69.52 70.17 70.66
[ATop] [K] 37.89 38.64 39.52 40.17 40.66
Aep [J/em?] 31.434 32.547 33.875 34871 35.631

@30 K, Max. B, T, ¥ [1; (30 K, Max. B, T)/I, (77 K, self-field)]

fluctuations, as well as in thermally labile operating conditions.
Thus, external disturbances acting on the HTS magnets might
generate magnetically and thermally severe operating condi-
tions. Therefore, vital HTS field coils should be designed with
ample temperature and stability margins that consider external
disturbances against permanent damage from local quench.

Sometimes, on behalf of Aep, a “temperature margin”
[Top(Iop)], which is the temperature deviation between
the “current-sharing” temperature that depends on I,, and
Tes(Iop), and operating temperature T,, = 30 K can be used
to define the level of stability. [ATq, (Iop)] can be easily calcu-
lated by [11]

[ATop(Lop)] = Tes(Lop) — Top = (Te — Top) (L —iop)  (2)
where T is the critical temperature of an YBCO wire given by
the maximum B, values of each model as listed in Table IV and
1op 18 the I, margin defined as the ratio of I, to ... Note
that if T,,, and I,,}, are kept constant, [AT,,(Iop )] is dominantly
dependent on the I, value affected by Cu T}, as mentioned in
Section II.

Under adiabatic conditions, Aey, is based on the energy
balance of the power density equation governing the thermal
behavior of the superconductor and simply expressed as [12]

Tes (IUP)ZTUPJ’_[ATOP (Iup)]

Aep, = Cea(T)dT 3)

Top

where C.q(T) is the temperature-dependent heat capacity per
unit volume of a composite conductor.

Table IV lists the results of estimated [AT,,(Iop)] and Aey,
of the five case models with different Cu T’; values. Specifically,
we assume that the selected material for the stabilizer of the
SCS12050-AP-type 2G HTS wire used in this design is Cu
(RRR 100), and the corresponding heat capacity is substituted
for Ceq(T) of the composite HTS wire in (3) [10], [13].

Fig. 4 shows the I., versus temperature plots of the five
models. As T increases, i, is reduced by increasing I;;
thus, [ATop(lop)] increases. Model 5 with a 0.12-mm Tj
has the largest [ATo,(Iop)] value at 40.66 K. Fig. 5 shows
the temperature-dependent volumetric enthalpy energy profile
of Cu (RRR 100) obtained from T,, and T¢s(Iop) in each
model. For each model, the Aej, value varies from 31.434 to
35.631 J/cm?3, which is shown in Fig. 5.
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Fig. 4. Comparison of I, versus temperature plots for the five models.
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Fig. 5. Temperature-dependent volumetric enthalpy profile of Cu (RRR 100).

V. PROTECTION OF THE HTS FIELD COILS

When a quench occurs in the superconducting coils, the
purpose of the protection operation is to restrain temperature
increases in the hotspots in arbitrary local points, which could
lead to permanent damage of the superconducting coils from
burnout. The active protection technique should be better to
protect the HTS coils than the passive technique, self-protection
owing to high stability, and very slow normal zone propagation
velocities (NZPV) of the HTS. Besides, choosing an appropri-
ate protection scheme in both the active protection techniques
for the HTS coils such as the detect-and-dump and detect-
and-activate-heater protections is important. However, prior to
designing the protection scheme, the possibility of protection
for the designed HTS coil must be determined, especially in
large HT'S coils with high I,,.

Heating duration (7, ) refers to the time needed after quench
or starting current sharing for the temperature of the local
hotspot to rise from the initial temperature (T; = T,,) to the
final temperature (T ), i.e., the permissible temperature level of
the 2G wire under an adiabatic cryogenic condition. 7an (T, T;)
may be estimated by [14]-[16]

Ty
A 1 Cn (T
Tan(Ty, T;) = (A:) J—Q/pm—((T))dT 4)
(A Z(Ty,Ty)
-(3) 2% ®
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TABLE V
ESTIMATION RESULTS OF THE PROTECTION PARAMETERS FOR
THE HTS FIELD COILS OF THE FIVE HTSSM DESIGNS

Model Model Model Model Model
1 2 3 4 5
Items Unit Values
Imin [cm] 10.98 16.64 22.44 28.28 34.14
Acd/Am 2.5 2.0 1.75 1.6 1.5
5 63541 42361 31770 25416 21180
i [A/m] 6667 1111 8333 6667 5556
Z-function  [10'°A2
4 13.5
(T300x, T30k) -S/m"]
Tah
S 0.81 1.47 2.28 3.26 4.40
(300, T30 K) [s)
Ar" [mm] 73.37 79.75 86.13 92.51 98.89
NZPV# [mm/s] 1.0 (epoxy impregnation)
43 [s 73.37 79.75 86.13 92.51 98.89

T radial build (ro— ri), % transverse direction

where J,,, is the “matrix” current density defined as I,y /An,.
Cp, and p,, are the heat capacity and resistivity of the matrix
stabilizer, respectively. We assume that joule heating can be
absorbed by the metallic stabilizer of the wire in the isolated
adiabatic heating of a local hotspot without the conduction and
cooling effects under a constant-current power supply mode
operation of the HTS coil.

Because the J, values in the current-sharing mode are
calculated and changed by stabilizer thickness T, 7an (T, T;)
may be directly determined by T of the HTS wire. Therefore,
we investigated T, (T, T;) according to the variations in T. T;
is the operating temperature (30 K), and 7'y should be limited
to below 300 K because the HTS coils are at risk when Ty
exceeds 300 K. The value of Z-(T300 k, T30 k) Was estimated at
approximately 13.5 x 10*® A? . s/m* based on the temperature-
dependent Z-(Ty, T;) function curve of Cu (RRR 100) in [14],
which depends only on the material properties.

Table V lists the estimation results of the protection param-
eters for the HTS field coils of the five models. We also
calculated the minimum length of the normal zone (Iin),
which caused the quench, and a function of the T¢s and J,,
values assuming 21.43-W/(cm - K) thermal conductivity and
0.00000002 €2 -cm resistivity of (Cu RRR 100) at 30 K,
respectively [17]. The calculated l,,;, value in a range from
11.56 to 35.67 cm was inversely proportional to each J2 value.
Thus, we conclude that ., is predominantly dependent on T
in this calculation. As a result, the T.n(T500 k, 730 k) values
were estimated from 0.81 to 4.4 s. When 7, in the HTS wire
increased, 7an (T't, T;) and the final temperature caused by joule
heating in the local hotspot can be prolonged and limited,
respectively, because J,, is reduced by increasing 7Ty of the
wire. We conclude that the stabilizer thickness should be added
to the 2G HTS wire to allow a secure time needed to protect the
HTS coils from burnout.

Moreover, we also simply calculate the full quench time (7)
at a very slow transverse NZPV of 1 mm/s [17]. The values
of 7y ranged from 73.37 to 98.89 s. Thus, the detect-and-dump
technique is absolutely effective in protecting the HTS field coil
of the five models.

VI. CONCLUSION

In this paper, the output performance of a 1.5-MW
HTSSM using a 3D electromagnetic FEM tool that considered

5206705

different Cu 7T’ has been presented. For the respective stabilizer
thicknesses, both the stability and temperature margin of the
HTS coil and other significant parameters related to designing a
protection scheme were estimated based on the electromagnetic
FEM analysis results and analytical methods.

In conclusion, adding the Cu 7 is appropriate in terms of
stability and protection of HTS field coils. Model 5, with T of
0.12 mm, is the most effective for stable and reliable operation
of the HTSSM in all models. However, it requires more 2G
HTS wire to satisfy the target output power of a 1.5-MW-class
HTSSM. Thus, it leads to a slight increase in the manufacturing
cost of the field coil. A certain amount of economic feasibility
must inevitably be traded off for commercialization of a techni-
cally reliable HTSSM.
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