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200 kA DC Busbar Demonstrator DEMO 200 —
Conceptual Design of Superconducting 20 kA Busbar
Modules made of HTS CroCo Strands

Michael J. Wolf, Walter H. Fietz, Senior Member, IEEE, Mathias Heiduk,
Stefan Huwer, Andreas Kienzler, Sonja I. Schlachter, Thomas Vogel

Abstract— The High Temperature Superconductor (HTS) mate-
rial REBCO provides high critical currents even when being cooled
with liquid nitrogen (LN2) to T ~ 70-77 K. Therefore, it is considered
in the design of energy-efficient superconducting busbar solutions
for industrial high-current application such as electrolysis. The re-
search project DEMO 200 aims to demonstrate a modular, super-
conducting, LNz-cooled 200 kA DC busbar for an aluminum elec-
trolysis plant.

Within that project, the electromagnetic design and analysis of a
round arrangement of twelve individual compact HTS CrossCon-
ductor (HTS CroCo) strands is carried out. The HTS CroCo strands
are fabricated from REBCO tapes of 2 mm and 3 mm width. For
the electromagnetic design of the modules and busbar, the angular
field dependence of the critical current of the REBCO material was
characterized at relevant temperature and field ranges. The data is
used as an input for an electromagnetic model to determine the re-
quired amount of REBCO to achieve the target critical current in
the modular 200 kA busbar. For a sub-scale test of one module at T
=77 K, the expected critical currents are calculated to allow for the
assessment of measured critical currents.

In order to compensate the thermal expansion during cooldown
to operational temperature, a concept based on the reduction of the
amplitude of sinusoidal arrangement of HTS CroCo strands along
a cylinder barrel is proposed and investigated with respect to its
electromechanical boundaries.

Index Terms— REBCO, 2G-HTS, busbar, DC power transmis-
sion, DC application

I.  INTRODUCTION TO HIGH DIRECT CURRENT APPLICATIONS

I n industrial processes, an increasing number of applications
are based on high direct currents (DC). In particular in elec-
trolysis applications, direct currents ranging from the 10 kA
range to up to 600 kA are used [1]-[5] with highest values in
aluminum electrolysis plants [1]-[3].Steel production or recy-
cling in electric DC arc furnaces are operated in the range of
~50 KA. [6],[7]. With increasing digitalization, the power con-
sumption of data centers increases, and low-voltage DC system
architectures are investigated with amperages in the 15-200 kA
region, the amperage is largely depending on the system voltage
of 48 V or 400 V [1],[2],[8].[9]. But also future mobility sys-
tems like DC railway grids [10] or cables in future electric air-
planes [11], [12] or on board of large ships [13] may be operated
around 5-10 kA. For the medium-voltage (MV) connection of
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Fig. 1. High direct current (DC) applications.

large (off-shore) wind parks or MV-DC power transmission,
system architectures with amperages ~10 kA were proposed
[1], [14]. Similar amperages (~10 kA) were targeted in super-
conducting high voltage (HV) DC transmission lines [1], [15].
For the busbars of the magnet systems and busbars of future
fusion magnets, currents in the 50-100 kA range are required
[16],[17]. In high-energy physics research, different types of
magnets need to be energized by high currents in the 10 kA
range [18] and designs for future detector magnet systems aim
at currents up to 80 kA [19],[20], also requiring busbars for
these amperages.

Il. USEOFHTS IN DC APPLICATIONS

For most of the aforementioned high DC applications, solutions
based on high temperature superconductor (HTS) were pro-
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posed. In addition to a reduction of Ohmic losses, HTS solu-
tions can generally be smaller and have lower weight due to the
high current densities in HTS materials. The replacement of
conventional aluminum busbars by a HTS solution in aluminum
electrolysis was already proposed in 1995 [21]. The technical
realization of HTS busbars of such high amperages is challeng-
ing and only few prototype HTS high current DC busbar sys-
tems were realized and operated so far including applications
such as aluminum electrolysis [22], railway grids [23], chlorine
electrolysis [24], and HV-DC transmission [15]. The amperage
of realized HTS DC busbar systems remained at or below
20 kKA. This is at least an order of magnitude below the typical
operating current of state-of-the-art aluminum production
plants as it can be seen from Fig. 1.

I1l. DEMO200 - GEOMETRY, REBCO PROPERTIES AND DE-
SIGN PROCESS

The research project DEMO 200 aims to bridge this amperage
gap and targets a modular 200 kA, liquid nitrogen (LN2)-cooled
DC busbar system, termed DEMO 200, for industrial electroly-
sis applications.

A. Geometry of the modular 200 kA busbar system

The 200 KA busbar is composed of ten modules of 20 kA to
be operated in parallel. The arrangement and maximum dimen-
sions of the 20 kA modules in the 200 kA busbar, and the design
temperature were fixed at the beginning of the project (refer to
[25] for details). Fig. 2(a) shows the cross-sectional schematics
of the modular 200 kA busbar system. The ten modules with
maximum lateral dimensions Lo =56 mm, are arranged in cir-
cular fashion (radius R; = 115 mm) at locations A, B, C, etc..
This arrangement allows the horizontal access to all ten mod-
ules, which is helpful for the assembly. An initial sub-scale test
of a single module (Fig. 2(b)) at T = 77 K is planned prior to the
assembly of the DEMO 200 busbar, the expected critical cur-
rents are calculated to allow for an assessment of measured crit-
ical currents. Within the project, several module designs based

(a) DEMO 200 (T =70 K) (b) HTS CroCo module
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Fig. 2. (a) Cross-sectional schematics of the modular 200 kA busbar system.
The busbar consists of 10 modules of 20 kA current carrying capacity with lat-
eral dimensions Lo, = 56 mm whose centers are arranged in circular fashion
(radius Ry = 115 mm) at locations A, B, C, .... The DEMO 200 busbar will be
operated at T < 70 K. (b) The 20 kA HTS CroCo modules discussed in this
manuscript are formed from a circular arrangement (radius R;) of a number
Ncroco HTS CroCo strands (grey circles) whose positions are given by 6. The
angle & represents the orientation of the REBCO tapes (black lines) in the HTS
CroCo strands. Figures are not to scale.

TABLE |
LIST OF PARAMETERS OF THE 200 KA BUSBAR SYSTEM
MADE FROM HTS CROCO STRANDS

Quantity Value and Unit
Operational current lop 200 kA
Number of modules 10
Max. Operational Temperature 70K
Ry 115 mm
Lo 56 mm
R, 20 mm
Ncroco 12
dCroCo ~3.8mm
Ws 3mm
W, 2 mm
NRreBCO, 3mm 12
Nresco, 2mm 6

2mmx 0.1 mm

copper tape dimensions 3mm x 0.2 mm

Ncu,3mm 5

rICu,me 4
REBCO tape thickness 80 um
Solder thickness between tapes 10 pm

on different HTS assemblies are investigated (see [25] for de-
tails), this manuscript focuses on the specific arrangement
based on HTS CroCo stands as shown in Fig. 2(b), and will be
discussed in detail in chapter I11.C.

B. REBCO Tape Properties

The angular and field dependence of the critical current of
the REBCO tapes is a key input parameter to the self-consistent
electromagnetic calculation of the critical current of the busbar
system. Therefore, measurements on a 2 mm wide tape, which
will be used in the sub-scale test was characterized at both 70 K
and 77 K to obtain data at temperatures and fields relevant to
the 200 kA application at T ~ 70 K and the 77 K sub-scale test.
Fig. 3 shows the angular and field dependence of the critical
current of a 2 mm wide REBCO tape (symbols). The data is fit

(solid lines) to an elliptical model:
B
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Fig. 3. Angular and field dependence of the critical current of a 2 mm wide
REBCO tape (symbols) to be used in the sub-scale bushar demonstrator to-
gether with a fit of the data to egn. (1) (solid lines). The obtained fitting param-
eters are listed in Table Il. (a) Critical current at T = 70 K. The critical current
at self-field conditions is 1(70 K, sf) = 132 A. (b) Critical currentat T = 77 K.
The critical current at self-field conditions is I.(77 K, sf) = 85-88 A.



TABLE Il
LIST OF PARAMETERS OF THE REBCO TAPES OBTAINED FROM MEASURE-
MENTS SHOWN IN FIG. 2

Quantity T=70K T=77K

leo 75.09 A/mm 50.6 A/mm

Bc 0.14942 T 0.07828 T

& 2.9° 3.6°

Y] 0.82296 0.7687

k 0.82291 0.74172
Measured I¢(T, sf) 132 A 85-88 A
Calculated I¢(T, sf) 1356 A 89.8 A

from which the parameters I, k, B¢ and S are obtained. Ad-
ditionally, an angle correction factor (&) is used in the fit to
account for misalignments of the experimental setup, therefore
this parameter is not necessary in the calculations. The fitting
parameters are listed in Table Il.

The individual REBCO tape segments that will be used in the
HTS CroCo modules of the sub-scale demonstrator have differ-
ent critical currents. As many tapes from several individual
pieces (but from the same order) will be connected in parallel,
the length-weighted average of critical current of 2 mm and
3 mm wide REBCO tapes is used in calculations. In order to
account for the difference in critical current to the measured
2 mm wide tape, a correction factor is applied for both tape
types (Table I11).

C. Design of the 20 kA module made from HTS CroCo
strands

A rough estimate for the required amount of REBCO tapes
for the 200 kA busbar can be obtained in the following way: An
infinitely long conductor with current I, leads at distance R; to
a magnetic field of ~ 0.35 T. From the field dependence of the
critical current (Fig. 2), one reads I (2mm, 70K, 0.35T) ~ 60 A.
Thus, one requires about 6 m REBCO width for the whole
DEMO200 busbar.

In this work, the design of the 20 kA modules from so-called
“HTS CroCo strands” is discussed. The HTS CroCo is a rigidly
soldered stack of tapes of two different widths, with optimum
width ratio wo/ws ~ 0.618 and typically about twice the number
of the wider tapes compared to the narrower tapes [26]. As
bending and movement of the strands is required to compensate
the thermal expansion during cooling (see chapter 1V for de-
tails), HTS CroCos are formed from narrow REBCO tapes of
w3 = 3 mm and w; = 2 mm width. Starting with these assump-
tions, the number of HTS CroCos in the 20 kA modules (Ncroco)

TABLE Il
LIST OF ELECTROMAGNETIC PARAMETERS OF THE REBCO TAPES USED IN
THIS WORK
Quantity w; =3 mm W, =2 mm
Average (77K, sf) 165.8 A 989 A
Ic-correction factor 1.2645 1.1145
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Fig. 4. Cross-sectional schematics of a HTS CroCo strand formed from
REBCO and copper tapes of two different widths. The general layout is such
that the REBCO sides of the REBCO tapes are facing towards a central copper
tape. For one tape, the discretization of the tape into individual current-carrying
wires is depicted by black crosses.

and the number of REBCO tapes in the CroCos can be deter-
mined to achieve the required critical current.

One choice is the use of twelve HTS CroCo strands each with
twelve 3-mm- and six 2-mm-wide REBCO tapes, leading to
576 mm total REBCO width per module. If these HTS CroCos
are arranged in a round shape (Fig. 2(b)) at radius Ry, the space
between the HTS CroCos can be used for support structures and
for current injection at the terminations.

Fig. 4 shows the cross-sectional schematics of these HTS
CroCo strands, key parameters are listed in Table I. The general
layout is such that the REBCO sides of the REBCO tapes are
facing towards a central copper tape as this orientation was suc-
cessfully fabricated and used in previous work [27].

IV. COMPENSATION OF THERMAL EXPANSION

In order to compensate the thermal expansion of the super-
conductor compared to elements of the busbar that remain at
room temperature (e.g. outer cryostat walls), several methods
can be applied, such as a compensation at the terminations [28],
[29], arc-shaped bends [30], a radial movement of helically
wound strands [31], or wave-like installations [32]. In this
work, the HTS CroCo strands will be mechanically supported
using support rings that can rotate on a central support. During
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Fig. 5.
module the concept for the compensation of thermal expansion by reducing
the amplitude of a “wavy” HTS CroCo trajectory in a cylindrical arrangement.
The plot on the right demonstrates the operational window to be realized in a
2.12 m-long sub-scale test which is determined from the competing require-
ments of having a sufficiently high arc length but at the same time a not too
small bending radius.



preparation, the central support rings will be rotated and the re-
quired extra length of superconductor will be installed. During
cooling, the wave-like structure stretches and the amplitude of
the waves reduces (but should be > 0 to “guide” a subsequent
warm-up). Therefore, the terminals can remain in a fixed orien-
tation and thermal expansion will be compensated within the
HTS CroCo module itself. Fig. 5 illustrates the concept, the left
plot shows the system during installation, the right one at oper-
ational temperature. During the sub-scale test, in which 2.12 m
long 20 kA modules will be tested, the concept will be investi-
gated with the help of a mechanical support structure that pre-
vents the axial movement of the terminations.

If one assumes that the HTS CroCo strands follow a sinusoi-
dal trajectory along the cylinder barrel, one may calculate the
effective arc length and determine the minimum number of ro-
tations. Relevant materials for cryostat and cable assemblies
such as stainless steel 304 or copper shorten by ~ 0.3 % upon
cooling from room temperature to 70-77 K [33].

On the other hand, the tolerable bending radius of this type
of HTS CroCo strands was determined in previous work to be
~250 mm [34]. As the bending radius decreases with the num-
ber of rotations, an upper limit of rotations can be determined.

Using calculus expressions for the arc length and curvature
of a space curve, one obtains the viewgraph of Fig. 5. The dark
areas indicate the maximum and minimum number of rotations,
resulting from 41/l > 0.003 and ryend > 250 mm, respectively, the
pale areas consider a safety factor of 2. One can read from the
graph that a rotation of the center of the sub-scale test module
by 360° will satisfy both requirements and will therefore be tar-
geted in the sub-scale test.

V. CALCULATION OF CRITICAL CURRENTS

A. Modelling Approach

In order to calculate the electromagnetic performance of the
200 KA busbar, its voltage-current-characteristics needs to be
calculated and I > 200 kA needs to be ensured.

The concept for the compensation of the thermal expansion
may lead to helically wound HTS strands along the busbar axis
at operation which will require special attention for modeling
(unless a full 3D modelling approach is used). Two cases are
therefore distinguished:

Case | assumes that the helical twist of the HTS CroCo mod-
ules is adjusted such that at operating conditions, the HTS Cro-
Cos are fully straightened. Then, a 2D-cross-sectional-calcula-
tion based on infinitely long straight conductors is suitable
without any further adjustments.

Case Il occurs if the HTS CroCo strands are “heavily over-
twisted” such that at least one full rotation remains along the
busbar axis at operating temperatures. Then each HTS CroCo
comes at some position along the cable to the position, where
its critical current is lowest, such that for the entire cable length
all HTS CroCos of one module will show the same E(I) charac-
teristics. This condition can be enforced in a 2D-model by (ar-
tificially) adjusting the values I¢ in Eg. 1 until the same critical

and operational current is obtained for all HTS CroCos of a
given module.

The approach for obtaining the critical currents of the two
cases is now as follows:

First, the superconducting layers are discretized into a num-
ber of straight, infinitely long current-carrying filaments with
I(B, 0) dependence from Eq. (1) as described by Zermeno et al.
in [35], [36] and orientation according to the normal vector of
the tape. The filaments are assumed to be in an ideal parallel
connection, i.e., have the same voltage difference, contact re-
sistances are not considered here and will be discussed later (see
chap. V.D). Along the current path, the voltage drop along each
filament is modelled by the power-law electric field current de-
pendence:

E(Iop,i) =E; (lop,i/lc(B(Iop,i)' 9)) " (2
with Ec =10 V/mand n = 15.

After the discretization of the superconducting layers into an
arrangement of straight current threads, the HTS properties (pa-
rameters of (1)) and the target electric field E are defined and
all current carrying threads are initialized to operate at lop,i = lco.
Then, the magnetic field profile B; is calculated from the lgp;
distribution, followed by the critical current distribution I¢; of
all threads according to (1). Finally, an updated lop,; can be ob-
tained from (2).

These steps are repeated until Iop; changes less than a thresh-
old compared to the previous iteration.

For Case I, the calculation is now completed and operational
and critical currents of the modules and flux density plots can
be calculated.

For Case Il, the calculations of Case | have to be repeated
until the critical current of all HTS CroCos of a given module,
defined as sum of all constituting current threads, is equal. This
is achieved by adjusting iteratively per module the ¢ values by
the ratio of the minimum HTS CroCo critical current and the
critical current of the corresponding HTS CroCo (while ensur-
ing that lco is maintained for at least one HTS CroCo).

B. 200 kA busbhar and DEMO 200 demonstrator (T = 70 K)

For a given electric field, the operational and critical current
of the 200 kA busbar is calculated. Fig. 6 shows field plots of
the 200 kA busbar at E(lop) = Ec = 100 pV/m for both cases |
(left column, Iop = Ic = 240 kA) and case Il (right column, 1o, =
Ic = 215 kA). The configuration is for both cases & = nx30°
(n=1.12), =0, i.e., tapes are oriented radially. The plots (c)
and (d) are zoom-ins to the module highlighted by a black box
in (a) and (b). Black dots indicate the location of the current-
carrying elements, white arrows indicate the field direction.
Due to the fairly homogeneous arrangement of the ten modules
in the busbar, the difference in operational currents among the
modules is below 1%. This implies that the — from the super-
conductor’s point of view, no substantial differences between
the DEMO 200 demonstrator (series connection of modules)
and the 200 kA busbar application (parallel connection of mod-
ules) is expected. It was calculated for case | that the orientation



of the tapes in the HTS CroCos (variation of & = 0°, 30°, 45°,
60°, 90°) at E~ 2.2 pVV/m changes the total operational current
by <1 % which may be expected due to the fairly isotropic an-
gular dependence of the critical currents of the REBCO tapes
(Fig. 3).

The magnetic field profile across the 20 kA modules (Fig.
6(c), 6(d)) leads to a difference of 2x(max(lc)-min(lc))/(
max(lc)+min(l)) ~ 33% in the critical currents among the
twelve HTS CroCos for the aforementioned parameters in case
I as it is shown by black squares in Fig. 6(g). For 6 = 90°, the
variation of the CroCo critical currents in case | is smallest, but
still ~25%. For radially oriented tapes (&=0°), several module

Case 11

 Ie=1.=240 kA

X (mm)

114 116 118 120 122 114 1@ 118 120 122
x (mm) X {mm)
(O :
| B | (mT) . 2m . - =
< 20 - . " . -l
LR >2%0 b . L
L g &zxn- . = . " 2
1900 + -
® roMWEL | = |« MONA S 190 bt Bupeety ey
NSADE, B e 1700 {o " | -
. LFtwist | =) =210 6A 1800 - -
AF BEGJ COMH|

Fig. 6. Field plot of the DEMO200 busbar for both cases I (left column, pan-
els (a),(c), and (e)) and case Il (right column, panels (b),(d), and (f)) . The
configuration is 6 = nx30° (n = 1..12), & =0 (i.e., tapes are oriented radially
in each module), T = 70 K. The color bar of the magnetic field magnitude at
the bottom of the figure is valid for (a)-(f). The plots (c) and (d) are zoom-ins
to the module highlighted by black boxes in (a) and (b) and to the HTS CroCos
((e) and (f)) as inducated in (c) and (d). Black dots indicate the location of the
current-carrying elements, white arrows indicate the field direction. (g) shows
the critical currents of the twelve HTS CroCos for the three types of positions
of modules (Fig. 2(a)).

positions are electromagnetically equivalent, and only the three
types of locations A,B,C have to be considered. The smallest
critical current of all HTS CroCos in the busbar is 1.66 kKA (6
=0°). For case I, a variation of the critical currents of the mod-
ules of 1.5 % is obtained with a lowest module critical current
Ic = 21.3 kA corresponding to 1.77 KA for each CroCo of this
module. These calculations show that the target critical current
of 200 kA for the whole busbar is expected to be achieved, even
in the more challenging twisted configuration of case II.

C. Sub-scale test (T = 77 K).

For the sub-scale testing, a single HTS CroCo module of
2.12 m length (inner length between the terminals) will be
tested in a boiling nitrogen bath at T = 77 K. Here the cases |
and 11 do not need to be distinguished as all HTS CroCos have
the same critical current by symmetry. Fig. 7(a) shows a field
plot of the sub-scale test setup (T = 77 K) where the module is
operated at the critical electric field, (b) is a zoom-in to a single
HTS CroCo. The configuration is & = nx30° (n = 1..12), &5 =
0° (i.e., tapes are oriented radially). The current in the module
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Fig. 7. (a) Field plot of the sub-scale test setup (T = 77 K) at the assumption
that the module is operated at its critical current (E = 1 p\V/cm). The configura-
tion is 0, =nx30° (n = 1..12), & =0° (i.e., tapes are oriented radially). (b) Zoom-
in to a single HTS CroCo strand.

is lop = 17.3 kA

D. Influence of contact-resistances

Contact resistances are a key element of DC busbars and ca-
bles and were investigated by both modelling and experimental
approaches [37]-[40]. In previous works on a 35 kA HTS
CroCo — based multi-strand cable [41]-[44] of larger HTS
CroCo strands made from 6- and 4-mm-wide tapes, contact re-
sistances were both measured and modelled. In [44], a contact
resistance variation (sum of both terminations) from 325 nQ to
548 nQ among 12 HTS CroCos was determined from a fit to
the measured voltage-current-characteristics of a 35 kA demon-
strator.

From these values, a contact resistance distribution
Reont = 422 +/- 66 nQ) is extracted. Contact resistances are con-
sidered by an additional linear V(I) = Reont | contribution to
Eq. 2 and all HTS CroCos of a system are assumed to be in par-



allel connection. The influence of a modified current distribu-
tion on the Ic-distribution through the modified field profile is
neglected.

If one compares for | = I¢(CroCo) the terminal voltages
Vierm(lc) = Re Ic = 608 pV with the voltage along the supercon-
ductor Vurs (Ic) = Ec L = 212 pV, one immediately notices that
Vierm(lc) > Vurs(lc) for the short sub-scale demonstrator with
L =2.12 m, whereas for the 600-m-long target busbar applica-
tion, the opposite is observed. Therefore, the influence of a con-
tact resistance distribution is considered for the single-module,
sub-scale case.

Fig. 8(a) shows the distribution of HTS CroCo currents of
one module at 77 K as function of the module current for a con-
tact resistance distribution Reont = 422 +/- 66 nQ. The dashed
horizontal line marks the CroCo critical current, the vertical ar-
row indicate the module current, at which the first HTS CroCo
reached its critical current. It is clearly visible, that the chosen
contact resistance distribution leads to a spread of the critical
currents. Panel (b) shows the statistical distribution of cable
currents, at which the first HTS CroCo reached its lc. 10,000
sets of contact resistance were calculated. A contact resistance
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Fig. 8.  (a) Distribution of HTS CroCo currents of one module at 77 K as
function of the module current for a contact resistance distribution
Reont = 422 +/- 66 nQ. The dashed horizontal line marks the CroCo critical cur-
rent, the vertical arrow the module current, at which the first HTS CroCo
reached its Ic. (b) Statistical distribution of cable currents, at which the first
HTS CroCo reached its I, for 10,000 sets of contact resistance.

distribution leads to a reduction of the critical currents. The
95% probability level is lcanie = 15.3 KA, i.e. a reduction by 2 kA
compared to Reont = 0.

VI. CONCLUSION

In this work the design and analysis of 20 kA modules made
of HTS CroCo strands for a 200 kA busbar system is presented.

One key requirement that was not addressed in previous work
of a superconducting busbar system is the availability of a con-
cept for the compensation of the thermal expansion during cool-
ing. It was calculated that by reducing the amplitude of a wave-
like trajectory of HTS CroCo strands on a cylinder barrel, the
expected thermal expansion can be compensated. If strands are
helically twisted at operating conditions, the 2D modelling ap-
proach had to be adjusted to integrate this geometry as well.
Calculations for two extreme cases (with and without helical

twist) have shown that the helical twisting leads to a ~10% re-
duction of the critical current compared to the untwisted case,
but that for the proposed configuration, the target critical cur-
rent is still exceeded by 7.6 %.

Additionally, the influence of contact resistances on the cur-
rent distribution and the total critical was investigated. Based
on contact resistance values from previous work, it was calcu-
lated that for the planned sub-scale test, this contact resistance
distribution will reduce the critical with 95% probability by
~12 %. For the target, 600-m-long application, contact re-
sistances will not have a strong effect on the overall critical cur-
rent, but tape homogeneity may become relevant here.

In the next phase of the project, HTS CroCo strands will be
fabricated and the sub-scale test with a HTS CroCo module will
be prepared.
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