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Design of the HTS Fusion Conductors
for TF and CS Coils

Nikolay Bykovsky, Davide Uglietti, Rainer Wesche, and Pierluigi Bruzzone

Abstract—The main electrical and mechanical requirements for
the LTS fusion conductors of DEMO are retained as a starting
point for the development of HTS fusion cables. Based on the
HTS coated conductor technology, a flat cable design was proposed
by CRPP Swiss Plasma Center (SPC) using the strands made of
twisted stack of tapes soldered into copper profiles. Analytical
modeling of the cable geometry is developed and presented in this
work. The model was used to estimate various properties of cable.
Addressing the issue of bending strain and related performance
degradation, an optimization model of the cable properties was
built, which allows to best fulfill the cable requirements. Design
options are developed for both toroidal field (TF) coils operating
at 63 kA and central solenoid (CS) coils operating at 50 kA. Paying
attention to the DC and pulsed operation of the TF and CS coils,
proposals for the design of the forced-flow HTS conductors are
reported and discussed for each type of the coils.

Index Terms—HTS fusion cables, TF and CS coils.

I. INTRODUCTION

NOVEL DESIGN of the high current HTS strand for

fusion cables was proposed recently at SPC [1]. After the
first test trials, the idea of a stacking, twisting and soldering
of the HTS tapes and two copper profiles converged to the
strand’s design presented in Fig. 1. Poor bending properties of
the first samples were initially discovered and soon effectively
improved by using the preliminary annealed copper profiles
[2]. This improvement allowed us to propose a first suitable
60 kA/12 T HTS cable design based on such strands. Sketch
of the cable (copper cored Rutherford design) and definition of
its main geometrical parameters are given in Fig. 2.

The manufacture of two cable prototypes started in the mid-
dle of 2014 and was successfully finished in the beginning of
2015. In June 2015 the sample was tested in the EDIPO test
facility at SPC, including I.., T.s, AC loss and cycling measure-
ments. The details of the manufacturing process and test results
will be published in [3]. Comparing the assessed and measured
DC performance of the cables, the tape transport properties
were fully retained in the prototypes. At the same time, two
issues were discovered: around 3% degradation of I. for the
both cables after the cycling test (1000 cycles of the current
from 0 to 50 kA at 12 T) and relatively high AC loss—from 2
to 10 times larger than in the ITER TF conductors—which was
mainly related to inter-strand currents.
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Symbol Description
' Width of the strand’s slot
v (width of the tape)
t Height of the strand’s slot
n Number of tapes in the strand
h Twist-pitch of the strand
D Diameter of the strand

Symbol Description
N Number of strands in the cable
g Thickness of the cable core
f Width of the flat part of core
[4 Twist-angle of the cable
L Twist-pitch of the cable

Fig. 2. Sketch of the cable and definition of the geometrical parameters.

In order to further optimize the strand design and investigate
reasons of the degradation during the cycling test, various electro-
mechanical tests (twisting, bending and transverse pressure)
were performed with the strands of various tapes and profile
geometry [4]. Higher current density of the strand, lower AC
loss and improved mechanical strength against transverse pres-
sure can be achieved with a square stack of 3 mm-width tapes.

The goal of the cable design is to fulfill appropriate re-
quirements (i.e. operating current, temperature margin, minimal
bending radius, AC loss etc) by using an initially selected strand
design. In this work, we present a general discussion over the
copper cored Rutherford cable design. An analytical model
of the cable geometry is presented and implemented for the
estimation of various mechanical and electrical properties of the
cable. Optimization methods were applied in order to best fulfill
declared requirements of TF and CS coils of fusion magnets. As
aresult, the cable design proposals for these coils are obtained,
presented and discussed in the last section.

II. GEOMETRY OF THE CABLE

Five geometrical parameters are used to describe the cored
Rutherford geometry (see Fig. 2), but only three of them are
independent. Two necessary link equations can be written by
considering the flat pattern of the cable core and the contact
line between the strand and the core, which are presented in
Fig. 3. The pattern is divided in four sections corresponding to
the two flat and two rounded regions of the core cross section.
Helical shape of the strand at the cable edges transforms to a
straight line in a flat pattern view. As a result, twist-pitch of the
cable L can be written in a two ways:

L=Q2f+n(g+D))cotd
D
sin’

ey
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Fig. 3. Flat pattern of the cable core. Blue line corresponds to contact between the strand and cable core.
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Fig. 4. Cross section of the 14-strand cable.

Considering (N, g, L) as independent parameters, one can
express f and 6 from (1) as follows:

6 = arcsin ——
L

[= %(gc_g)

gcz( N —1)D. @)
T cosf

The cable core becomes round (f = 0) by setting g = g, i.e.,
the new notation g. corresponds to the diameter of the round
core. This is the maximum value for g: 0 < g < gc.

In the model the strands are assumed to contact each other at
equatorial points of the cross section. This is a valid assumption
for the flat parts of the core and is a good approximation
for the edges if g = D. In case of g < D the model is less
accurate: at the cable’s edge the strands contact each other at the
points lower than the strand’s equator. This effect was studied
numerically and for N > 14 the analytical result (2) is lower
than a more precise numerical one by less than 4%.

An example of the cross section of 14-strand cable is pre-
sented in Fig. 4. According to the drawing, the cable space Scaple
and the total copper cross section S, can be expressed as:

Scavie = f(g +2D) +7(g/2 + D)?
Sew=fg+7g*/4+ N (rD*/4 —w(t — ndw))  (3)

where d, is the thickness of the copper layers in a single tape
(typically 40 pym).

The space available for the coolant flow (i.e., cross section
of the cable voids) Spjow and wetted perimeter of the cable
Pwetted are

Stow = 2fD + mgD + wD*(1 — N/4)
Pyetted = 4f + 2mg + WD(N + 2) “4)

which allows finally to calculate the hydraulic diameter Dj, and
the void fraction of the cable cross section: Dy, =4.Spow/ Puetteds

vE= Show/Scable—the geometrical parameters used in the hy-
draulic calculations.

III. MECHANICAL STRAIN DURING MANUFACTURING

Due to the transposition requirement, bending deformations
must be applied to strands during the fabrication of the cable in
order to achieve required twist-pitch of the cable. An effective
bending radius of the strand at the cable edge can be written
as [2]:

. g+ D
2sin? 6’

(5)

As the strain distribution in bent twisted strand is not uni-
form, critical bending radius of the strand R, will be used as
integral measure. R, is typically around 200 mm for 5% I.
degradation criterion (see [4] for the full details).

One would like to select the twist pitch at cable level as short
as possible (for example to limit AC losses), but short twist-
pitch of the cable L leads to very low bending radius R, which
in turn can not be shorter than R, otherwise the critical current
is strongly reduced. The minimal permissible twist-pitch of the
cable Ly, corresponds to the lowest strand’s bending radius at
the cable edge (R = R.) and can be estimated from (1) and (5) as:

2R,
Lmin:ND . 6
\/g+D ©

Thus, the mechanical properties of the strand impose the
following restriction for the twist-pitch of the cable: L > L.
Presence of the central core in the cable design (i.e. g > 0)
allows to lower L., and to make smaller values of L
available—the key reason for including this design feature.

For the coil fabrication stage, the cable should be additionally
bent (in a plane perpendicular to the flat part of the core) in
order to reach a specified shape. Assuming the position of a
neutral axis in the center of the cable core, a peak bending strain
will occur in the outer strands layer (relative to the bending
center of the cable) at the corner of the stack of tapes. As the
bending of the cable at radius r will result in effective strand’s
bending radius '/ cos? 6, the total peak strain one can estimate as:

d n (9+ D +d)cos? 6

2R 2r 7

Epeak =

where d is the diagonal of the stack: d = vw? + t2.
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Maximal bending strain of the strand is d/(2R.), which
allows finally to estimate the minimum bending radius of the
cable:

®)

D\ L? - N2D?
rC—RC<1+g+ >

2 2

d L? - L min
Note that r. = oo by setting L = L,y;,,, which means that such
cable cannot be bent otherwise the critical strain on the ceramic
is exceeded. According to the coil geometry, the proper design

of the cable should meet the following condition: r, < rin,

IV. ELECTRICAL PROPERTIES

A. T.s Calculation

The critical current of the cable I is affected by the self-field
effect even at high background magnetic fields, but this effect is
almost completely compensated by the angular dependence of
the tape’s critical current I! at least in the operating conditions
from 40 kA to 70 kA and from 8 T to 12 T [3]. Eventually,
a simple and reliable approach to estimate . is to sum up I’
corresponding to the perpendicular field component. Consider-
ing identical tapes, one can write: I.(B,T) = NnI:*(B, T).
Therefore, for the cable with operating current I, at external
magnetic field B, the current sharing temperature 7, can be
obtained from the following equation:

Iy = Nnwjc, (B, Tes)

Je (B, T) = ABOg)B (BOL(}T))I) (1 - %)q
Bo(T) = By (1_%)“ ©)

where A = 0.9 ATlfﬁ/mm, a =348, §=1.61, p=0.54,
q=2.82, Bp =170.78 T, Ty = 138.91 K. These parameters
are obtained from the I¢"°(B, T') data of the SuperOx tapes for
the 1 ©V/cm criterion (data from the manufacturer). The scaling
law j., (B,T) has a high accuracy at temperatures lower than
40 K and field range from 8 T to 12 T.

Since the I.(B,T) characterization of the HTS tapes is
typically performed at 1 pV/cm, this calculation is able to
estimate 7.5 only for that criterion, while for the LTS fusion
cables T.s is usually defined at 0.1 pV/cm. The difference
between the T, values defined at these criteria depends on the
m-value of the T' — E transition. In accordance with the test
results of the HTS cable prototype [3], this difference can be
estimated as ~2 K at 12 T and for operating currents between
50 kA to 60 kA.

B. Current Densities of the Cable

Requirements for the cable’s compactness and safety during
the quench can be expressed in terms of the cable and copper
current densities at operating conditions: jeaple = Lop /Scable and
Jeu = Iop/Scu (jeu corresponds to the quench situation, when
I, flows only in the copper cross section of the cable). Ap-
propriate cross sections can be calculated from (3). The typical
limits for fusion cables: jeaple = 50 A/mm? including cooling
channels; jo, < 100 A/mm?.

~
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TABLE 1
CABLE REQUIREMENTS FOR TF AND CS COILS AT B =12T

Coil I, Bottom lim‘its Top limits
type kA 71(*5 jcal)l(‘ T (! 1(],11!11 Pe jcu Q: :ml
K A/mm> m MPa A/mm? J/(m-cycle)
TF 63 7.5 50 3.0 15 100 15
CS 50 85 50 1.9 15 120 5

* at 1 uV/em criterion; ** at v = 0.1 Hz, B, = 0.2 T.

C. Transverse Load During the Cable Operation

Due to the acting Lorentz forces in the cable, another im-
portant electromechanical requirement at the strand level is
the stability against the transverse pressure. Discussion of this
phenomenon for various HTS strands is published recently in
[4]. According to the Lorentz force: p = 2I,,B/(ND) < pe,
where B is the background magnetic field and p,. is the pressure
limit, which depends on the strand design and is in the range
from 20 MPa to 35 MPa.

D. AC Loss Estimation

Finally, in order to assess total AC losses of the cable in the
alternating magnetic field, the measured value on HTS cable
prototype of around 20 J/(m - cycle) at v = 0.1 Hz and B, =
0.2 T was used. AC field is applied perpendicular to the wide
side of the cable. This value can be rescaled for new strand’s
and cable’s geometries according to [5], [6].

V. DESIGN PROPOSALS

In summary, properties of the HTS tape and 8 geometrical
parameters — 5 for the strand and 3 for the cable — are required
to propose the cable design. In order to best fulfill the various
cable requirements, an optimization model was built, where
the cable requirements are divided in two types: the first type
imposes the bottom limit on the cable property, and the second
one imposes the upper limit. Using the dimensionless factors &,
each type of the requirements can be written as:

bottom limit cable property

&b o= <1. (10)

~ cable property upper limit

For instance, the requirements for the bending radius of
the cable 7™, strand’s transverse pressure p., COpper current
density j., and total AC energy loss of the cable Qo) are the
first type, while the requirements for the engineering current
density of the cable jcable and current sharing temperature 7
are the second type.

These factors allow to consider the optimization problem
from a single point of view: fulfillment of the requirement
means the minimization of the appropriate factor. If a set of
m cable requirements is considered at the same moment, the
optimization problem of the cable design can be formulated as
a search of such cable geometry that minimizes the sum of the
appropriate factors &;:

m

miani: <1, i=1,...,m. (11)
i=1
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TABLE 11
CABLE DESIGN PROPOSALS FOR TF AND CS COILS

Coil Sketch of the Parameters Properties at 12T

type cross-section w t n h D N g L T} ILGK) re P Jeable Jeu rial
mm mm - mm mm - mm m K kA m MPa  A/mm? J/(m-cycle)

TF 4 21 20 300 63 18 5 09 7.7 691 25 133 67 92 12.4

CS 3 30 28 250 6.0 14 5 07 85 564 1.8 143 77 108 34

* at 1 uV/em criterion; ** at v = 0.1 Hz, B, = 0.2T.

Besides that, there are two physical constraints over the
strand’s parameters: (1) the height of the strand’s slot should
be enough to hold the tapes, i.e. t > nd;, where d; is the
tape’s thickness; (2) strand’s diameter must be higher than the
diagonal of the stack, i.e. D > v/w? + t2. Tolerances for these
constraints were chosen as 0.1 mm and 1.73 mm respectively.

In order to solve the problem, a constrained multivariable
optimization solver (namely, fmincon function) from the
MATLAB Optimization Toolbox was used.

Six cable requirements, used for the cable design optimiza-
tion, are presented in Table I. The TF and CS coils are assumed
to operate at 63 kA in a DC current mode and 50 kA in a
pulsed current mode respectively, which nearly correspond to
the reference DEMO design. Chosen T, requirements—7.5 K
and 8.5 K—Ilead to a temperature margin of about 2.5 K and
3.5 K for 1 pV/cm criterion. According to the previous chapter,
it roughly corresponds to appropriate acceptance values of
ITER TF and CS coils—0.8 K and 1.5 K. The requirements for
minimum bending radius 7" of 3.0 m and 1.9 m correspond to
the possible geometry of DEMO TF and CS coils respectively.
Requirement for the total AC losses Qtotar is relatively weak for
the TF coil due to DC operation. For the CS coil, 5J/(m - cycle)
was taken as an average value for results obtained on Japan
LTS cables for ITER CS coil, which fall in the range from
3J/(m-cycle)to7J/(m - cycle) atv=0.1Hzand B, = 0.2 T.
Due to a shorter quench time constant of CS coil compared to
the TF coil, the top limit for j., in CS coil is slightly higher
than in TF coil. The operating current density jcanle Should be
>50 A/mm? for both type of cables. Strand’s transverse pres-
sure limit was conservatively set up as 15 MPa.

Two design solutions for TF and CS coils were obtained
as a result of the optimization. Summary of the conductors
parameters and properties together with a sketch of the cross
section are given in Table II. Geometry of the copper profiles
of the strand (see the sketch of the cables’ cross section in
Table IT) was chosen according to the results recently presented
in [4]. These profile geometry is stronger against transverse
Lorentz force than the one first introduced. All the requirements
mentioned in Table I are fulfilled in the presented cable designs.
Lower number of strands in the cable, smaller total width and
shorter twist-pitch of the strand and cable allowed to effectively
decrease the total AC losses for the CS cable design.

Comparing the critical current of the conductors with ap-
propriate operating current of the coil, one may notice that
cables operate at around ~ 90% of its full current capacity,
while the corresponding value for LTS fusion cables is only
around ~ 50%. This is a direct consequence of the much weaker
temperature dependence of the critical current of ReBCO ma-
terials compared to LTS (see detailed discussion in [3]). As a
result, the HTS cables would require about half the amount of
superconductors than LTS ones with the same 7,.,. While the
HTS materials are roughly 10 times more expensive, the price
ratio between the HTS and LTS cables can be reduced down to
5. Further reduction is expected by the continued improvement
of critical current.

VI. CONCLUSION

Analytical model of the cored Rutherford cable geometry is
presented and used for the estimation of the main properties of
the proposed HTS cable design. Various requirements on the
cable properties corresponding to the main aspects of the TF
and CS coils of fusion machines were taken into account during
the optimization process of the cable design. The obtained
design solutions fulfill all the declared requirements.

In order to verify the validity of the calculated cable proper-
ties, fabrication and test of the new HTS cable prototype, based
on the design for the CS coil, is planned at EPFL Swiss Plasma
Center.
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