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A comprehensive investigation on the accuracy of
electrical measurement of transport current AC losses
in HT'S tapes

M. Breschi, A. Musso, G. Pasini and P. L. Ribani

Abstract —The measurement of transport current AC losses in
HTS tapes with the electric method has been extensively discussed
in the literature. It is well known that the configuration of the circuit
used to acquire the voltage signal can affect the measured losses, po-
tentially leading to inaccurate results. To reduce this undesired ef-
fect, the rectangular circuit arrangement which is widely adopted
involves twisting the pair of voltage taps at a given distance from the
tape middle axis. However, the explanations reported in the litera-
ture to identify the correct distance are not fully exhaustive, and an
alternative interpretation is here described.

Moreover, given that the conventional voltage taps arrangement
creates a significant circuit area to which electromagnetic noise can
be linked, an alternative configuration is proposed, aiming to reduce
the linked flux.

This work presents a theoretical analysis to quantify the impact of
the measurement circuit configuration on the losses. To ensure clar-
ity, the model equations involved are derived step-by-step. The nu-
merical results are applied to a thorough investigation on the accu-
racy of the AC losses measured on a sample tape, at different fre-
quencies and current amplitudes. Both the conventional and the al-
ternative arrangements are studied, varying their main geometrical
parameters, at the same operating conditions. The correction terms
are then applied to the measurement results, highlighting the ad-
vantages and drawbacks of the different configurations.

Index Terms —AC losses, High Temperature Superconductors,
Coated conductors, Electromagnetic methods.

I. INTRODUCTION

osses in alternate current applications are a well-known issue
Lof superconducting devices. They must be carefully taken
into account when designing a superconducting device working
with time-varying currents and/or magnetic fields, since they
strongly impact the overall losses and can affect the operating
limits of the system [1 — 5]. Often, the analysis starts at the tape
level, involving straight High Temperature Superconducting
(HTS) tapes. Despite their AC losses are generally lower than
those generated in a complex device, their simpler geometries al-
low a more detailed analysis of the AC loss phenomena and a
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straightforward comparison between different tape architectures
[6]. However, their measurement is not trivial, due to the small
magnitude of the quantities involved, especially for short tape
samples. The experimental methods are generally classified in
three main types: calorimetric, magnetic and electrical. The cal-
orimetric techniques generally depend on the estimation of the
amount of coolant evaporating due to the power dissipation, or
are based on the use of thermocouples to assess temperature var-
iations of bodies with a known thermal capacitance. They are in-
sensitive to electromagnetic noise, but require an accurate cali-
bration of the experimental setup to achieve a sufficient reliabil-
ity [7 — 10]. On the other hand, magnetic and electric techniques
(often referred to as electromagnetic methods) are faster and have
a greater sensitivity; despite this, they are affected by electromag-
netic noise. The magnetic methods rely on the measurement of
the in-phase component of the voltage signal acquired from pick-
up coils, which can be placed around the conductor, thus avoid-
ing contacts and soldering, in order to measure magnetization
losses [11 — 13]. This work focuses on the electric methods,
which are based on the acquisition of the current and voltage sig-
nals from the sample, using an AC four-terminal technique with
voltage taps soldered directly on the tape [14 — 19].

The measurement of the voltage signal is usually more diffi-
cult than that of the current (although ensuring a simultaneous
acquisition of both signals is not trivial), at least at the single tape
level. In fact, the expected voltage signal has a small amplitude
and its component in phase with the AC transport current can
easily be hidden by the electromagnetic noise linked to the volt-
age measurement circuit [20]. Theoretically, to reduce this prob-
lem, the area of the loop formed by the voltage circuit should be
decreased. However, for the correct measurement of transport
current AC losses in HTS tapes, a counter-intuitive approach
must be considered, which is described in the literature as fol-
lows. It has been recognized that the losses do not arise solely
due to the flux inside the conductor, but they also depend on
how the flux outside the sample is affected by the presence of
the superconductor [21]. Conductors having non-circular cross-
section produce an asymmetric distribution of magnetic flux
outside their surface, as in the case of tapes with a high aspect
ratio [22 — 24]. This implies that the voltage signal induced by
the flux linked with the measurement circuit has a component in
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phase with the current [25], and therefore it gives a loss contribu-
tion that must be taken into account [26]. It follows that the dis-
tance from the tape at which the signal wires are twisted together
determines the area of the measurement loop (proportional to the
linked flux) and thus the measured losses [27 — 30]. Theoretically,
in the presence of an infinitely long tape, to make the measure-
ments independent of the circuit geometry, the two signal wires
should be brought to an infinite distance from the tape before twist-
ing them, so that the flux lines are circular, as in the case of a cy-
lindrical conductor [31]. This contrasts to the need to reduce the
area for external noise linking; a compromise distance must be
found to account for both requirements. To achieve this task, dif-
ferent configurations for the voltage circuit have been proposed
in the literature.

The most adopted one is the rectangular loop arrangement (re-
ferred to as the conventional arrangement, in the following),
which involves soldering the voltage taps onto the surface of the
tape, at a given distance from each other. Then both wires are
brought to a distance from the tape middle axis equal to 3 times
the half-width of the tape, parallel to its main face, before twist-
ing them together [24, 28, 32 — 34]. However, in other references
this parameter is identified as 3 times the entire width of the tape
[13,21, 26, 35, 36]; these inconsistencies indicate that this topic,
although treated in the literature, has not yet reached a consensus
in the scientific community. In any case, the explanation for this
widely used rule of thumb is not fully exhaustive in the literature.
It mainly relies on empirical approaches, while there are few
comparisons between different experimental methods (electro-
magnetic and calorimetric) [14, 16, 19, 37, 38] or between exper-
imental and numerical models that quantify the impact of differ-
ent circuit geometries [21, 24 — 26 28]. The latter are generally
applied to BSCCO tapes other than to coated conductors.

A different arrangement is called the spiral voltage lead loop,
which consists in placing the two signal wires in a spiral path
around the tape before being twisted. The path is realized on a
cylindrical surface of constant radius (whose value has no impact
on the measurement), at a constant pitch and with an integer num-
ber of turns [39]. This should reduce the linked electromagnetic
noise and the resulting out-of-phase component of the acquired
signal, as well as improving the system compactness [40 —44].
An alternative arrangement, that aims to solve the same prob-
lem, is called & shaped pick-up loop [45]. In this case, the two
voltage wires are brought to a distance at least equal to 3 times
the half-width of the tape from its middle axis, parallel to its
main face, but in opposite directions. Then, both wires are led
parallel to the tape length, towards each other, to the midpoint
between the two voltage taps. Finally, one wire is joined to the
other passing perpendicular to the tape length, and the two are
twisted together. This forms an "8 shaped" loop consisting of
two parts having opposite orientation with respect to the direc-
tion of the magnetic flux lines outside the tape. Since the self-
field is assumed to be symmetric with respect to the plane pass-
ing through the tape axis and perpendicular to its broad face,
this configuration should properly reduce the external flux link-
age.

The aforementioned configurations may have some advantages
over the rectangular loop, but are more complex to realize.

Furthermore, given that conventional voltage taps (soldered or
pressed onto the tape) can damage the superconductor and af-
fect its local thermal stability, it has been proposed to place the
voltage taps outside the current leads [46]. Then, the losses gen-
erated in the conventional copper blocks used as current leads
can be numerically estimated and subtracted from the measured
values, in order to discern the losses in the tape alone. This ar-
rangement seems suited for particular applications where the
magnitude of the AC losses in the superconductor is compara-
ble to those produced in the copper.

Finally, other works claim that, when analyzing the AC losses
generated in tapes located inside stacks or placed side by side, the
use of the edge voltage leads con be convenient, in which the
voltage taps are soldered to one tape edge and twisted together
without distancing them from the conductor [47, 48].

In this paper, the impact of the voltage taps configuration on
the measured transport current AC losses is determined through
a theoretical and experimental analysis, with particular regard to
the distance from the middle axis at which the signal wires are
twisted in the conventional arrangement. The proposed numeri-
cal method adopts an alternative approach compared to the liter-
ature, based on the 4-V formulation [49], and it allows to calcu-
late the correction term to be applied to the experimental results,
in order to improve the accuracy of the measurement.

Moreover, the investigation accounts for all materials compos-
ing the HTS coated conductor, and not only its superconducting
layer. Given that the rectangular loop configuration forms a cir-
cuit with a non-negligible area, the measurements could be heav-
ily affected by electromagnetic noise. To reduce the noise, a dif-
ferent configuration for measuring the voltage signal is also pre-
sented, and compared to the conventional arrangement.

Finally, an experimental campaign is conducted on a tape sample,
carrying out electric measurements with different setup geome-
tries and operating conditions, in terms of transport current am-
plitude and frequency. The correction terms are then applied and
the results are compared with those obtained with analytic for-
mulations and numerical models.

Indeed, this work proposes a novel algorithm to correct the meas-
urement results, which however requires the availability of a nu-
merical model. The aim of the work is therefore mainly to pro-
vide a comprehensive description of the measurement methodol-
ogies described in the literature and to quantitatively assess their
inherent accuracy in the measurement of transport current AC
losses in HT'S tapes.

II. DETERMINATION OF THE CORRECTION TERM FOR DIF-
FERENT SETUP CONFIGURATIONS

This section describes the theoretical passages and the equa-
tions adopted to investigate the impact of the voltage circuit ar-
rangement on the measurement of transport current AC
transport current Iro; = Iy, Sin(2mft), with frequency f. The
tape has a finite length L, and is directed along the z-axis of the
Cartesian reference system, as shown in Fig. 1.
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Fig. 1. Scheme of the conventional loop arrangement for voltage measure-
ment, applied to a straight tape. The figure is not in scale

The half-width and the thickness of the tape are indicated as w
and o, respectively. The power p(z) dissipated at the time instant
t, in the central portion of the tape of length L, included be-
tween the voltage taps (regardless of the measurement setup),
can be computed as:

Le 8
2 2

p(t) = fLof_af E(x,y,2,t) - J(x,y,2 t)dxdydz (1)
207w

where E is the electric field vector and J is the transport current
density vector.

With the same approach used in [50] for the A-V formulation,
the following assumptions are made for the central portion of
the tape between the voltage taps:

E(x,y,z,t) = E(x,y,t) k
JC,y,z,t) =](x,y,t) k
A(x,y,z,t) = A(x,y,t) k

)

Vix,y,z,t) =V(z,t) k

where V and A are the scalar electric potential and the magnetic
vector potential respectively, and k& is the unit vector directed
along the z-axis. These hypotheses correspond to assuming that
the central portion of the tape is at a sufficient distance from the
tape ends, so that the distribution of the vectors J, 4 and E is
independent of the z-coordinate, and these vectors are all di-
rected along the z-axis. The last equation corresponds to the as-
sumption of equipotential cross-sections of the x-y planes.

The electric field can then be expressed as a function of the
scalar and vector potentials. Applying the assumptions reported
in (2), gives:
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where it has been assumed that the derivative of 7 with respect
to the z-coordinate is independent of z, consistently with the hy-
pothesis that the electric field does not depend on z in the mid-
dle position of the tape.

Combining (3) and (1) and performing the integration along
the z-coordinate, according to the simplifying assumptions
made, yields:
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where V,p is the voltage difference between the points 4 and B
on the tape surface corresponding to the voltage taps soldering,
and p, is the loss contribution due the non-conservative part of
the electric field. It is worth noting that the term dV /0z (t) has
been taken out of the integral, since it does not depend on the x
and y coordinates, as assumed in (2).

Therefore, the transport current AC losses (P4¢) correspond
to the average value in a period of the dissipated power. The
averaging is applied to the expression in (4), considering that
(pa(t)) = 0, as it is demonstrated in the Appendix. Then, divid-
ing by the term L, to obtain the average power dissipation per
unit length, gives:

1 1 w
Pac = - 0) = - VasOlroe(©) [;] 5)

Using conventional current transducers (e.g. a shunt resistor
placed in series with the tape sample), the current I7,,(t) can
be directly measured without affecting the losses calculated
through (5). Conversely, the voltage signal that is detected with
the voltmeter connected to the couple of wires soldered on the
tape, called V; (what the user acquires), does not exactly coin-
cide with the voltage V5 (the voltage difference between points
A and B onto the tape). This difference is affected by the con-
figuration of the voltage circuit, as already mentioned in the lit-
erature. However, quantifying this difference is not trivial; it is
therefore useful to develop the corresponding theory in depth to
understand possible ways to improve the measurement, also by
applying suitable corrections to the measured voltage.

A. Conventional rectangular loop arrangement

This configuration corresponds to the one displayed in Fig.
1. The voltage taps are soldered to the tape surface, at a distance
p from the tape middle axis, at points A and B having coordi-
nates (8,8/2, +Ly/2). The wires are brought to a generic dis-
tance a from the tape middle axis, up to the points 4’ and B’,
having the same y coordinate as A and B. In the conventional
configuration, & = w > f. Then, the wires are twisted together
and connected to the voltmeter channel, at points C and D,



where the signal V; (t) is acquired. The relation between V; and
V45 can be determined by applying the integral form of the Far-
aday's law to the closed circuit represented in Fig. 1 by the blue
solid line (indicated as C;), including the dashed line connect-
ing points 4 and B. The integration yields:

B c D
3€E-dl=fE-dl+fE-dl+fE-dl+
c1 A B c
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O

(6)
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where @¢; is the flux of the magnetic flux density through the
surface (in light-blue in Fig. 1) bounded by C; and having its
normal unit vector perpendicular to the travel direction of the
circuit in accordance to the right-hand rule. In this first analysis,
any external electromagnetic noise is neglected and the flux de-
pends only on the current flowing in the conductor.

It is worth noting that, under the hypotheses of this study, the
system shown in Fig. 1 is symmetric with respect to the y-z
plane. Therefore, the passages reported in the following for pos-
itive o and f values, lead to the same results also when these
parameters are both negative.

Due to the large internal impedance of the voltmeter, the cur-
rents flowing in the wires corresponding to the portions of cir-
cuit B-C and D-A are negligible, and thus their contribution can
be ignored.

As already stated, the contribution of the segment C-D is equal
to —V; (t), where the sign is in accordance with the integration
extremes.

Moreover, introducing (3) into the term which refers to the seg-
ment A-B, this contribution can be expressed as:

fBE dl = fBaV td fBaA( 2 )dz -
A =) @0 | 5 ﬂ‘z‘)z'
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Substituting in (6) the contribution given by each portion of C;,
and isolating the term V, (t), yields:

Vi(t) = Vap(t) + e.(a, t)

04/, 5 \ do ®)
ee(@t) = Lo (B5t) + 5 (©

where &.(a, t) is the term expressing the difference between the
quantities V,5(t) and V,(t). It is worth noting how this term
depends both on the linked flux, which can be lowered by re-
ducing the area bounded by C; (in practice, it cannot be null
since the signal wires always enclose a given area), and on the
term —Ly(0A/0t), which cannot be avoided when applying
electrical methods to measure AC losses in HTS tapes. The de-
pendence on the parameter a will be clarified in the following
passages.

Then, the term @, in (8) can be expressed by means of the
Stokes’ theorem, as the circulation of the vector potential along
the line C;. It is convenient to split C; into two parts: the first
section corresponds to the segment A-B, while the second one

corresponds to the rest of the circuit (B-B’-C-D-A4-A), called
Cipis.

B

A-dl+f
A

C1bis
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In (9), the vector potential has been taken out of the first integral
as it is considered independent of the z-coordinate in the con-
ductor region. Moreover, with a certain level of approximation,
the hypothesis for which the vector potential has only a z-com-
ponent can be assumed valid for the whole measurement circuit,
and not only in the tape region. It follows that the only portion
of Cypis that gives a contribution in (9) is the line B'-4’, since for
the other segments the vectors A and dl are perpendicular. The
assumptions reported in (2) do not automatically apply outside
the tape; therefore, the vector potential along the line B"-4’ also
depends on the z coordinate.

Inserting (9) into (8), yields:

0A 1) 0A 1)
Vi(t) = Vap(t) — Loa(ﬁ'z,t) + Loﬁ(ﬁi,t) +
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where the integration extremes in the term &, (t) have been sub-
stituted with the z-coordinates of the points 4" and B’

A first conclusion that can be drawn from (10), is that the volt-
age signal (as well as the current one) does not depend on the
parameter . Therefore, in the conventional configuration, the
position at which the wires are soldered to the tape does not
affect the measured losses.

Finally, introducing (10) in (5), yields:

1
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where 7, represents the correction term to be applied to the
measurement results obtained with the conventional rectangular
configuration (in W/m) to account for the difference between
the voltmeter measurement V; and the voltage V,5 needed for
the losses assessment. Neglecting this term without having



properly designed the voltage circuit configuration would lead
to an incorrect estimation of the AC losses in the tape.

B. Techniques for the reduction of the voltage difference term

The following approach can be followed to cancel or reduce
the term 7., thus making the measurements independent of the
voltage circuit configuration. First, it is necessary to evaluate
whether the assumptions listed in (2) can be extended to a cer-
tain distance from the conductor. If this extension is acceptable,
the integral in (11) can easily be solved, as the integrand
0dA/0dt is independent of the z-coordinate:

1 0A; 6

1@ = (Lo ge (@3 .t) lra0) (12)
In order for n.(a) to be equal to zero, the average over the pe-
riod in (12) has to be null. Neglecting the case in which one of
the quantities is zero, this condition is verified only if the whole
term within the mean is periodic with a null mean. For this to
be the case, the vector potential should depend on the total cur-
rent only, and not on the current distribution inside the tape, as
follows:

A5, 2,t) = C(@) It (6) (13)

where C(a) is a constant (for simplicity of notation only the
dependence on a is indicated).
If (13) is valid, then the whole term to be averaged in time in
(12) corresponds to a sinusoidal function with a null mean. This
assumption is verified for a conductor having a circular cross-
section, where, due to the cylindrical symmetry, for every value
of a the field only depends on the total current. This is generally
not valid for a tape having a high aspect ratio, in which the cur-
rent density is not uniformly distributed. However, it is relevant
for this work to investigate whether there are values of « allow-
ing to adopt (13) also for tapes. For instance, it is clear that
moving sufficiently away from the conductor surface (i.e. in-
creasing a), the internal current distribution becomes less rele-
vant. At an infinite distance from the tape, the same condition
existing for a cylindrical conductor can also be applied for a
tape, which corresponds to the conclusions reported in the liter-
ature [21]. In practical terms, a value of « large enough to verify
(13) should be found, which would then lead to:

dlroe (1)

ne(@) = <C(a)Tlrot(t>> ~0 (14

where (14) is exactly null only if « is infinite. It is reasonable
to assume that even at lower a values, the dependence of the
vector potential on the internal current distribution becomes
progressively less relevant as o increases, and thus 7, ap-
proaches zero.

This approach is correct only if it is possible to find a value
of o large enough to satisfy (14), while keeping the assumptions
(2) valid. In fact, these two assumptions are in contrast with
each other: if o increases, considering the vector potential to be
independent of the z-coordinate becomes problematic, since it
implies that the tape is still sufficiently long as compared to the

rest of the measurement circuit. Moreover, as a increases, also
the area bounded by C; widens. This enhances the undesired
voltage signal generated in the measurement circuit by the flux
linkage of electromagnetic noise, taken into account by the term
@¢1, that can have a relevant impact in practical cases.

As reported in the introduction, many works reported in the lit-
erature deal with the optimal a value to be used in the rectangu-
lar arrangement, in order to reduce the linked flux while guar-
anteeing the validity of the simplifying hypotheses. In the fol-
lowing sections, (14) is solved numerically for some relevant
case studies, in order to quantify the impact of the circuit ar-
rangement for different values of a.

C. Alternative arrangement for the minimization of the elec-
tromagnetic noise

An alternative configuration for the voltage measurement cir-

cuit is proposed in this section. The purpose of this new arrange-
ment is to reduce the electromagnetic noise with respect to the
rectangular configuration, without excessively complicating the
circuit.
In fact, the external flux is hard to compensate during the post-
processing of the signals. The parameter 7., for example, does
not take into account this contribution, which therefore may
strongly affect the measured losses. This is particularly im-
portant when the experiments are carried out without an appro-
priate shielding from external electromagnetic noise, or when
the amplitude of the transport current is much smaller than the
critical current of the tape, and therefore the magnitude of the
Vg signal is small.

Compared to the conventional rectangular configuration, the
alternative arrangement includes an auxiliary voltage measure-
ment circuit, depicted as a red solid line in Fig.2, and hereafter
labelled as C..

The first circuit (corresponding to the blue solid line in Fig.
2, equivalent to C;) is identical to the rectangular loop described
in the previous section, except that, in this case, the area of the
loop is kept as small as possible. Ideally, the line A’-B’ coin-
cides with the line A-B. In practice, a small area is inevitable; in
Fig. 2, the loop dimensions are magnified to make it evident.
On the other hand, C; is arranged so as to follow as much as
possible the shape of C;. This can be achieved by the use of
non-twisted ribbon cables. The purpose of this compensation
circuit is to reduce the electromagnetic noise of the acquired

DpsS=1C
Vi(6)

i) W

Fig. 2. Scheme of the alternative arrangement for the voltage measurement
and the minimization of the electromagnetic noise, applied to a straight tape.
The figure is not in scale.



signal. The wires of C> are not soldered onto the tape but they
are short-circuited together. These additional wires are con-
nected to the terminals C; and D; of the second channel of the
voltmeter. The corresponding voltage signal is acquired simul-
taneously to the first measurement and indicated as V, (t).

For what concerns C;, the same passages which led to the
definition of V; (t) in (10) are also valid for this arrangement.
To define V,(t) instead, the Faraday's law is applied to C>, as
already done to retrieve (6). In this case, the only part of the
closed curve which results in a non-null contribution is the seg-
ment C;-D;, which gives exactly V,(t) (except for the sign). It
results:

b1 d@c,
fE-dl=f E-dl= —V,(t) =— ®) (15)
c2 ¢ dt

where @;, = @, is the same flux appearing in (8), considering
that both circuits have the same shape (in reality, a small differ-
ence exists between them).

Then, V,(t) is subtracted from V;(t), leading to the signal
Vi_,(t), which has the following expression:

Vi) = V(@) —Va(t) = Vyp(0) + £,(B, 1)
L A8 (16)
) t)=— A, )y 5 t

(08,0 = Lo (B3 )
where €,(8,t) corresponds to the discrepancy between the
quantities V,5(t) and V;_,(t). Compared to the conventional
configuration, the voltage signal acquired depends in this case
on the soldering locations of the voltage taps, but does not de-
pend on the parameter a. It follows that the measured losses are
independent of the distance at which the wires are twisted to-
gether, which can be set as small as possible. In the alternative

arrangement, o = f < w.

Finally, introducing (16) in (5), yields:

1
Pyc = L_O(V1—2(t)ITot(t) —&a(B,t) I () =

1
= L—0<V1—2 O Iro:(0)) + 10 (B) (17)
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where 7, represents the correction term to be applied to the
measurements in the alternative arrangement (in W/m) to ac-
count for the discrepancy between the signal acquired from the
two voltmeter channels, V;_,, and the “correct” voltage, V.

Even for this arrangement, it can reasonably be assumed that
a value of f exists, for which the vector potential can be ex-
pressed as a linear and time-invariant function of the tape
transport current, as was done in (13) for the conventional con-
figuration. It follows:

8\ dlroc (8)
K (ﬁi) T ITot (t)>

where K has the same meaning as the term C in (13) and (14).

na(B) = (18)

In the following sections, the correction terms 7, and 1, are
numerically computed for a test case, to analyze their depend-
encies on the o and ff parameters.

III. NUMERICAL ANALYSIS ABOUT THE CORRECTION
TERMS

To carry out a parametric analysis, the equations for the cal-
culation of the correction terms are implemented in a numerical
model. The definitions of 1, and 1, reported in (12) and (17)
respectively, only differ for the dependence on a or S, both of
which represent a distance from the tape middle axis. Therefore,
the numerical implementation of the two parameters is identi-
cal, and thus only the one corresponding to 7. is described here.

First, the tape cross-section is discretized into N rectangular-
shaped elements. This also includes the non-superconducting
layers of the coated conductors, that are often neglected in mod-
eling, but which can have a significant impact under certain op-
erating conditions [48].

A. Numerical calculation of the correction terms

As a second step, the assumption made in (11) and (12) can
be dropped, or rather its validity can be checked for practical
cases. Thus, (12) can be written without assuming the vector
potential as independent of the z-coordinate:

(a,g,z, t)

4 (19)
nc(a) =({ ot I7oe (1) )time >ze[_TL0,L?O]
where the mean along the z-axis is performed on N. elements,
uniformly distributed along the z-coordinate in the range from
_L0/2 tO LO/Z'
Then, the following expression is adopted to numerically com-
pute the derivative of the vector potential that appears in (19):
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where Area; indicates the area of each discretizing element and
o is the vacuum permeability. The current densities in each
discretizing element Jj(f) can be numerically computed by
means of any formulation conventionally adopted so solve
Maxwell’s equations [51 — 55].




In this work, an integral model based on the 4-V formulation is
selected to calculate the current densities and then estimate the
power dissipated in the tape (i.e. the value independent of the
measurement configuration), by means of (1). The model em-
ployed considers the electrical properties of the different layers
of a coated conductor, adopting the power law for the supercon-
ducting layer. Details on the model are reported in [50].

In this work, the model is applied to the analysis of the
SuNAM SCN04 tape. The tape geometrical parameters are
shown in Fig. 3 [56]; the buffer layer is neglected in the model,
given its small thickness. The tape length (L) is set to 15 cm,
and the distance between voltage taps (L) is set to 6 cm. The
critical current (I.) and n-value of the tape at 77 K (with a 1
wV/m criterion) correspond to 242 A and 43, respectively. The
average in time is performed over the first period in which the
power vs time curve reaches steady-state conditions, which nor-
mally occurs at the second period. The amplitude and frequency
of the transport current are varied to check their relation with
the correction terms. Hereafter, the amplitude of the transport
current is expressed as a dimensionless ratio: I, = Iy /.. For
the conventional arrangement, 7, is computed for ¢ > w (i.e.
the line 4’-B’ should be distant from the tape middle axis),
while for the alternative configuration, § < w (i.e. the line A-B
lies on the tape surface).

Fig. 4 reports the correction terms computed as a function of
o or 5, both divided by the half width of the SuNAM SCN04 tape
(w=2 mm) to obtain a dimensionless quantity. Two frequencies
are studied, 50 Hz and 1 kHz, as well as two current amplitudes,
1, =0.5 (Fig. 4a) and /,, = 0.9 (Fig. 4b).

ke 2w =4.0 mm
—~
15 pm Copper
2 pm Ag
L5 pmy GdBCO
200 nm§ Buffer layer
104 pm Non-magnetic SS310S substrate
X
1.5 pm Ag
N
15 pm Copper
>

Fig. 3. Cross-section of the SuNAM SCN04 tape. The figure is not in scale.

B. Results and discussion

For what concerns 7, its values are always negative. Thus,
in the rectangular arrangement, 7, indicates how much the
measured AC losses must be reduced to converge to the correct
value. As expected, the amplitude of 1. decays abruptly with
increasing a. The curve reaches convergence for « = 3 w, and
this distance is independent of both current amplitude and fre-
quency. At convergence, 7). assumes negligible values, i.e. the
measured AC losses are independent of the circuit arrangement.
It is worth noting that the electromagnetic noise is not taken into
account by 1., but it is expected to increase with a.

On the other hand, the correction term 7, exhibits a plateau
at the center of the tape (both 7, and 1, are symmetric with
respect to the tape center). Inside this region, 17, assumes posi-
tive values as it represents how much the AC losses measured
in the alternative arrangement should be increased to converge
to the correct value. Moving further to the tape sides, the 1,
curve drops sharply to negative values, passing through a null
value. For this unique point, which is current dependent and al-
most frequency independent, (18) is exactly verified. The exist-
ence of such value has never been mentioned in the literature,
and it could present an advantage of the proposed alternative
configuration, as it will be explained later in this section. Fi-
nally, for f very close to w, the 1, curve reverses its slope, in-
creasing until it converges to the . curve, ata = f = w.
Moreover, just like the AC losses, both 1. and 7, rise as the
frequency and/or the amplitude of the transport current in-
crease.

In order to better quantify the impact of the circuit arrange-
ment on the measured losses, it is convenient to present the cor-
rection terms 77, and 1, as a percentage of a reference value of
losses (Pyc,,,), indicated as y, and y,, respectively:

nc(a) n4(B)

ACre[ ACre[

Ye(a) = 100 5 v, (B) = ~100 [%] (21)

It is not possible to select an experimental curve of AC
losses as the correct reference a priori. For example, with the
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Fig. 4. Correction terms in W/m for (a) ,, = 0.5 and (b) Z,, = 0.9, at 50 Hz
(left axis) and 1 kHz (right axis), versus the parameters o and /.



conventional arrangement, even at an ideally infinite distance
from the tape, the external electromagnetic noise could lead to
results affected by a large error.

The aforementioned numerical model based on the 4-V for-
mulation [50] is considered reliable to accurately estimate the
AC losses. Moreover, the model results are in excellent agree-
ment with those of a different numerical method based on the
H-formulation [57 —59], as well as with the experimental meas-
urements [50, 55, 60, 61]. Notwithstanding some level of arbi-
trariness in the selection of the reference results, the following
definitions and plots provide some guidance in the understand-
ing of the impact of the correction on the accuracy of the meas-
urement methodology adopted. Fig. 5 shows the parameters y,
and y,, for the same cases displayed in Fig. 4.

As mentioned above, for @ = 3 w, the losses measured with
the rectangular arrangement coincide with the reference losses,
as Y, becomes negligible (y, = 1.5% at @ = 3 w). This value
corresponds to the one reported in various publications [24, 28,
32 — 34]. For the conventional configuration, reaching this
threshold is crucial: y, increases exponentially when a < 3w, and
the experimental results tend to overestimate the reference value
by a factor of up to 2.5. Moreover, y, results greater for higher
I, values but is not affected by the frequency: as the frequency
increases, both the actual AC losses and the loss contribution due
to the measurement system increase. If, for any reason, it is not
possible to place the line 4 -B’ at a sufficient distance from the
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Fig. 5. Correction terms as a percentage for (a) /,, = 0.5 and (b) Z, = 0.9, at
50 Hz (left axis) and 1 kHz (right axis), versus the parameters a and j.

tape middle axis, the accurate measurement of the a value be-
comes crucial, as the correction term varies abruptly over a very
small distance. If this is not the case, the conventional configu-
ration is the one that allows to relax more the precision criterion
regarding the arrangement of the voltage circuit, as its loss con-
tribution is negligible for any value of a greater than 3w. How-
ever, this configuration requires to widen the circuit area, and
thus it is convenient to remain close to this limit distance not to
increase the linked electromagnetic noise.

For what concerns the parameter y,, there is an exactly null
value in a point within the tape width. With reference to the
SuNAM SCNO04 tape, at I,, = 0.9 the point is located at a distance
from the tape middle axis equal to 1.5 mm, while for 7,, = 0.5,
this point moves closer to the tape sides, at #= 1.8 mm. The point
location is only slightly affected by the frequency, especially at
low current amplitudes. In correspondence of this point only,
the measured losses are independent of the experimental setup
and, differently from the conventional arrangement, the circuit
area is considerably reduced (ideally null). This would lower
(potentially cancel) the linked external noise, thus making the
measurement more precise. However, the accuracy in the sol-
dering of the voltage taps and in the determination of the value
of f must be extremely high, especially for narrow tapes. In fact,
in the immediate vicinity of the null point, y, increases ab-
ruptly: a small error of only 0.2 mm in the soldering compared
to the null point leads to an increase in the contribution of the
measurement circuit up to 250%, for the tested cases. As an ex-
ample, a standard soldering covers a certain area of the tape sur-
face and could never be punctual, thus making it more difficult
to determine / exactly. The adoption of the alternative config-
uration can be practical if the voltage taps are soldered near the
tape middle axis. In fact, in this central region there is a plateau
in which the impact of the measurement circuit on the losses is
almost constant.

It is worth noting that y, seems independent of the operating
conditions, remaining around 100% for all cases (i.e. the meas-
ured losses must be doubled to obtain the correct value). The
width of this plateau is larger for lower /.., and appears to be
slightly affected by the frequency. For the SuNAM SCN04 tape,
as long as f is less than 1 mm (thus identifying an area of 2 mm
at the tape center), y, undergoes variations lower than 1% com-
pared to the value assumed on the middle axis. This would al-
low to relax the precision criteria required in the alternative ar-
rangement, while maintaining the advantage of a lower linked
noise as compared to the conventional configuration.

IV. EXPERIMENTAL ANALYSIS ON THE APPLICATION OF
THE CORRECTION TERMS

An experimental campaign was carried out to measure the
transport current AC losses in the tape analyzed in this study.
The SuNAM SCN04 tape was tested on a rigid G10 straight sup-
port, immersed in liquid nitrogen bath. The description of the
experimental setup developed to generate the AC current of var-
iable amplitude and frequency, as well as the post-processing



technique adopted to filter the harmonics of the transport cur-
rent frequency from the acquired signals (regardless of the con-
figuration of the voltage circuit), are reported in [20].

The AC losses were first measured using the conventional
rectangular configuration for the voltage signal; after that, the
measurements were repeated by setting the same operating pa-
rameters, but using the alternative arrangement described in the
previous sections. Different values of a were tested in the rec-
tangular arrangement: 3/2 w, 3 w, 7 w and 11 w. Fig. 6a shows
an image of this configuration, with a =3 w.

In the alternative arrangement, both voltage taps are soldered
as close as possible to the tape middle axis, so as to apply the
correction term 77, corresponding to the central plateau region.
An image of this setup is displayed in Fig. 6b. C> is placed on top
of Cy, in order to replicate its shape as much as possible; there-
fore, in the figure they are not easily distinguishable.

In the following, when the dependency on the amplitude of

the transport current is analysed, the average power dissipation
over a full cycle is presented in terms of W/m. Instead, when
the loss dependency on frequency is investigated, the overall
losses per cycle are displayed in units of J/m.
The experimental data are compared with the results obtained
through the abovementioned numerical model. Furthermore,
the losses obtained with the well-known Norris’ analytic for-
mulation for a thin strip are also presented [62].

Fig. 7 shows the average power dissipation when the fre-
quency of the transport current is set to 50 Hz, and 7, is varied.
Fig. 7a displays the experimental results before the introduction
of the correction terms. The curves referring to the conventional
configuration converge as a increases. For a greater than 3w,
the discrepancies between the curves become negligible. The
converging experimental curves for the rectangular arrange-
ment are in agreement with both the numerical and analytic
curves, especially at high current amplitudes.

The experimental curve referring to the alternative configura-
tion presents values which are remarkably lower than the other
curves, despite its trend is qualitatively similar. Furthermore,
this discrepancy decreases as the current amplitude increases:
compared to the numerical curve, its values are more than 20
times lower when 7,, = 0.35, but only 2 times lower when 7,, =
0.85.

Fig. 7b presents the same experimental results, after the correc-
tion by means of the correction terms. The curves referring to

Fig. 6. Photo of the (a) conventional and (b) the alternative voltage measure-
ment arrangement.

the conventional arrangement are in excellent agreement with
the reference losses when 7,, > 0.4, including the curve for a =
3/2 w, in which . has the greatest impact in reducing the meas-
urement results. For the other curves, their variation compared
to Fig. 7a cannot be noted in a logarithmic scale.
For what concerns the measurements carried out with the alter-
native configuration, they are much closer to the other curves
when the correction term 7)., is included. The curve is now only
1.25 times lower when 7,, = 0.35, and 1.45 times higher when
I, = 0.85, compared to the reference losses. As expected, the
correction due to 7. increases the measured values. The en-
hancement results slightly excessive for high current ampli-
tudes, and this could be due to an incorrect determination of the
value of §.
Moreover, both the curves with « = 3/2 w and the one obtained
with the alternative arrangement appear to diverge from the
other curves when I,, < 0.4. This might be mainly ascribed to
the difficulties in the correct acquisition of very small voltage
signals at I, < I, that might affect the measurement results.
Fig. 8 shows the transport current AC losses when I, is set to
0.75, and the frequency is varied.
Before the introduction of the correction terms (Fig. 8a), the
experimental curves obtained with the conventional arrange-
ment converge to each other, already at & = 3w. The discrepan-
cies are minimal, as the ordinate axis is in linear scale. The
curve found for & = 3/2 w is the only one not converging, with
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transport current, measured in different experimental configurations, (a) be-
fore and (b) after the corrections with the parameters 1, and n,. The fre-
quency is set to 50 Hz and 7, is varied. The figures are in semi-logarithmic
scale.



values at most 10% higher than the other curves. The trend of
the experimental curves is in agreement with the numerical re-
sults, as well as with other similar works reported in the litera-
ture [63, 64].

They decrease almost linearly with increasing frequency, with
a slope similar to that predicted by the numerical model. The
crossing point with the analytical curve, which is frequency in-
dependent as it is computed under the assumptions of the criti-
cal state model adopted in Norris’ formula, is around 200 Hz.
On the other hand, the measurement results obtained with the
alternative configuration correspond to about half of those re-
ferring to the other experimental curves.

As expected, the convergence between the experimental curves
improves when applying the corrections, as shown in Fig. 8b.
The impact of the parameter 7, is greater for the curve with a =
3/2 w, for which the correction determines slightly overesti-
mated results. The corrected values are between 5 % lower to
10% higher than the other converging curves, due to possible
experimental errors. The crossing frequency with the analytical
curve moves towards smaller values, approaching the standard
frequencies of power transmission grids. This is consistent with
the results reported in [64] for tapes subjected to an AC
transport current with similar 7,,. As for the experimental curve
referring to the alternative arrangement, the introduction of the
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Fig. 8. Transport current AC losses in the SuNAM SCN04 tape, measured in
different experimental configurations, (a) before and (b) after the corrections
with the parameters 7. and 1,. 1, is set to 0.75 and the frequency is varied.
The figures are in logarithmic scale.

parameter 1, greatly improves its convergence, as the discrep-
ancies are now included between 7% and 20% as compared to
the other curves. Even in this case, the correction seems to
slightly overestimate the losses at high transport currents.

V. CONCLUSION

This work presents a comprehensive investigation on the ac-
curacy of the electrical measurement of AC losses due to sinus-
oidally varying transport currents in HTS coated conductors. A
fully consistent theoretical treatment of the difference between
the voltage measured with a voltmeter and the one actually
needed for the calculation of AC losses is provided. The inves-
tigation of the measurement accuracy is carried out by deter-
mining a suitable correction term to be applied to the experi-
mental data. The equations to evaluate this correction term are
reported step-by-step, and numerically implemented for in rel-
evant case studies. The novel algorithm allows one to quantify
the impact of different measurement circuit configurations on the
losses.

The results obtained for the configuration for electrical meas-
urements based on a rectangular loop, widely adopted in the
scientific community, show that increasing the distance from
the tape middle axis at which the voltage taps are twisted to-
gether, the measurements converge to the expected AC losses.
At a distance equal to 3 times the tape half-width, the losses
become independent of the configuration. This threshold dis-
tance was already mentioned in previous papers, but with some
discrepancies in the value of the distance itself, maybe due to
the fact that its determination was mainly based on experi-
mental observations. The present treatment allows a thorough
quantitative assessment of this rule of thumb reported in the lit-
erature.

Given that the conventional arrangement requires a certain
area of the measurement loop, which determines the linkage of
flux due to electromagnetic noise, an alternative configuration
is proposed here to tackle this issue. The proposed arrangement
involves the use of an auxiliary measurement circuit, with
short-circuited wires not soldered to the tape. The correction
term for this alternative arrangement depends on the distance
between the location of the voltage taps and the tape middle
axis. There exists a unique point on the surface of the coated
conductor, at which the measurement results coincide with the
actual losses in the tape. However, meeting this particular con-
dition is not trivial, as it requires a high accuracy in the solder-
ing and might be impractical to achieve. In fact, small devia-
tions from this position can determine significant errors, since
the correction term varies abruptly around its null point. It is
therefore preferable to solder the voltage taps close to the mid-
dle of the tape width, thus profiting of a central region in which
the impact of the circuit arrangement is nearly constant, even
though the magnitude of the correction is significant.

A dedicated experimental campaign was conducted on a
SuNAM GdBCO tape, at different amplitudes and frequencies
of the transport current. The losses obtained with different ex-
perimental configurations were compared with the results of the
novel algorithm and existing analytical formulae. The results



confirmed that, after the introduction of the correction terms,
the measurements realized with different configurations con-
verge with each other and with the computed losses, especially
for current amplitudes greater than 40% of the tape critical cur-
rent. It is experimentally proved that the AC losses converge to
a reference value adopting the conventional measurement con-
figuration, when the distance from the tape middle axis at which
the voltage taps are twisted together is equal or greater than 3
times the tape half-width. Moreover, after correction, the curve
referring to the alternative arrangement gives results which are
slightly higher than the other curves, probably due to inaccura-
cies in the positioning of the voltage taps. Thus, it is recom-
mended to limit the application of the proposed alternative con-
figuration to specific cases in which the electromagnetic noise
would excessively affect the measurement results. Otherwise,
the conventional rectangular loop arrangement should be pre-
ferred.

Future developments will consist in applying the proposed
algorithm to generate standard scaling methods. This could al-
low the identification of empirical formulae, obtained by fitting
the numerical results, to compute correction factors suited to
treat multiple datasets (different tapes and operating conditions)
without requiring the availability of numerical codes.

VI. APPENDIX

The complete expression of the mean value in a period T of
the power dissipated in the tape due to the non-conservative
component of the electric field, which appears in Section 11 is:

(pa(®)) =
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rivative of the product of two functions, yields:
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Switching the order in which the space and time integrals are
performed in the first term at the r.h.s. in (A.5), the time integral
can be solved first. This integral is null and the whole term is
canceled out given that the regime is sinusoidal. Furthermore,
both (A.3) and (A.5) have the same term at the Lh.s.; conse-
quently, the r.h.s. of both equations are equal. Changing the in-
tegration order in (A.5) yields:
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Then, it can easily be proved that in the terms at the denomina-
tor of (A.6) it is possible to exchange the source points and the
field points. Moreover, considering that the integration ex-
tremes for both source points and field points are equal, a
change of variable is performed only on the Lh.s. of (A.6): y'is
substituted with y, and x' is substituted with x. Thus, the Lh.s.
of (A.6) can be reformulated as:

AN =
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Substituting (A.7) as the Lh.s. of (A.6), it turns out that both
sides of the resulting equation are equal except for their sign.
For the equation to be correct, the only possible solution corre-
sponds to having both sides equal to zero. If this is the case, it
follows that the r.h.s. of (A.3) is null, which confirms that

(pa(®)) = 0.
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