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Abstract
Superconducting YBCO cables are the latest step in the development of their
kind, and their viability is constantly improving, because YBCO tapes are going down in price. The Super3C project aims to design, manufacture, and test
a superconducting 30-m, 1-kA, 10-kV YBCO cable prototype, which will provide important information about the YBCO cable performance. A successful
design of this cable must combine cryogenic, mechanical, and electromagnetic
aspects. This thesis focuses on the electromagnetic part, which aims at low AC
losses, a high critical current with a small amount of superconducting tape, and
good tolerance of fault currents. With this in mind, computational tools were
developed to predict the above cable capabilities. The special characteristics
sought for in modeling the superconductor were highly nonlinear resistivity
and strong magnetic-flux-density-dependent critical current density. Another
aspect to be addressed in modeling is the troublesome high aspect ratio of the
YBCO.
In this work, a circuit-analysis-based model was developed to predict AC
losses in YBCO cables. Predicted losses were close to those measured for
a one-layer, 0.5-m YBCO cable. Furthermore, some tape-wise variation was
measured in the current, but computations suggested that the problem can
be avoided with the 30-m cable. In addition, an algorithm was developed to
compute the cable’s critical current to further improve the AC loss model.
Results suggest that tape arrangements can greatly affect the cable’s critical
current, and in cable use, the tape’s critical current can be higher than in
the self-field. The critical current algorithm was exploited to solve intrinsic
material parameters from ordinary voltage-current measurements. The impact
of fault current was analyzed by solving the heat conduction equation together
with Maxwell’s equations.
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Lasse Söderlund; they shouldered many administrative tasks and gave me free
hands to concentrate fully on my work. Together with our superconductor
group leader Risto Mikkonen, Lasse also helped me in many ways to complete
this thesis. In addition, special thanks go to Maija-Liisa Paasonen for arranging so many issues, Heidi Koskela for drawing several figures for the thesis, and
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Chapter 1
Introduction
Superconducting (SC) cables can be used to transfer a large amount of power
in a confined space. Especially in urban areas, these cables can be useful when
power consumption increases and new cable ducts are expensive to build due
to high land values. In addition, the energy transfer costs of superconducting
cables are becoming competitive to conventional cables. However, considerable
technical development is needed to widely commercialize this relatively new
technology.
In 2004, an international project was started to study the feasibility of this
technology with the aim of designing and constructing a 1-kA superconducting
coated conductor cable (Super3C). In this work, computational tools were
developed and used to electromagnetically design such a cable. Some of the
results were compared to measurements of a 0.5-m prototype cable built during
the project.
This chapter considers the history of electric cables from the first signal
transmitting cables to today’s superconducting cables based on high temperature superconductivity (HTS) and reviews some of the largest HTS cable
projects. In addition, a detailed description is given of the motivation of this
work and all its contributors.

1.1

Brief history of superconducting cables

Since a cable was first used to transmit electrical signals, the bottleneck has
usually been insulation. In the first cable between New York and Jersey City
under the Hudson River, conductors were insulated with gutta-percha, which
is water-resistant but cannot withstand the heat generated in a power cable.
Even in modern cables, in long-term use, insulation ages and dielectric losses
are generated in it. These problems can be avoided by using overhead lines
1
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with the ambient air working as lossless insulation. A high voltage level also
allows low currents and, thereby, decreases resistive losses. However, overhead
networks are not suitable everywhere because they take a lot of valuable space
in congested areas, cause fire hazards, and often visually mar the landscape.
In addition, overhead lines are often exposed to storms and can be damaged
by falling trees [124].
Often cables are the only choice though. Unfortunately, cable losses and,
consequently, the cable’s current is limited because soil cannot absorb more
heat than 70 W m−1 . Simply increasing the cable’s cross-section is not an efficient way to reduce losses because the skin effect forces the current close to the
cable surface. However, this effect can be reduced with segmental conductor
design [3]. Another way to increase the current is to bring down conductor
resistance [96].
In 1911, Heike Kamerlingh Onnes discovered to his surprise that mercury
lost its resistivity in liquid helium, a phenomenon later named superconductivity [82]. The first superconductors lost their superconducting properties at
relatively low magnetic fields and were thus inadequate for power applications.
During the 1960s, superconductors underwent a boom after the theory of superconductivity became established [5], and after new materials, which could
operate, for example, in superconducting cables, were discovered. The most
common of these superconductors are niobium tin (Nb3 Sn) and niobium titanium (NbTi), now called also low temperature superconductors (LTS) because
they must usually be immersed in liquid helium [26, 96, 124].
At that time, energy consumption was predicted to increase dramatically
and with it the need for power transmission lines with a capacity of several
GVAs. Some plans were even made to use high capacity cables for transporting energy from conglomerates of nuclear plants to cities. Furthermore, many
feasibility studies and prototype cables were made, including a 200-kV, 8 GW
DC cable by AEG and a 110-kV, 1.9-GVA, three-phase AC cable by Siemens
[96]. These systems boasted superior current densities and zero ohmic losses
with no heat transmitted to the soil. However, superconducting wires were
expensive, and operation costs sky-rocketed because of helium cooling. Therefore, cables based on LTS were competitive only in the highest power class. In
the end, these high capacity cables did not become viable because power consumption did not increase as predicted. The story of superconducting power
cables seemed to be over [96, 124].
A second superconductivity boom began in 1986 when J. G. Bednorz and K.
A. Müller reported high temperature superconductivity (HTS) in a Ba-La-CuO system at 30 K [9]. A year later, an yttrium-based compound YBa2 Cu3 O7−δ
(YBCO) was found to be superconducting when cooled below 90 K [125]. This
enabled liquid nitrogen cooling and dramatic cuts in cooling costs [26]. Once
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again, it seemed possible for superconducting cables to challenge conventional
technology, especially in the moderate power class, below 1 GVA [96, 112]. A
vigorous pursuit of commercial HTS conductors was launched, and it has so
far focused on either YBCO- or bismuth-based compounds (BSCCO) [56].

1.2

HTS cable projects: an overview

In the late 1990s, when BSCCO conductors were the most promising for cable
use, several BSCCO projects were started. The early 2000s became the golden
age of BSCCO cable projects, and many prototype cables were installed in real
power network. Recently, also the first YBCO projects have emerged. Some of
the projects are summarized in table 1.1. All these systems are nitrogen-cooled
AC cables and, therefore, operate at about 77 K.
To prove the feasibility of HTS cables, many projects have run tests on a
real power grid. SouthWire Company installed industrial HTS cable system
to power three of its main manufacturing plants [100] in Carrolton, Georgia.
In Copenhagen, power was supplied via an HTS cable to about 50,000 utility
customers of a public power grid. The cable showed no degradation during
operation, which included varied load and short circuit currents and maintenance carried out by regular power company staff [110]. Field tests have
also been run at Puji Substation of China Southern Power Grid [126] and an
American Electric Power utility substation in Columbus, Ohio [35]. In Japan,
a demonstration of single-core cable built in a SuperACE project showed that
these cables can be wound on a shipping drum like conventional cables, and
that they can cope with height variations, bent section, and vibrations typical
of a real network in Japan [74]. During the Albany Project, a 320-m BSCCO
cable was installed in the power grid of the Niagara Mohawk Power Company.
Later, a 30-m section was replaced with a YBCO cable [69, 97, 107]. More
projects are summarized in references [67] and [122].
The above-mentioned Super3C-project aims to construct a 30-m YBCO
cable. When the project started in 2004, it was the world’s first coated conductor cable project, comprising the development, manufacture, and testing of
a single-core functional model. Though YBCO cables are in principle similar
to BSCCO-based cables, many new technical difficulties that surfaced during
the project must be overcome. In addition, after the cable is in operation in
2008, a lot of measurement data will be available for exploitation in future
cable projects.
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Table 1.1: HTS-based AC cable projects. BSCCO tapes are used as conductor
unless otherwise mentioned.
Project or institution

Location

Year

Phases

Pirelli [46]
SouthWire [100]
DTU and others [110]
TEPCO and SEI [39]
SCC and others [126]
Albany [69]
Super-ACE [74]
Albany (YBCO) [69]
Ultera/ORNL [35]
ASC and others [64]
Super3C (YBCO)

Italy
Carrolton, US
Copenhagen, Denmark
Japan
Yunan province, China
Albany, US
Japan
Albany, US
Columbus, US
Long Island, US
EU

1999
2000
2001
2002
2004
2004
2004
2006
2006
2007
2008

3
3
3
3
3
3
1
3
3
3
1

1.3

Length
(m)
50
30
30
100
33.5
350
500
30
200
660
30

Voltage
(kV)
115
12.4
30
66
35
34.5
77
34.5
13.2
138
10

Power
(MVA)
400
27
100
114
121
48
77
48
69
574
10

Motivation

This work concentrated on a superconductor-based technology for transferring
energy. The technology introduced here can be used to improve the energy
efficiency of power grids. Among the commercially available superconductors,
YBCO-coated conductors were chosen here because of their rapidly developing
energy transmission capability. In addition, their unit lengths are increasing
fast and prices dropping as a result of their recent commercialization [67, 108,
112].
Compared to conventional cables, YBCO-coated conductors have the great
advantage of obviating expensive cable tunnels in favor of small ducts. On the
other hand, existing tunnels can be retrofitted with superconducting cables
to increase power transmitting capacity [16, 96]. For example, a 1-GW cable
with a diameter of only 130 mm can transmit the same power as six 138-mm
conventional cables [112]. In addition, the transport current loss of the former compared to the power transmitted is less than that of the latter. So far
though, HTS cables have been expensive mostly because of high conductor
prices, but according to predictions YBCO cables will be cheaper and more
efficient in densely populated areas, where tunnel building will constitute the
bulk of total costs [38, 112, 113]. Therefore, cables are one of the most promising industrial application for HTS materials and YBCO predictably one of the
most cost-efficient HTS material.
Generally, the design of a YBCO cable consists of three main aspects: mechanical, cryogenic, and electromagnetic design. This work focuses on the
electromagnetic side, which can be further divided into three parts: determining the AC losses, modeling the cable critical current, and analyzing the fault
current. When the Super3C project started, no suitable computational tools
were available for cable design because the electromagnetic behavior of a su-
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perconductor is highly nonlinear and depends on numerous factors. Moreover,
the cross-section of the current carrying part of the tape used in the cable
may have a high aspect ratio, about 1:10,000. Here, computational tools were
developed to overcome these problems.
In BSCCO-based coaxial cables, AC losses and current distribution have
traditionally been determined in several ways. Flux conservation equations
have been used with the power law to solve the problem [48, 111]. In addition, the three-dimensional finite element method (FEM) [99] has been exploited successfully [72] as well as a circuit-analysis-based approach [47, 78, 79].
Moreover, the two-dimensional FEM has been used in combination with circuit analysis to calculate losses in one-layer cables [37]. When this work was
started, none of these analyses were performed on YBCO cables and, therefore, this work develops computational methods for YBCO cables and presents
results for cables similar to the Super3C-cable.
The magnetic fields inside YBCO cables are of the same magnitude as
the self-fields of YBCO tapes. The magnetic field changes the tapes’ critical current, which further affects total AC losses. Thus it is important to
know how the tapes are affected when they are installed in a cable. Consequently, an alternative method was developed to determine the critical current
of the superconducting cable. This method requires the Jc (B)-model of the
superconductor, which can be determined from voltage-current measurements
performed at low fields. This method can be applied in applications other than
cables as well.
Compared to conventional power cables, superconducting cables are more
sensitive to fault currents due to extremely high current densities in their
thin superconducting films. A high resistivity at overcritical currents and a
small specific heat aggravate the situation. Therefore, it is essential that we
can predict the cable’s temperature and current transport properties during a
short-circuit. Because in a modern power grid, the cables may have to withstand fault currents of up to 40 kA (rms), a nonlinear, time-dependent FEM
model was developed to estimate the temperature distribution and current
sharing in a YBCO cable during fault currents.

1.4

Structure of this work and contributors

Chapter 2 discusses the basics of superconductivity used in this work, introduces YBCO tapes and their electromagnetic properties and the different types
of superconducting HTS cables. Chapter 3 introduces a circuit-analysis-based
model to compute AC losses and current sharing in superconducting cables.
This chapter summarizes publications I and II. Chapter 4 covers publications
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III–V and presents the integral element method to compute critical currents on
YBCO tapes and cables. The same method is also used to determine material
electric field - current density characteristics from the tape’s critical current
measurements. The cable’s critical current can be concluded from its material
characteristics. Chapter 5 examines the effect of fault current on the YBCO
cable in reference to publications VI and VII. The computational techniques
discussed in the previous chapters are applied to the Super3C-cable presented
in chapter 6 and in publication VIII. The chapter elaborates on the electromagnetic design work of the Super3C cable. Chapter 7 summarizes the work
and its main results.
I developed and programmed all the algorithms used in the articles and
wrote the manuscripts of papers I–VII. Dr. J. Lehtonen, adviser of this study,
contributed to this thesis in many ways, providing, for example, a wealth of
technical advice. He also gave me many new ideas and helped me with the
writing process. Another major contributor was Dr. M. Masti, who was in
charge of the design work on the Super3C-cable and helped with the modeling
software at the start of the work. He also gave me some new ideas and valuable
comments. The third important contributor was Lic. Tech. R. Mikkonen, head
of our superconductor group, who made the final quality check on the papers
for publication.
In publication II, the 0.5-m cable was designed and constructed by Doctors F. Gömöry, J. Šouc, E. Seiler, and T. Melı́šek. They also measured
the cable’s current distribution and AC losses and described the measurements. Dr. A. Usoskin developed the superconducting tapes. In publication
VI, Lic. Tech. L. Söderlund supervised the work. In publication VII, J. Šouc,
E. Seiler, T. Melı́šek, and M. Vojenčiak measured the critical current of the
CC tapes in various external magnetic fields.
I edited publication VIII, the project coordinator Dr. J-M. Saugrain wrote
the introduction, and Doctors A. Allais, K. Schippl, F. Schmidt, G. Balog and
N. Lallouet the mechanical design section. Together with J. Lehtonen and
M. Masti, I wrote the electromagnetic design, whereas Doctors G. Marot and
A. Ravex wrote the cryogenics part. I wrote the final design in collaboration
with J. Lehtonen and M. Masti, A. Allais drew up table 1, and F. Gömöry,
J. Šouc, and B. Klinčok described the electric AC loss measurement technique.
Dr. A. Usoskin developed the CC tapes, and Doctors A. Allais and G. Balog
made the final revisions.

Chapter 2
Physical background
Traditionally, superconductors have been assumed to have no resistivity if their
current density J, temperature T , and magnetic field intensity H are below
the critical values. So far, the highest critical temperature, Tc = 135 K at
normal pressure, has been measured for mercury barium calcium copper oxide
(HgBa2 Ca2 Cu3 O(8−δ) ) [127] with its critical current density at 77 K about
tens of kA per square centimeter [14]. However, a 1,000 times higher value
can be achieved when the temperature is lowered to 4 K [29]. Although,
YBa2 Cu3 O7−δ (YBCO) has a significantly lower critical temperature (92 K),
its critical current density at 77 K can be as high as several million amperes
per square centimeter [56]; therefore, it is well suited for applications that
are cooled with liquid nitrogen (LN2 ). Also YBCO coated conductors are
mechanically strong [76, 87].
The magnetic fields at which HTS materials finally lose their superconductivity can exceed 100 T at 4 K [56, 96]. In practice, superconductor resistivity
rises gradually from zero when J or T approach their critical values. In a
magnetic field, superconductors behave in a more complex manner, and that
is why their behavior is explained here first. That is followed by a discussion of the resistive transition with increasing J or T and a description of
its mathematical representation, which forms the basis of electromagnetic and
thermodynamic modeling. Although superconductors can carry a direct current without losses, alternating currents generate significant losses, which must
be taken into account in cable design. Here, the theoretical basis of these losses
is explained based on nonlinear resistivity. Unfortunately, AC losses are not
the only constraint on cable design; other constraints arise from the mechanics
and cryogenics. In addition, the cable must return to stable operation after
fault currents.
7
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2.1

2.1 Magnetization of superconductors

Magnetization of superconductors

Superconductors are usually divided into two types according to their behavior
in a magnetic field. In type I materials such as mercury, the current flows in
the superconducting state on the material’s surface only, where the current
distribution is characterized by the London penetration depth. The material
is in the Meissner state, which means that it works as a perfect diamagnet
in which H is zero. If its critical magnetic field intensity Hc is exceeded, the
superconductor immediately returns to its normal conducting state. Unfortunately, type I materials lose superconductivity in magnetic fields that are
typically less than 0.1 T, and are, therefore, unsuited for most applications
[96].
In contrast, type II superconductors such as YBCO, can operate at much
higher fields. They are characterized by lower and upper critical fields Hc1 and
Hc2 , respectively. Below Hc1 , the material behaves exactly like type I superconductors. Between the critical fields, the material is partially superconducting,
and the external field penetrates into the material as fluxoids, which adhere to
the normal conducting pinning centers. When the external field is increased
to the full penetration field value Hp , the flux penetrates the whole superconductor. Finally, superconductivity is lost at Hc2 [26, 96, 123]. For HTS
materials, Hc2 is usually tens of teslas at 77 K, which is far above the application fields [96]. Hp and Hc2 can be spotted on the sketched magnetization
curve in figure 2.1.
The most widely used type II superconductors are niobium titanium (NbTi)
and niobium tin (Nb3 Sn) with critical temperatures of 9.1 and 18.3 K, respectively [84]. Also all known HTS materials, including BSCCO and YBCO, are
type II superconductors [26]. In HTS materials, superconductivity is based
on copper oxide planes, which make these materials strongly anisotropic; consequently, their superconducting properties are much better along the CuO2
planes than in the direction normal to them [36]. These copper oxide planes are
shown in the diagram of the crystallographic structure of YBCO in figure 2.2.

2.2

Electromagnetic model for HTS

In cable applications, the electromagnetic behavior of HTS conductors is described by Maxwell’s equations assuming that the displacement current is zero
due to the small frequency f = 50 Hz of AC power cables. That is, Ampère’s
law is written as
∇ × H = J.

(2.1)
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Figure 2.1: Magnetization curve of type II superconductor. Also shown are
shielding currents related to different phases of magnetization. Superconductor is diamagnetic due to induced shielding current, and external magnetic
field Hext is below penetration field Hp . When Hext = Hp , shielding current
and magnetic field penetrate fully into material and saturate superconductor.
When Hext > Hp , shielding current start to decay and finally reaches zero
when Hext = Hc2 .
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Figure 2.2: Crystallographic structure of YBCO.
Furthermore, because magnetization is created by supercurrents, not by magnetization currents, the permeability of the free space µ0 is applied [92]. These
assumptions lead to the magnetic diffusion equation
∇ × ρ∇ × H = −µ0

∂H
,
∂t

(2.2)

which is solved numerically using, for example, the finite element method
(FEM) [12, 99]. The highly nonlinear resistivity ρ is difficult to model because
it depends on the current density J, the magnetic field intensity H, and the
temperature T .
In stability considerations, equation 2.2 is solved together with the heat
conduction equation
∇ · k∇T + ρ |∇ × H|2 = Cp

∂T
,
∂t

(2.3)

where k(T ) is the thermal conductivity and Cp (T ) the volumetric specific
heat [40]. H(t) and T (t) were solved from the resultant system of equations.
Practically, cross dependencies between the variables exacerbate solving the
problem numerically. In this work, one-dimensional stability analysis was done.

2.3

Resistivity of YBCO

The transition between superconducting and normal conducting states characterizes the resistivity of YBCO. Here superconducting state resistivity was
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assumed to follow the power law [96] as
Ec
ρsc =
Jc



J
Jc

n−1

,

(2.4)

where Jc is the critical current density corresponding to the typical electric
field criterion Ec = 1 µV cm−1 , and n defines the steepness of the transition.
Jc corresponds roughly to the current density where the transition occurs. The
transition of LTS materials is very steep with n values exceeding 40 [86], and
even 130 has been reported [41]. In contrast, BSCCO tapes have values of
about 10–20 [89, 130], whereas YBCO shows values of over 30 [94, 95].
Note though that these n-values are originally measured for conductors, and
n as a material property may differ. The n-value of a conductor can be reduced
by nonhomogeneities along the conductor [120] and by its self-field [68]. On
the other hand, the n-value can increase spuriously if the temperature rises
during the measurement [105]. Indeed, the resistivity of YBCO is sensitive to
temperature.
In cable applications, temperature begins to be of interest from 70 K [19]
on, and reaches well above Tc , where YBCO is in the normal state having
normal state resistivity ρn . On the other hand, at a high J, the power law can
suggest a higher than normal resistivity value. Therefore, the whole resistivity
of YBCO was modeled as
ρYBCO = min(ρn , ρsc ).

(2.5)

As an alternative to the power law, the Bean model [7] can be safely used
because the relatively high n-value of YBCO justifies it. In fact, the Bean
model is a special case of the power law, where n → ∞; consequently, J is
limited to two values, either 0 or Jc . The power law and the Bean model
are compared in figure 2.3. Unfortunately, most commercial FEM software
packages cannot manage the sudden jump in resistivity and its derivative.
Therefore, the smooth power law was used here. However, this is not the only
way to model resistivity. Other models have been developed, for example,
by Ambegaokar and Halperin [2, 102], Yamafuji and Kiss [129], Majoros [65],
and Dew-Hughes [23]. In fact, n depends on J, H, and T , but commercial
FEM codes are usually unable to solve the problem, or considerably more
computation time is needed if variable n is used. However, the results were
not greatly affected whether n was 30 or 50; therefore, the assumption of a
constant n for YBCO was justified.
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Figure 2.3: Resistivity models of YBCO as function of normalized critical
current density. Shown for comparison are both Bean model (dashed line) and
resistivity of pure copper at 77 K [42] (thick line).

2.4

Critical current density and critical surface

According to equation 2.4, Jc is the current density at which E reaches one
microvolt per centimeter. However, there are several other, even confusing
definitions of critical current density [96], but with every criterion Jc depends
strongly on H and T [26]. When H is clearly below Hc2 , the magnetic field
dependence of the critical current density follows the Kim model [49]. Because
Jc depends also on the orientation of H, the following extended Kim model
was used here:
−α

µ0 H
,
(2.6)
Jc ∝ 1 +
B0

where B0 is the reference field, and α is the Kim model exponent [32, 34].1
Anisotropy is taken into account with the factor
q
 = cos2 (θ) + γ −2 sin2 (θ),
(2.7)

where θ is the angle between B and the crystallographic c-axis, and γ is the
anisotropic scaling factor [11]. The resulting Jc (B)-dependence of YBCO is
shown in figure 2.4.
1

Publication IV makes use of a different form of the Kim model, whereas a more accurate
model is used here. Both models are still widely used [83, 106].
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Because Jc drops almost linearly as T changes [52], the following approximation was used:
T∗ − T
, T < T ∗,
(2.8)
Jc ∝ ∗
T − T0
where the reference temperature, T0 , was chosen to be 77 K. T ∗ is the temperature at which the fitted critical current drops to zero and is slightly below the
critical temperature. Here T ∗ was 89 K, and according to equation 2.8, the
critical current decreases about 8% per 1 K. Thus even a little heating can decrease the conductor’s critical current. On the other hand, the cable’s critical
current can be increased by lowering the operation temperature by regulating
the pressure.
Combining equations 2.6 and 2.8 leads to the function

−α
µ0 H
T∗ − T
Jc (H, T ) = 1 +
· Jc0 , T < T ∗ ,
(2.9)
· ∗
B0
T − T0
where Jc0 is zero field critical current density. Since in the real world, T ∗
depends only slightly on H [52], the Jc (H, T )-dependence can be replaced
with a more accurate model when more measured data is available. Here,
equation 2.9 was used as the best available model. The corresponding critical
surface is shown in figure 2.5, assuming that H is parallel to the ab-plane
(θ = 90◦ ).

2.5

YBCO tapes and their fabrication

Today, practically all commercial YBCO tapes are coated conductors (CC),
which means that the superconductor is deposited on a metallic substrate.
Most substrates are nickel-based alloys such as Hastelloy [121] or simply stainless steel [115]. Unfortunately, the YBCO texture does not match directly
these substrates, and at least one buffer layer is needed in between. Usually,
the buffer layer consist of a CeO2 layer and SrTi03 - or Y2 O3 -stabilized ZrO2
(YSZ) [56, 90], and buffer layers are currently developed to boost the tape’s
performance [128]. Usually, the buffer layer is deposited on the substrate by
sputtering with the help of an assisting Ar-ion gun, a process called ion-beamassisted deposition (IBAD) [119]. Another option is to texture the substrate by
rolling and annealing. After that, buffer layers are grown on the substrate by
a method called rolling-assisted, biaxially-textured substrate (RABiTS) [81].
There are also two common ways to deposit YBCO. In pulsed laser deposition (PLD), YBCO is evaporated in a low-pressure oxygen atmosphere
[93]. This method results in high Jc0 values and is so far the best way to
manufacture high-quality YBCO. However, the use of a vacuum complicates
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Figure 2.4: Critical current density of YBCO at 77 K as function of external
magnetic flux density at different field orientations: (◦) θ = 0◦ , () 22.5◦ , (×)
45◦ , (•) 67.5◦ and (+) 90◦ . YBCO material is characterised with Kim model
parameters: Jc0 = 3 · 1010 A m−2 [13], B0 = 20 mT [13], α = 0.65 [30] and
γ = 5 [18].
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Figure 2.5: Critical surface model used in computations. Magnetic field is
oriented parallel to crystallographic ab-plane.
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Copper
Silver
YBCO
Buffer layer
Substrate

Figure 2.6: Layers of possible YBCO tape structure. Dimensions are not to
scale. Typically, thicknesses of substrate, buffer layer, YBCO, and silver sheath
are 0.05–0.1 mm, 300 nm, 0.5–3 µm, and 0.5 µm with often also about 0.1 mm
thick copper stabilization layer on YBCO.
the tape’s manufacture. No vacuum, however, is needed in metal organic deposition (MOD), in which YBCO is deposited chemically on the substrate.
MOD yields satisfactory Jc values over 1 MA cm−2 with metal trifluoroacetate (TFA), which is placed on the substrate. After heat treatment, YBCO
is formed [109]. Regardless of the deposition method, the substrate is usually
about 0.1 mm thick and 1 cm wide. Depending on the application the tapes
are then cut into narrower strips if needed [95]. A sketch of the tape is shown
in figure 2.6.

2.6

AC losses in YBCO tape

In BSCCO multifilamentary tapes, AC losses are traditionally divided into
three components: losses in the superconductor, losses created by the electromagnetic coupling between filaments, and eddy current losses in the matrix
metal [88, 96]. CC tapes have no coupling losses, because the superconductor
consists of only one film. Also the eddy current losses are negligible [25].
In the superconducting cross-section ΩSC , the time-varying field induces an
electric field in the material by Faraday’s law; thus resistive power per meter
is generated as follows:
Z
Z
Pac =
E · Jds =
ρ |∇ × H|2 ds.
(2.10)
ΩSC

ΩSC

Using the right hand side of the equation, AC losses can be directly computed
from H solved from equation 2.2. The time-varying field originates from the
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J = −Jc
J = Jc
J =0

Figure 2.7: Remanence current distribution of elliptic conductor according to
Bean model. First, AC current has penetrated almost whole superconductor.
Then transport current has dropped back to zero; consequently, only remanence current circulates in material.
time-varying current of the superconductor itself JYBCO and from an external
magnetic field Hext .
The AC losses of a bulk superconductor can be roughly divided into transport current losses and magnetization losses [88]. In the former, the time
varying field is caused only by JYBCO . If the transport current is zero with a
time varying Hext , the generated losses are so-called magnetization losses. Of
course, the losses can arise from a combination of transport current and magnetization losses. In that case, total losses are often approximated by computing
separately magnetization losses and self-field losses and then adding them up
[88].
For two simple cross-section shapes, strip and ellipse, AC losses can be
calculated analytically as derived from the Bean model by Norris as follows:
Pstrip =


µ0 Ic2 f 
(1 − in ) log (1 − in ) + (1 + in ) log (1 + in ) − i2n
π

Pellipse


 
in
µ0 Ic2 f
(1 − in ) log (1 − in ) + (2 − in )
,
=
π
2

(2.11)

(2.12)

√
where in = 2I/Ic and I is the rms value of the AC transport current at
frequency f [80].
The strip model is a natural choice for a YBCO tape, but measurements
suggest that the tape’s AC losses follow the ellipse model [66, 118]. Both equations assume a constant critical current density across the tape cross-section,
as shown in figure 2.7, an assumption that is not exactly correct, because the
critical current is affected by the self-field. Due to the nonhomogeneous critical current distribution across the cross-section, the ellipse agrees better with
measurements.
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HTS cables

HTS cables are intended for transferring a high amount of energy in a confined
space with the lowest possible losses. The losses comprise termination losses,
dielectric losses, cryogenic losses, and AC losses, which are zero for direct
current (DC) cables. Unfortunately, DC cables cannot be installed in a power
grid without converters [96].
A high critical current is achieved in the cables by connecting several striplike conductors in parallel. HTS cables are without exception cooled with
liquid nitrogen (LN2 ), which is liquefied by a cooling system that pumps LN2
into the cryostat through terminations. Thus a cryostat with LN2 circulation
is also needed.
The terminations act as a link between the grid and the cable. Well designed terminations distribute the current evenly between the tapes, and their
losses are kept minimal. The cryostat insulates the cold parts of the cable
from the ambient temperature. In practice, the cryostat can be a liquid nitrogen transport line, which consists of two flexible tubes inside each other. Its
thermal insulation consists of a high-level vacuum and super-insulation layers
between the tubes.
There are two possibilities to arrange the phases in a three-phase cable:
the phases can be kept on one cable, or a separate cable can be made for each
phase. In effect, the latter means the construction of three 1-phase cables,
which is exactly what the first HTS cables were like [110].
Some of the first cables were often of the so-called warm dielectric type,
in which only the core conductors were cooled whereas the return conductor
was not superconducting but conventional. Alternatively, the superconducting
return conductor, also known as the shield conductor, can be placed into the
cryostat, in which case the core and return conductors must be separated by
the dielectric, which is also cooled. This cable is the cold dielectric type.
Some of the most common designs are summarized in figure 2.8 and compared
in table 2.1.
In addition to the dielectric, the cold part of the cold dielectric cables consists usually of a copper former and superconducting tapes, which are wound
on the former to prevent tape movements and mechanical fatigue and to ensure
flexibility of the cable. In cold dielectric cables, the dielectric is then on the
tapes with shield conductors placed over the dielectric.
The former is usually a standard multi-segmented and twisted copper cable,
in which the strands are braided to reduce eddy current losses. It is useful if
the cable’s nominal transport current is exceeded, because the former acts as
a shunt. However, the copper former can be excluded if the cable is designed
to operate also as a fault current limiter [58].
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Figure 2.8: Cross-sections of most common HTS cable types. (a) Warm dielectric type cable which core layer is surrounded by thermal insulation (TI) and
dielectric (DE) layers [110]. (b) Cold dielectric cable (Super3C). (c) Threephased warm dielectric cable [46]. (d) Three-phased cold dielectric triaxial
cable [39]. (e) Three-phase cold dielectric coaxial cable [35]. The cold dielectric is often impregnated with LN2 .
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Table 2.1: Some advantages and disadvantages of three-phased cable types.
Dielectric
Warm

Phases
Separate

Warm

Triaxial

Cold

Separate

Cold
Cold

Triaxial
Coaxial

Advantages
Conventional dielectric
Fewer tapes needed
Low initial cost
Reliable structure
Compact design
Conventional dielectric
Fewer tapes needed
Low initial cost
Dielectric losses
Simple design
Compact design
Compact design

Disadvantages
Cryostats’ losses
Inductive coupling
Return conductors’ losses
Space requirement
Inductive coupling
High losses
Tapes’ c-axis oriented fields
Cryostats’ losses
Plenty of tapes needed
Space requirement
More tapes needed
Inductive coupling
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Chapter 3
AC losses and current sharing
In HTS cables, AC losses are the most important electrical loss factor. In
order to rate the cooling system, it is essential to predict AC loss accurately.
In this work, AC losses were determined for coaxial YBCO cable design using the circuit-analysis-based computational model. In an equivalent circuit,
superconducting layers are connected in parallel, the layers have an inductive
coupling between them, and AC loss within a layer generates an effective resistance. Layer currents can then be solved from a set of circuit equations.
The computational model takes into account the fact that the current in the
cable creates a magnetic field, which generates a small magnetization loss but
affects strongly the critical current of the YBCO tapes.
The model was here applied to several coaxial superconducting YBCO cable
designs with nominal currents of 1–10 kA (rms) and predictably low AC loss
values. For example, AC losses of less than 4 W m−1 were predicted for 10-kA
cables. In addition, a circuit analysis model was used to determine AC losses
and current sharing of a 0.5-m, one-layer cable, constructed to test the behavior
of a real YBCO cable. AC losses measured for this cable agreed well with
computed results, verifying thus the feasibility of the developed design tool.
However, measurements revealed that differences in contact resistances caused
uneven current sharing between the tapes, whereas computational analysis
predicted current sharing to be almost even in a 30-m cable.

3.1

Circuit analysis model for cable AC losses

AC losses and current sharing in coaxial BSCCO cables have been calculated
in several ways [20, 37, 47, 48, 72, 78, 79, 111]. Here, a circuit-analysis-based
approach was chosen to determine AC losses and critical current of the superconducting coaxial YBCO cables. The choice was made because Noji et al.
21
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have developed a fast, circuit analysis based model to compute AC losses in
multi-layer superconducting cables. Noji’s model has been successfully used
in BSCCO cable projects [78, 79]. In this work, the model was applied to the
design of YBCO cables after its theoretical basis was first improved.

3.1.1

Model overview

The aim was to estimate AC losses in a coaxial superconducting cable with
Nl layers. A scheme of one layer is shown in figure 3.1. A widely used approximation for total AC losses P is the sum of the self-field losses Pself and
magnetization losses Pmag of all the superconducting layers [63]
P =

Nl
X
i=1

Pself,i +

Nl
X

Pmag,i .

(3.1)

i=1

For the ith layer, Pself,i is the sum of the self-field loss of the individual
tapes. This loss is computed according to the Norris strip approximation,
equation 2.11. Due to the twist in the layer, the self-field loss, Pstrip , is then
scaled to per cable length. The model is restricted to sub-critical currents,
because practical cables do not operate at overcritical current. Exceptionally,
overcritical currents occur in fault operation, considered in section 5.
The magnetization loss in the ith layer is
Pmag,i = Nt,i Ptm,i,

(3.2)

where Nt,i is the number of tapes and Ptm,i the tape’s magnetization loss in
the ith layer. The tape is considered a current-carrying superconducting slab
in the parallel magnetic field B. Therefore, the magnetization loss of one tape
is
Bp2 SYBCO f
Ptm =
Γ,
(3.3)
3µ0
where Γ is the loss factor, SYBCO is the YBCO layer cross-section in the tape,
and f is the frequency of the transport current. The penetration field of ith
layer is defined as
Ic,i µ0
(3.4)
Bp,i =
2w
for every layer. Ic,i is the critical current of the tape in the ith layer and w the
tape width. The loss factor for one layer is written as

3
3

for in ≤ β ≤ 1
 Γ = (β + in ) + (β − in ) ,
12i2n (1−in )2
8i2n (1−in )3
2
3
Γ = 2β (3 + in ) − 4 (1 − in ) + β−in − (β−i )2 , for in ≤ 1 ≤ β ,
n


Γ = (in + β)3 + (in − β)3 ,
for β ≤ in ≤ 1
(3.5)
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Figure 3.1: One layer of superconducting YBCO cable with transport current
flowing rightwards. Tapes in layer are laid right-handed. Shown also are
directions of axial and circumferential magnetic flux densities.
where in is the peak value of the tape transport current per tape critical current, and β is the ratio B/Bp [15]. The external magnetic flux density is
assumed parallel to the tape surface and perpendicular to the current density.
To determine the cable’s self-field and magnetization loss, currents in each
layer must be solved as well as the external magnetic flux densities and the
critical currents of the tapes in separate layers. The computational model
consists of three parts. The first solves the phasor currents I i in all layers; the
second computes the norm of the external magnetic flux densities Bi from I i ;
and the third calculates the critical currents Ic,i from Bi . The third part is
important because the critical current of a YBCO tape depends strongly on
the external magnetic flux density [85]. Figure 3.2 shows how to solve Ic,i .

3.1.2

Magnetic fields

Ic,i was computed from Bi and measured Ic (B, T ) data. The next step was to
determine Bi , which was computed as
q
∗
∗
Bi = B c,i B c,i + B a,i B a,i ,
(3.6)

where B a,i and B c,i are the tape’s external axial and circumferential magnetic
flux density in the ith layer. Due to the time harmonic field, phasors were
used. The field directions at peak transport current are shown in figure 3.1.
The magnetic flux density consists of two components: one caused by the
current flowing in the ith layer and the other by currents in the other layers.

B c,i = B c,self,i + B c,amb,i
(3.7)
B a,i = B a,self,i + B a,amb,i
B c,self,i and B a,self,i are the circumferential and axial components of the magnetic flux density caused by the current in the ith layer, whereas B c,amb,i and
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Figure 3.2: Block diagram of iterative computations of critical currents for all
layers. δ is a small positive real number determining convergence criterion.
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B a,amb,i are the ambient magnetic flux densities caused by the currents in the
other layers. Inside the cylinder, the circumferential magnetic flux density
component is zero. Correspondingly, outside the cylinder, the axial magnetic
flux density component is zero. The magnetic fields created by layers s 6= i are

P l
B c,amb,i = N
B c,amb,i,s
Ps=1
,
(3.8)
Nl
B a,amb,i = s=1 B a,amb,i,s

where B c,amb,i,s and B a,amb,i,s are the circumferential and axial components of
the magnetic flux densities in the ith layer created by the current in the layer
s. For ideal, infinitely long current-carrying cylinders, the transport current is
assumed to flow at a constant angle to the cable axis. The magnetic fields are
computed with Ampère’s law as
√
(
B c,amb,i,s = µ02πr2Ii s , if s < i, otherwise B c,amb,i,s = 0
√
,
(3.9)
µ0 2Is
if
i
<
s,
otherwise
B a,amb,i,s = sgn(ϕ
B
=
0
0,
a,amb,i,s
)l
i
i

where ri is the radius of the ith YBCO layer. l0 is the lay length, and sgn(ϕi ) is
the sign of the lay angle, which is positive for the right-handed twist and negative for the left-handed twist. For ideal cylinders, the perpendicular magnetic
flux density is zero.
Ampère’s law cannot be used directly with one tape to compute the external magnetic flux density in one tape generated by the other tapes in the
layer. Therefore, B c,self,i and B a,self,i are approximated as the mean value of
the magnetic flux density outside and inside the current-carrying cylinder.

h
i
√
√
 B c,self,i = 1 0 + µ0 2Ii = µ0 2Ii
2
h √ 2πri i 4πri√
(3.10)
µ0 2Ii
µ0 2Ii
1
 B a,self,i =
+
0
=
0
0
2 sgn(ϕi )l
2sgn(ϕi )l
i

i

To assess the validity of equation 3.10, accurate magnetic fields were also computed. These exact computations are time-consuming and should thus not be
implemented in a practical design tool. Here, results are shown for the layer
with the smallest studied radius, 15 mm, because equation 3.10 becomes more
accurate when the radius increases. The transport current of the layer was 1 kA
(rms), and 22 tapes were twisted with a 10◦ lay angle. For the circumferential
field, YBCO layers in the tapes were modeled as current-carrying rectangles,
and the magnetic flux densities of these rectangles were then computed analytically and summed up according to the superposition principle [10]. The
external circumferential magnetic flux density averaged over the YBCO crosssection was 9.3 mT when equation 3.10 gave 9.4 mT. The external axial field
in the YBCO layer was integrated numerically from the Biot-Savart law. The
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agreement was satisfactory since the mean value of the external axial field
inside the YBCO layer was 1.50 mT, whereas equation 3.10 predicted 1.66
mT.

3.1.3

Circuit equations

The last task was to solve the layer currents in an equivalent circuit of the cable
shown in figure 3.3. When x contains layer currents, voltage of the core V core ,

T
and voltage of the shield V sh as x = I 1×Nl V core V sh , circuit equations are
written as
R (x) x + Dx = b,
(3.11)
where R (x) is the matrix containing nonlinear resistances, D the linear part
of the system containing the self- and mutual inductances, and b consists
of the current source terms. If the number of the core layers is denoted by
Nc , then there are Nl − Nc shield layers. Now, the first Nc equations are
obtained from the fact that the voltage over the layers 1, . . . , Nc must equal
V core . Correspondingly, the condition that the voltage over the layers Nc +
1, . . . , Nl must equal V sh produces the next Nl − Nc equations. By Kirchhoff’s
law of currents, the final equations require that the sum of all the layer currents
is zero, and that the current flowing in the core equals I core , thus
Nl
X

I i = 0 and I core =

i=1

and

Nc
X

Ii

(3.12)

i=1






0Nl ×1
diag (Ri ) 0Nl ×2


0
b=
,
and R =
02×Nl
02×2
I core

(3.13)

where the resistance Ri of the ith layer due to self-field losses is given as
Ri =

1
Nt,i Pstrip,i
·
cos (ϕi )
Ii2


Ω m−1 .

Because the critical state model is assumed here, DC losses are zero.
Finally, D is written as

 

1Nc ×1
0Nc ×1
j2πf MNl ×Nl

0(Nl −Nc )×1 1(Nl −Nc )×1 
,


D=

 11×Nc 11×(Nl −Nc )
02×(Nl −Nc )
11×Nc 01×(Nl −Nc )

(3.14)

(3.15)
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Figure 3.3: Equivalent circuit of superconducting cable with Nl layers. Resistances arise from self-field losses. Matrix M represents layers’ magnetic
connections.
where the inductance matrix M contains the self- and mutual inductances of
the layers. The inductance matrix consists of circumferential and axial parts.

where

and

M = Mc + Ma ,

(3.16)

µ0
[min (ri , rj )]2
Mc (i, j) =
tan (ϕi ) tan (ϕj )
4π
ri rj

(3.17)

µ0
Ma (i, j) =
ln
2π



r Nl
max (ri , rj )



.

(3.18)

When i = j, the self-inductance of the layer is in question. Because the
elements of 2πf M are much larger than Ri , it is acceptable to use phasors
with a nonlinear problem. However, the nonlinear matrix equation must be
solved iteratively, for example, as figure 3.2 shows [75, 78, 79].

3.2

Computed AC losses in example cables

The computational model was applied to YBCO cables to predict their electromagnetic behavior and AC losses in several YBCO cable designs, which for
two reasons were mostly of the two-layer type. In multilayer cables, currents
can divide unevenly between the layers, a division that was here avoided with a
two-layer design consisting of one core layer and one shield layer. In addition,
the external magnetic flux density in the multi-layer designs was increased
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compared to the two-layer cable of the same nominal current. The two-layer
designs with nominal currents of 1, 2, 5, and 10 kA were labeled Cable 1, 2, 3,
and 4, respectively. To show the differences between two-layer and multi-layer
designs, Cable 5 was designed with two core and shield layers at a nominal
current of 10 kA.

3.2.1

Design constraints

In practice, mechanical aspects restrict the lay angles, because the gaps between adjacent tapes must be wide enough to ensure the desired bending radius
of the cable. In addition, the maximum lay length is limited, because increasing lay length undermines the mechanical strength of the cable [61]. The ratio
of tape to gap areas within all layers was at most 19:1, and the tapes were
evenly distributed. The minimum possible lay angle was expected to be 10◦ .
The tape was 4 mm and 0.1 mm in width and thickness, respectively. Its
YBCO layer was 1.5 µm thick with a critical current of 90 A at 77 K and in
self-field. The temperature and magnetic flux density dependence of Ic was
modeled with the shape factor κ as
Ic (B, T ) = κ(B, T ) · 90 (A),

(3.19)

The shape factor was determined from the critical current of the YBCO tapes
measured in the SUPERPOLI project [85] as
κ(B, T ) =

Ic (B, T )
,
Ic (0 T, 77 K)

(3.20)

where Ic (B, T ) is the measured critical current of the tape in magnetic and
thermal conditions corresponding to the superconducting cable. Ic (0 T, 77 K)
is the critical current of the tape in reference conditions. Critical currents were
measured in parallel magnetic fields from 0 to 0.3 T and temperatures from
65 to 87.5 K. The shape factor was linearly interpolated from measured data,
part of which is shown in figure 3.4. It has been suggested that to provide
an appropriate safety margin, the operation temperature can be lowered from
77 to 75 K. Therefore, simulations were performed at 75 K. Other design
parameters are listed in table 3.1. For low AC losses, the number of tapes
was chosen so that the operation current was below 80% of the cable’s critical
current.

3.2.2

Computed results

The computational model was designed to give a pessimistic loss approximation
because, in reality, the perpendicular magnetic flux density component is partly
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Figure 3.4: κ(B, T ) characteristics for computations. Available temperature
data shown only partially; lines drawn at 2 K intervals.

Table 3.1: Parameters of cable designs for 1, 2, 5, and 10 kA-transport current.
wg is gap’s width.
Model
Cable 1
Cable 2
Cable 3
Cable 4
Cable 5

Layer
Core
Shield
Core
Shield
Core
Shield
Core
Shield
Inner core
Outer core
Inner shield
Outer shield

Nt
22
29
44
51
102
110
220
227
135
134
141
144

r (mm)
15
20
30
35
70
75
150
155
93
93
98
98

l0 (mm)
535
713
1069
1247
2494
2673
5345
5523
3296
2188
2473
3492

ϕ (deg)
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
-15.0
13.9
-10.0

wg (mm)
0.22
0.27
0.22
0.25
0.25
0.22
0.22
0.23
0.24
0.21
0.22
0.21

30

3.2 Computed AC losses in example cables

4
0.3 0.32
0.

10

3
0.

0.28

Lay angle of shield [deg]

20

28

0
−10
0.

0.28

−20
−20

3

2 4
0.3 0.3

−10
0
10
Lay angle of core [deg]

20

Figure 3.5: Total AC loss (W m−1 ) of Cable 1 as a function of lay angles of
core and shield. Self-field loss was computed using Norris strip approximation.
compensated for by the field of the neighboring tapes. Therefore, the strip
approximation was used in simulations to achieve the upper loss limit. Ideally,
one layer performs like a single current-carrying cylinder.
The total AC losses of Cable 1 at nominal current were computed with
various lay angles with a constant number of tapes to find out how to choose
lay angles for minimum AC losses. Total AC losses in Cable 1 as a function of
lay angles are presented in figure 3.5. Total losses depend mostly on self-field
losses, which increase with the tape length needed per one meter of cable.
Thus the smaller the lay angle, the less tape is needed, and hence losses can
be minimized by choosing small lay angles. The angles should have the same
signs to partially compensate for the axial magnetic flux density in the cable.
All designs were simulated with their nominal currents. Table 3.2 shows
self-field and magnetization losses for each layer in the cables and some additional simulation details. In two-layer simulations, the layers registered magnetic flux densities of about 9 mT and magnetization losses of about half a
percent of the self-field losses. In comparison, the multilayer design produced
a more compact geometry with the same transport current. The magnetic flux
densities in the outer core and inner shield layer were about 9 mT, whereas the
magnetic flux densities in the inner core and outer shield layer rose to about
23 mT. These magnetic fields caused Ic in the layers to drop by 39% and 36%,
respectively, with the magnetization loss of the outer core and inner shield
layer about 2% of the self-field loss. The cables’ total AC losses at nominal
currents are summarized in table 3.3 together with the length of the HTS tape
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Table 3.2: Details of AC loss computations for designs.
Model

Layer

Cable 1

Core
Shield
Core
Shield
Core
Shield
Core
Shield
Inner core
Outer core
Inner sh.
Outer sh.

Cable 2
Cable 3
Cable 4
Cable 5

I
(A)
1000
-1000
2000
-2000
5000
-5000
10000
-10000
5804
4196
-4253
-5747

Ic
(A)
90
95
90
93
89
90
90
91
91
55
58
92

in
0.71
0.51
0.71
0.60
0.78
0.71
0.71
0.69
0.67
0.81
0.74
0.61

Bc
(mT)
9.4
7.1
9.4
8.1
10.1
9.4
9.4
9.1
8.9
24.0
22.8
8.3

Ba
(mT)
0.8
1.2
1.2
1.4
1.5
1.7
1.6
1.6
2.0
1.8
1.4
1.5

Pself
(W m−1 )
0.20
0.07
0.40
0.24
1.34
1.01
2.02
1.80
0.93
0.84
0.63
0.69

Pmag
(mW m−1 )
0.9
0.5
1.9
1.3
5.5
4.7
9.4
8.8
4.9
14.8
14.5
4.1

Table 3.3: Performances of cable designs at their nominal current. lt is the
total length of tapes used to produce one meter of cable and P/lt total AC
loss per one meter of YBCO tape.
Model
Cable 1
Cable 2
Cable 3
Cable 4
Cable 5

I (kA)
1
2
5
10
10

P (W m−1 )
0.27
0.65
2.36
3.84
3.13

lt
52
96
215
454
567

P/lt (mW m−1 )
5.2
6.7
11.0
8.5
5.5

needed per one meter of cable and total AC losses per one meter of tape.
Finally, figure 3.6 shows the AC losses of the cable designs as a function of
transport current. In the inner core and outer shield layer of Cable 5, critical
currents were almost equal to the Ic in the core and shield layers of Cable 4.
However, in the outer core and inner shield layer the increased magnetic field
dropped Ic rapidly as the operating current increased. Therefore, the total AC
loss in Cable 5 rose faster than that in Cable 4. At 10 kA, the multi-layer
design registered about a 20% lower total AC loss than the two-layer design.

3.3

Comparison with a one-layer test cable

To fully exploit the performance of YBCO conductors in cables, it is important
to understand current sharing between the layers and also between individual
tapes in one layer. Designers should also be able to calculate AC losses fast
and accurately. To verify the performance of the developed model, computed
results are here compared with measurements of a 0.5-m, one-layer cable constructed in the Super3C project. The 0.5-m cable was also used to scrutinize
current sharing between individual tapes. Measurements showed that variations in contact resistances can be crucial in short cable prototypes. However,
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Figure 3.6: Total AC losses of cables; multilayer cable losses shown with a
dashed line.
further computational study suggested that contacts would not pose problems
in the final 30-m, 1 kA, 10 kV YBCO cable to be constructed in the Super3Cproject.

3.3.1

Model for layerwise current distribution

The model described in section 3.1.1 had to be tuned to solve current sharing
between the tapes in one layer. The main difference here was the generation
of an inductance matrix. In addition, due to the thin superconducting layer,
magnetization losses were small and hence ignored.
Because the tapes in a layer are connected in parallel, the matrix equation
is as follows:





0Nt ×1
j2πf M −1Nt ×1
x=
R(x) +
,
(3.21)
0
11×Nt
I
where the elements of the diagonal matrix R are the total resistances of the
tapes per cable length l. The total resistances of individual tapes consist of the
contacts resistance Rc and that caused by the AC losses of the superconductor
Rac . Accordingly, the resistance of the superconducting tape per cable length
was
Rc1,i + Rc2,i
Pstrip,i
Rii = Rc + Rac =
+ 2
,
(3.22)
l
It,i cos(ϕ)
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where Rc1,i and Rc2,i are contact resistances at both ends of the tape, ϕ is the
lay angle of the layer, It,i the rms value of the ith tape current.
The first elements of x are the phasor currents of the individual tapes. The
last element is the phasor voltage over the tapes. f = 50 Hz is the frequency
of the driving current. In addition, the magnetic coupling between the tapes
is described by the inductance matrix


M11
M12 M13 · · ·
M1Nt
 M1N
M11 M12 · · · M1(Nt −1) 
t


 M1(N −1) M1N M11 · · · M1(N −2) 
(3.23)
M =
t
t
t
.


..
..
..
.
.


.
.
.
.
M12
M13 M14
M11
The inductances between the tapes were integrated numerically as
Z
Z
1
1
M1i =
A1 ds −
A1 ds,
Stape Ωi
Scyl Ωcyl

(3.24)

where Ωi is the cross-section of the ith tape and Stape the cross-sectional area.
Correspondingly. Ωcyl is the cross-section of the return conductor and Scyl the
cross sectional area. A1 is the magnetic vector potential caused by the unit
current in tape 1 and in the return conductor on condition that the current
density is constant in both the tape and the return conductor [92]. Total AC
losses for one layer were obtained as the sum of AC losses in individual tapes
computed with the solved tape currents.

3.3.2

Experimental

AC losses in the 0.5-m cable were determined by electrical measurement, in
which the testing current was delivered across a transformer; that is, it was the
secondary current of a power transformer, shown in figure 3.7 [101]. Voltage
Uaux was detected with the help of an auxiliary loop embracing the core of the
power transformer. The component of this voltage in phase with the testing
current Icable was equal to the sum of the in-phase voltages of all the secondary
circuit current components.
For simplicity, figure 3.7 shows only the cable core and the resistive part
of the secondary loop. A dissipative voltage on the superconducting cable
was then detected as a difference between the in-phase components of two
measured signals. With this scheme, signal wires became unnecessary in the
cable’s cryogenic envelope. The test cable consisted of 14 tapes, wound on a ∅
21-mm cylinder at a 10◦ -lay angle. Its 3.8-mm wide and 2.5-µm thick YBCO
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Figure 3.7: AC loss measurement set-up.
layer carried a critical current of 75 A in a self-field. The current returned via
a 40-mm copper cylinder, coaxial with the tape layer.
The metallic, less than 1 µm thick layer on top of the YBCO was used
to examine the distribution of contact resistances on the completed cable as
follows. Each tape was provided with an auxiliary current lead, which allowed
feeding a test current across the contact between the tape and the current
termination, as shown in figure 3.8. Because of the tapes’ low thermal conductivity, only one end of the test cable could be cooled with liquid nitrogen,
allowing the contact resistances at that end to be determined. The test current
Itest fed to the auxiliary current lead could use no other path but to return to
the current termination, because the tapes’ upper part was at ambient temperature and thus highly resistive. The contact resistance for each tape was
determined according to Ohm’s law from a fixed Itest = 10 A and a test voltage
Utest .

3.3.3

Current sharing and contact resistances

The quality of the connections between the tapes and the copper block serving
as the current termination varied considerably. Due to the wide spread of
contact resistances listed in table 3.4, the critical current of the test cable was
lower than that of a single tape multiplied by the number of tapes. To observe
the distribution of the cable current among individual tapes in the DC regime,
contact resistances were used as shunts to determine all tape currents in such a
test. The results are shown in figure 3.9. Measurements showed that currents
in individual tapes varied widely.
Figure 3.10 shows the simulated effect of contact resistances on AC current
distribution for the 0.5-m and 30-m cable. Because contact resistance depends
on frequency due to the skin effect [53], measured contact resistances were
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Figure 3.8: (a) Experimental set-up to determine contact resistances. Only
the tapes’ lower part, immersed in liquid nitrogen, is superconducting. (b) Set
of electrical contacts provided for each tape to determine contact resistance.
Only one tape shown for simplicity with lay angle omitted in drawing.
multiplied by a constant cac in simulation. The dispersion of tape currents
becomes insignificant when the cable reaches the project’s goal of 30 m with
a large span of cac . Figure 3.11 shows tape currents with a pessimistic cac = 5
and a 500-A transport current as a function of cable length. They converge
because the inductances become dominant when the cable increases in length.
AC loss measurements were compared to computed results. Figure 3.12
shows the cable’s AC losses computed with three different models. Model I
followed Kim’s approximation:
75
Ic (B) =
(3.25)
0.6 (A),
1 + 56 BmT
where B is the magnetic flux density parallel to the film surface. The approximation yielded markedly higher losses than the measured values, which means
that in reality the critical current does not fall at fields under 20 mT as rapidly
as in the model.
When AC losses were computed with a constant Ic = 75 A (Model II), very
accurate AC loss figures were obtained. This may indicate that the tape’s critical current is more than was assumed in cable use. Computed losses were
slightly optimistic only at transport currents of beyond 500 A. In Model III,
individual tape currents were determined from equation 3.21. The current deviation between the tapes slightly increased AC losses. The error is systematic
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Table 3.4: Contact resistances at ends of YBCO tapes.
Tape
Rc1 (µΩ)
Rc2 (µΩ)

1
87
46

2
54
42

3
53
52

4
56
42

5
54
43

6
50
43

7
52
45

8
48
48

9
45
47

10
75
53

11
45
43

12
38
28

13
53
60

14
46
30

90
80
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Figure 3.9: Distribution of total cable current among individual tapes in DC
test. Contact resistances were used to determine individual tape currents.
between 200–600 A. In addition, convergence of the tape currents lowered AC
losses from 92 mW m−1 in the 0.5-m cable to 68 mW m−1 in the 30-m cable.

3.4

Concluding remarks

This chapter dealt with the computational model of AC losses and current
sharing in YBCO cables. The model’s theoretical basis, founded on circuit
analysis, was improved and applied to YBCO cables. The model takes into account the magnetic field inside the cables, which reduces the critical current of
YBCO tapes. Furthermore, the model was applied to designing and simulating
two- and four-layer YBCO cables with nominal currents of 1–10 kA (rms).
With two-layer cables, minimal AC losses were achieved when the lay angles
had the same signs and were as small as possible. In each case, magnetization
losses in the YBCO tapes were at most 2% of the self-field losses with all
simulated cable designs. Two-layer and four-layer cables with 10 kA nominal
currents had total AC losses of 3.84 W m−1 and 3.13 W m−1 , respectively. The
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Figure 3.10: Computed currents of tapes as function of cac with transport
current of 500 A (rms).
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Figure 3.11: Computed currents of tapes as a function of cable length with a
transport current of 500 A (rms) and cac = 5.
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Figure 3.12: AC losses in a 0.5-m YBCO cable with Models I, II, III. Computations were run up to the critical current of the weakest tape.
multi-layer design was more compact than the two-layer design, but the greater
magnetic flux density in the cable had a greater effect on the critical current
of the YBCO tapes.
To verify the AC loss model, results were compared to measurements of a
0.5-m, one-layer test cable, constructed to test AC losses and current sharing
in a real YBCO cable. AC losses measured for this cable agreed well with
results computed with circuit analysis models. Measurements also showed
that in short cables variations in contact resistances may cause uneven current
sharing between the tapes. Further computational analysis suggested that in
the final 30-m YBCO cable to be constructed in the Super3C project, tape
currents will be equal to an accuracy of 2%.
Though the circuit analysis model is rough, it seems to predict AC losses
quite accurately. However, results suggested higher that the Ic (B)-dependence
used here may be conservative. The next chapter elaborates on this issue and
presents a new technique to predict the critical current of tapes in a cable
application.

Chapter 4
Critical current analysis
This chapter explains how the critical current of a cable can be computationally determined from critical current data measured from individual tapes.
First, to show the role of the tape’s self-field, a method to solve the critical
current of a tape from its intrinsic material parameters is explained. Second,
an optimization method is proposed to determine material parameters from
measured critical current data. Finally, a technique is introduced to compute
the critical current of a cable from its material parameters.
The method developed here to solve the critical current of a tape from
its intrinsic material parameters can help tape manufacturers as well. The
engineering current density in YBCO-coated conductor applications can be
improved in two ways. Either the critical current density should be improved
or the superconducting films made thicker. Unfortunately, it has often been
observed that the average critical current density drops when the film thickness increases. Suggested reasons for this behavior include, for example, twodimensional pinning properties, microcracks, and imperfect crystallographic
alignment.
However, it has often been forgotten that the self-field effect inevitably
reduces the critical current density when the thickness of YBCO films increases
and, along with it, the total current. Here, the impact of the self-field on the
average critical current density was studied computationally as a function of
film thickness. The situation was also scrutinized at different external magnetic
fields to find ways to distinguish self-field effects from problems related to
the manufacturing process. That is why critical current measurements are
proposed to be done at the external field perpendicular to the film surface.
The method to compute the tape’s critical current can also be used as
optimization to determine the magnetic field dependence of the intrinsic critical current density, Jc (B). First, the critical current is measured in various
external magnetic fields. Then the Jc (B)-dependence that fits optimally the
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measurements is searched for. Because the self-field of the sample is taken
into account, also measurements done at low external magnetic fields below
0.1 T can be exploited. Here the Jc (B)-dependence of the YBCO material
was described with the Kim model, which is modified to take into account also
anisotropy. Thus, we have four parameters to search: the zero field critical
current density Jc0 , the reference field B0 , the Kim model exponent α, and the
anisotropy scaling factor γ. Searching for all these parameters was computationally challenging, yet computation times remained within reasonable limits.
As examples, the Jc (B)-dependences of two YBCO samples by different manufacturers were solved. For both samples, all parameters except B0 were close
to each other. For example, for both samples, Jc0 was about 0.9 · 1010 A m−2 .
Finally, the method to compute the tape’s critical current was extended
to apply to cables as well. In cables, for mechanical reasons, gaps must be
left between adjacent tapes. The effect of these gaps on the tapes’ critical
current was determined based on the cable geometry and the intrinsic J c (B)dependence. In the studied 1-kA cable, the gap effect caused the critical
current of the individual tapes to actually rise from 86.5 to 88.8 A, when they
were moved from self-field to cable field. The gap effect was also studied as
a function of superconducting layer width, cable radius, and tape number. It
was shown that the cable’s critical current can be given as a function of tape
number and the layer fill factor defined in this paper. In addition, the results
suggested that the gap effect will become increasingly important in the future
when Jc0 is expected to rise.

4.1

Tape’s critical current

The engineering critical current density, Je , is one of the main parameters
that determines the viability of the application [123]. YBCO films produce
extremely high critical current densities, Jc , up to several MA cm−2 at 77 K,
but the engineering current density is drastically lowered, because the superconducting layer is very thin compared to the substrate on which it is grown
[17].
Obviously, Je should be improved if superconducting films are made thicker
[77]. So far, some encouraging examples have appeared in which the average
critical current density of the YBCO layer, Jca , at self-field seems quite independent of the thickness of the YBCO layer, d. Such situations have been
reported in tapes manufactured by the TFA-MOD method [44, 109] or with
yttrium-rich compositions [27]. However, commonly Jca decreases if the thickness d is increased. Several possible reasons have been suggested for this
behavior. According to collective pinning theory, Jca should be proportional
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to d−1/2 when d is smaller than the pinning correlation length [57]. This explanation has been criticized because at sufficiently high magnetic fields, Jca can
be higher in a thicker superconducting tape [71], and the Jca (d)-dependence
does not vanish at low temperatures, as predicted [70].
More probable reasons point to the deteriorating structure of YBCO material. When d increases, regions may appear where the crystallographic c-axis
is no longer normal to the substrate plane [70, 73]. If d exceeds some tenths
of micrometers, microcracking usually occurs owing to the difference between
the thermal expansion coefficients in the substrate and the YBCO film [45].
However, recently, a film thickness of up to the micrometer range has been
achieved with sapphire substrates without microcracking [21], but even then
Jc plummeted with increasing film thickness [22]. The film’s porosity and
roughness increased accordingly, changing the defect structures responsible for
flux pinning.
Jca (d)-variations cannot be explained solely on the basis of material quality.
In analysis, it should be remembered that the self-field effect inevitably reduces
the critical current density when the thickness of YBCO films increases and
the total current rises. The self-field effect has been studied both computationally and experimentally in LTS films [31] and BSCCO tapes [59, 98, 103],
and recently a one-dimensional computational model was applied to YBCO
films [13]. Because of mesh generation problems encountered with the finite
element method due to the high aspect ratio of YBCO tapes [104], a self-made
algorithm, a simple and fast approach based on the integral element method,
was chosen here.

4.1.1

Computational model

In computations, homogeneous YBCO material and the DC operating current
were assumed. Homogeneous means that the Kim model parameters over the
cross-section are constant. Thus variations in the current density distribution
were exclusively due to spatial variations in the self-field. A Cartesian coordinate system was used, in which the x-axis was parallel with the broad face of
the tape, the y-axis parallel with the narrow face, and the current flowed in
the positive z-direction. The magnetic flux density created by the transport
current flowing in the tape was denoted by Bself . Furthermore, the tape can
be exposed to an external magnetic flux density Bext shown in figure 4.1.
The algorithm sought to determine the current density distribution that
fulfills the condition J = Jc (Bext + Bself (J)) inside the film. Here, the local Jc (B)-dependence was described with equation 2.6, in which the intrinsic
critical current density Jc0 was 3 MA cm−2 [13], the reference field B0 was 20
mT [13], the Kim model exponent α was 0.65 [30], and the anisotropic scal-
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ing factor γ was 5 [18]. These parameters serve as a typical example of the
J c (B)-dependence of YBCO for any search of general trends in the self-field
effect.
The film’s cross-section was divided into Nx times Ny rectangular elements
in order to calculate the magnetic flux density, Bself (r), created by J (r0 ), where
r = [x y]T and r0 = [x0 y 0 ]T . In computations, the mesh shown in figure 4.1
with Nx = 16 and Ny = 12 was used as a default. When the current densities
inside such elements are assumed constant, the magnetic flux density can be
calculated from the two-dimensional Biot-Savart law

Z
J (r0 ) (r − r0 )
µ0 0 −1
Bself (r) =
ds,
(4.1)
2π 1 0
(r − r0 )2
SYBCO
where µ0 is the vacuum permeability, and SYBCO is the cross-section of YBCO.
The block diagram in figure 4.2 shows the principle of the algorithm starting from a constant current density. Magnetic fields were calculated in the
element centers, and a new current density distribution was achieved as Jnew =
Jc (Bext + Bself (Jold )), where Jold is the previous current distribution. After
that, the critical current was computed as an integral of the new current density over the sample’s cross-section. The critical current was compared with
its previous iteration value, and if the relative change remained below a given
tolerance, a final current density distribution was obtained. Otherwise, the
procedure was repeated.
Simulations were done with the self-made algorithm implemented for MATLAB. About ten iterations were required to find the final critical current with
a relative tolerance of 10−6 . Acceptable solutions could also be achieved with
a very coarse mesh. For example, if the self-field critical current in a 4 mm ×
1.5 µm tape was computed with Nx = 4 and Ny = 3, the result deviated less
than 2.95%, compared to a mesh of Nx = 64 and Ny = 48. For the default
mesh, the deviation was less than 0.57%, and it took about 0.3 s to compute
one critical current with the AMD Athlon 64 3400+.

4.1.2

YBCO layer thickness and tape’s critical current

The self-field always depends on the sample geometry and dimensions. Thus
both the sample width and film thickness should affect Jca . However, Jca was
practically constant at a given film thickness, if the sample width exceeded
one tenth of a millimeter, as shown in figure 4.3a. Therefore, in practice, the
sample width can be ignored, and attention can be paid solely to the film
thickness.
To explain the above result, the magnetic field inside the film was studied.
Figure 4.3b shows that after the sample width reached one millimeter, the
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Figure 4.1: Tape’s cross-section and default mesh with Nx = 16 and Ny = 12.
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Figure 4.2: Block diagram of critical current computation.
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average of By was always practically constant. The average of Bx could increase
slightly until the sample width reached one millimeter, but in an anisotropic
superconductor, the critical current density is mainly determined by By [98].
Usually, the short sample critical current is measured as a function of the
magnetic flux density magnitude at a constant field orientation, defined by
the angle θext between the field and the normal of the film surface. Figure 4.4
presents Jca as a function of YBCO film thickness in both parallel and perpendicular external magnetic fields. In the self-field, Jca (d) closely resembled
exponential decay, and in a 3-µm thick film, Jca was reduced by about 35%,
compared to the real zero field critical current density Jc0 . Exponential decay
was also fitted to measurements in [22, 28]. For example, the decay measured
in [28] was probably caused mainly by the self-field effect, because no structural
problems were detected in the samples. Here the function




d
Jca (d) ≈ Jc0 · 0.41984 · −
+ 0.57563
(4.2)
1.7929 × 10−6
fits the computed self-field Jca values in figure 4.4 with a maximum relative
error of 0.42%. The parameter values in equation 4.2 were given at five-digit
accuracy, because the fitting was sensitive to them. However, even a much
better fit was achieved as

−0.35509
d
Jca (d) ≈ Jc0 · 1 +
,
(4.3)
1.2826 × 10−6
which produced only a 0.016% error.
In external magnetic fields, the situation changes dramatically. Even in
parallel fields, the shape of Jca (d) is no longer exponential. In perpendicular
fields, Jca (d) was quite constant if the thickness was below 0.60, 1.42, and 2.46
µm at a By of 10, 20, and 30 mT, respectively. In other words, thickness has no
significant effect on Jca , if the external field is higher than the maximum value
of the self-field y-component. Therefore, YBCO thin film samples should be
measured at a sufficiently high perpendicular external magnetic field, where
the self-field effect is canceled out, and where Jca will directly describe the
quality of the material. Thus, for example, the measured critical currents in
[71] suggest that the quality of the studied material actually improved with
increasing d.

4.1.3

Orientation of external field

To further visualize the self-field effect, figure 4.5 shows the average critical
current density as a function of external magnetic flux density at different field
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Figure 4.4: Computed normalized average critical current density as a function of YBCO film thickness at different external magnetic fields oriented (a)
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mT, (·) 30 mT, and (+) 40 mT.
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orientations in a 1.5-µm thick YBCO film. At low parallel fields, Jca remains
quite constant due to the self-field effect.
Figure 4.6 illustrates the current density distributions in the YBCO film
at different external fields. Here the mesh with Nx = 64 and Ny = 48 was
used to achieve an appropriate resolution for figures about the current density
distribution. In the self-field, B naturally equaled zero in the film centre;
therefore, the current density was highest there. When the film was exposed
to an external magnetic field, the self-field and the external field in some
parts compensated for each other. The region of the highest J shifted to the
point where compensation was most effective. Thus at low external fields, just
the shape of the J-distribution was reformed, but the average critical current
density changed little. At perpendicular fields, also the Jca dropped, because
the critical current density decreased drastically even at low B values. Similar
behavior often occurs in high-quality BSCCO tapes as well [59, 62]. The selffield effect was noticeable in Jca as long as the current density distribution
remained inhomogeneous. When the external magnetic field rose, the current
distribution was homogenized, and the self-field effect could be ignored.
The Jc (B)-dependence can vary significantly between tapes and can be
complicated in anisotropic HTS materials. Thus the Jc (B)-dependence model
used here does not necessarily describe it correctly [60]. Therefore, the sensitivity of the results was studied with respect to parameters Jc0 , B0 , α, and
γ. The basic definition states that the sensitivity Sn (p, q) of a quantity q with
respect to parameter p is computed as
Sn (p, q) =

p dq
.
q dp

(4.4)

Here, the derivative was approximated numerically as
dq
q(1.1p) − q(0.9p)
≈
.
dp
0.2p

(4.5)

Equation 4.4 gives a rough estimate of how much a change in a parameter
value affects Jca . Table 4.1 shows the sensitivity of Jca /Jc0 . The most sensitive
parameter was α, whereas variations in the anisotropy factor γ had almost
no effect on the results. It is expected that α and γ do not vary significantly
between samples, but that Jc0 and B0 can depend strongly on sample quality.
Therefore, when this analysis is applied to real samples, attention should be
paid to determining their values. Yet small variations in the chosen parameters
do not affect the general trend in results.
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Figure 4.5: Normalized average critical current density as a function of external magnetic flux density at different field orientations in YBCO film with a
thickness of 1.5 µm: (◦) θ = 0◦ , () 22.5◦ , (×) 45◦ , (·) 67.5◦ , and (+) 90◦ .
For comparison, normalized critical current density as given by equation 2.6 is
shown in gray.

Figure 4.6: Current density in YBCO film with a thickness of 1.5 µm at
different external magnetic fields: (a) self-field, (b) θ = 0◦ , B = 10 mT, (c)
θ = 45◦ , B = 10 mT (d) θ = 90◦ , B = 10 mT.
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Table 4.1: Sensitivity of normalized average critical current density with respect to intrinsic material parameters; sensitivity studied with thicknesses
d1 = 0.25 µm, d2 = 1.5 µm, d3 = 3 µm and external magnetic flux densities B1 = 0 mT, B2 = 20 mT.
Jc0
α
B0
γ

4.2

d1 , B1
0.06
0.06
-0.06
-0.01

d2 , B1
0.19
0.25
-0.19
-0.01

d3 , B1
0.25
0.36
-0.25
-0.01

d1 , B2
-0.00
0.45
-0.33
-0.00

d2 , B2
0.05
0.45
-0.31
-0.01

d3 , B2
0.15
0.48
-0.32
-0.01

Search for intrinsic material properties

For HTS application designers, information about a tape’s self-field performance is not enough when they are to estimate the electrical performance and
possible AC losses of the whole application. For this purpose, it is essential to
have accurate information about the magnetic field dependence [33, 51] of the
intrinsic critical current density, Jc (B). Such information would also directly
characterize the quality of YBCO regardless of tape structure and make it
possible to compare different tapes.
Unfortunately, the Jc (B)-dependence of YBCO is hard to measure directly
due to the sample self-field [68]. Usually, the problem is avoided by fitting
the Kim model to high-field measurements and by extrapolating Jc for lowfield values [62]. However, extrapolation is always prone to errors; therefore,
more accurate information would be gained of the Jc (B)-dependence, if measurements could be performed directly of the fields studied. For example, the
fields in the superconducting power cable are of the order of the self-field of
the tapes.
An alternative way is presented here to determine the Jc (B)-dependence
accurately by an optimization method. The method takes into account the
current distribution in the YBCO layer and the self-field. Hence, the Jc (B)dependence can be determined from the critical current values measured for
low external magnetic fields. These measurements are inexpensive, because
they can be done with conventional magnets.

4.2.1

Optimization method

When the critical current of a superconducting tape is computed from a Jc (B)model, simulated critical currents Ics should agree with measured critical currents Icm , if the Jc (B)-model is correct. Thus determining the Jc (B)-model
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can be formulated as a minimization problem
X
min f (x) = min
[Icm (Bi) − Ics (Bi , x)]2 ,
x

x

(4.6)

i

where x is a vector containing the parameters of the chosen Jc (B)-model and
Icm the measured critical currents at external magnetic flux densities Bi . Here
the Jc (B)-dependence was also described with the Kim model extended to
take into account material anisotropy according to equation 2.6. Simulated
critical currents Ics were computed with the integral element method, taking
into account the sample’s self-field according to section 4.1.1.
The total magnetic field of a fully penetrated tape consists of an external
field and a self-field, as shown in figure 4.7. Note that in high-field measurements the self-field can be ignored. In typical voltage-current measurements,
the external field is very homogeneous and has thus a spatially constant norm
Bext and an angle θext .
First, artificial critical current data was generated to verify the reliability
of the minimization process. A homogeneous YBCO tape with dimensions of
4 mm × 1.5 µm was studied. Again, the YBCO material was characterized
with the following parameters: Jc0 = 3 · 1010 A m−2 [13], B0 = 20 mT [13],
α = 0.65 [30], and γ = 5 [18]. The critical current was computed at the
external magnetic fields shown in figure 4.8. In computations, the tape was
divided into 16 × 8 elements to take the self-field into account. This critical
current data was used as input for the minimization algorithm, and the initial
values were chosen as Jc0 = 1 · 1010 A m−2 , B0 = 1 T, α = 1, and γ = 1.
Optimization turned out to be very difficult. However, the Nelder-Mead
simplex algorithm [54] worked in a robust way, though the convergence was
slow, as shown in figure 4.9. However, the slow optimization convergence was
accepted, because the required critical current computations were very fast.
Thus the total computation time for the data shown in figure 4.9 was about
one minute. The neighborhood of the optimum point was found after 480
steps, after which convergence was expedited. The optimum was found when
the 10−6 relative tolerance was achieved.
A measurement error can lead to a significant error in the optimized Jc (B)dependence. Therefore, the effect of a measurement error on the solution of
equation 4.6 was studied statistically. First, the input data for optimization
was computed as in figure 4.8. Then the values were perturbed with a disturbance which had a uniform distribution within the interval [−δ, δ]. Equation 4.6 was solved 100 times, and the relative error in the solved Jc (B)-model
parameters was determined for each solution. After that, the maximum and
mean values of the absolute relative errors εmax and εmean were computed. Initially, the error was studied using only one value of θext in the input data. In
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Figure 4.7: Gray arrows represent total magnetic field outside (a) and inside
(b) of 123 A YBCO tape in external magnetic field: Bext = 20 mT and θext =
45◦ .

this case, parameter errors especially in B0 and γ were intolerably high, and
their values were impossible to determine reliably. Consequently, for reliable
results, input data should contain critical current values at various θext .
As a rule of thumb, it is highly recommended that such θext values be
used that lead to as different critical currents as possible. That is why angles
θext = 0◦ and 90◦ were used in computations, and logarithmically distributed
values were chosen from a magnetic flux density interval of 1 to 100 mT.
It was also observed that Kim-model parameters can be determined with as
few as four critical current measurements. Results for 4 and 16 measurement
points are shown in figure 4.10. The more measurement points were used,
the better the accuracy achieved, if δ remained below a certain limit, usually
roughly 1% of the measured critical current value. However, beyond that limit,
more measurement points may even lower the accuracy. The most inaccurate
parameters were B0 and α, which describe the rate of fall in Jc when the
magnetic field is increased.
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Figure 4.10: (a) Maximum and (b) mean error in Kim-model parameters as
a function of maximum relative disturbance of critical current measurements;
dashed lines computed with 4 measurement points and solid lines with 16
points.

54

4.2.2

4.3 Cable’s critical current

Sample tapes

The method was also applied to two real, short samples, SS1 and SS2. SS1
had the cross-sectional dimensions of the YBCO layer, 3.8 mm × 2.5 µm.
Measured critical currents are shown in figure 4.11a. All measurements were
used to solve an optimal fitting curve with the following parameters: Jc0 =
0.90 · 1010 A m−2 , B0 = 53.3 mT, α = 0.74, and γ = 2.39. On average,
the measurements differed 4.0% from the fit. SS2 had a 4.0 mm × 1.3 µm
YBCO layer. Critical current measurements were run at relatively low fields;
consequently, the effect of the self-field shows clearly in figure 4.11b. In this
case, measurements taken from various directions were exploited. The best
agreement between measurements and computed values was achieved with
parameters Jc0 = 0.92 · 1010 A m−2 , B0 = 25.9 mT, α = 0.79, and γ = 2.06.
On average, the fit and the measurements differed 2.7%. In comparison to
parameters computed from SS1 and SS2, all other parameters except B0 were
almost equal.
With SS1 and SS2, the fitting curves aligned well with measurements, and
the tapes’ critical current could be determined for any external magnetic field.
Particularly with SS2, the measured self-field effect matched the modeled one.
However, according to figure 4.10, the difference between fit and measurements
may lead to a significant error in parameter values. Especially B0 appeared
to be the most difficult to determine accurately, whereas the results of Jc0
and γ were the most accurate. Clearly, two error components may affect the
accuracy of parameters. First, an error may occur in voltage-current measurements, from which the critical current value is determined. Secondly, the
external magnetic field may be inexact; for example, substrate magnetization
may distort the field.
Furthermore, the uncertain cross-section of the superconductor or nonhomogeneous superconducting material may lead to wrong parameter values.
Consequently, an integral element method must be developed to take into account the nonhomogeneous superconductor and possible magnetization. Possibly, because the Kim model may not necessarily be the correct Jc (B)-model
either, measurements and model cannot converge even if all error factors are
eliminated.

4.3

Cable’s critical current

HTS power cables have one [100, 110] or several [69, 114] superconducting core
layers, in which conductors are usually installed in circular form. In one-corelayer cables, the core usually determines the critical current of the whole cable.
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This section examines a cable with a structure similar to that of the Super3C
cable; that is, a one-core-layer cable in which a sufficiently small lay angle,
for example, ϕ ≤ 20◦ was used. A small lay angle ensures a small axial field
inside the cable; hence the cable can be safely modeled in its cross-sectional
dimensions.
The core layer is surrounded by a normal or superconducting return conductor, which, if properly designed, creates only a negligible interior field. The
critical current of the core tapes is expected to be reduced by the magnetic field
created by the other tapes in the cable, a critical current reduction generally
encountered, for example, in magnet applications [123]. However, in coaxial
cables, the magnetic field perpendicular to the tape surface is decreased, because the fields of the neighboring tapes compensate for each other [103]. This
can even lead to an increased critical current, if compared to a tape in the selffield. A possible increase in the critical current must be taken into account in
estimating AC losses in superconducting cables. Here we extend the model in
section 4.1.1 to cover the critical current of YBCO cables as well.

4.3.1

Computational model

In fully penetrated superconducting material, the critical current density distribution Jc (r) depends on the magnetic flux density B(r), which again depends
on Jc (r). Here it is assumed that the current in the core flows perpendicular to the core cross-section, as shown in figure 4.12, and that r is a vector
on the cross-sectional plane. The problem is to find such Jc (r) that fulfills
both relations simultaneously. For a numerical solution, the superconductor
was divided into rectangular elements, and each element was assumed to carry
a uniform current density. Then the critical currents of these elements were
solved from a nonlinear system of equations
(
)
X
Ie,i = Ic {Bi } = Ic
Bij Ie,j
(4.7)
j

by fixed point iteration [50]. The critical current in the ith element Ie,i depends
on the magnetic flux density in the element ei , according to the relation Ic {Bi }.
Bi is computed from the element currents by the superposition principle. Thus
the notation Bij means the magnetic field in the element ei caused by unit
current in the element ej and its image elements, which due to the symmetry
carry the same current as ej . After the magnetic Bij is computed for all i and
j, they can be represented with the magnetic flux density tensor B.
The advantage of the previous approach is that B has to be computed only
once, which speeds up the iteration process. In this work, B was computed
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using an analytical formula for a rectangle carrying a uniform current distribution [10]. In this case, the tapes are spaced equally and the superconductor
is assumed homogeneous, that is, the distribution of element currents is equivalent and symmetric in all tapes. Therefore, only the current distribution in
one half of the tape needs to be solved as shown in figure 4.12, and the total
critical current of the whole tape I c is two times the sum of the solved currents.
However, asymmetric cables, which, for example, vary in critical current from
tape to tape or have asymmetric tape configurations, can also be computed,
but then the whole cross-section of the YBCO must be modeled.
Here the J c (B)-dependence according to equation 2.6 was used again, and
the relation between element critical current and element field could be written
as
q

−α
2
2
γ −2 Bk,i
+ B⊥,i
 ,
Ic {Bi } = SJc0 1 +
(4.8)
B0

where Bk,i and B⊥,i are the tape’s parallel and perpendicular magnetic flux
density components in the center of ei , and S is the cross-section of the element.
The Richardson extrapolation helped markedly improve computation time
and accuracy. The method exploits two coarse meshes instead of one fine mesh.
The extrapolated critical current of a tape is obtained as
 
hs
Icr (hs ) = 2Ic
− Ic (hs ) ,
(4.9)
2
where Ic (hs ) is the critical current of one tape computed with one mesh characterized by the relative step length hs [1]. Here all tapes had 4/hs times 1/hs
elements.

4.3.2

Gap effect

The computational model was applied to a YBCO cable to determine the total
critical current of its tapes in cable use. The design parameters of this cable
were similar to those of the Super3C cable as a default. The superconducting
area of the tapes was 3.8 mm wide and 2.5 µm thick. Jc0 = 1.11 MA cm−2 at
77 K was chosen to correspond to the self-field critical current of one tape, Ic1
= 86.5 A. If the tape is installed in a cable with a radius of r = 15 mm and
18 tapes, its critical current increases to Ic18 = 88.8 A. On the contrary, the
critical current was expected to drop by more than 10%, based on traditional
analysis of an average external magnetic field in the YBCO layer. Traditional
analysis, which ignores the gap effect, was used to design the super3C-cable for
a pessimistic estimate of its critical current. Here the cable radius was defined
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ej

ei

r

Figure 4.12: Cross-section of cable with 18 tapes. Only currents in the gray
half of the tape are solved. Arbitrary element ej from solved section and its
image elements are marked black. Unit current in arbitrary element ej and its
image elements creates magnetic flux density in centre of element ei .
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as the distance between cable axis and tape centre, and a maximum of 24 tapes
were fitted into the cable, resulting in Ic24 = 93.1 A. Results were computed
by the Richardson extrapolation with two meshes of 256 and 64 elements (hs
= 1/8 and hs = 1/4) as a default.
To study the algorithm’s numerical accuracy, the convergence of Ic with respect to hs was computed. Figure 4.13 shows that the Richardson extrapolation
yielded excellent accuracy with very coarse meshes. With any studied mesh,
the Richardson extrapolation yielded somewhat more accurate results than direct computation with 1,024 elements (hs = 1/16). Generating B consumed
practically all the computation time and depended mainly on Nt and the number of elements in one tape 4/h2s . For one mesh, it was roughly Nt /h4s · 3.1 · 105
s, whereas the Richardson extrapolation took about Nt /h4s · 3.3 · 105 s with the
AMD Athlon 64 3400+. For example, Ic18 with hs = 1/8 was computed in 2.3
s.
Shown in figure 4.14, the critical currents in the elements of a single tape
and in cables with 18 or 24 tapes illustrate the tapes’ improved performance.
Corresponding magnetic fields are illustrated in figure 4.15. In one tape, the
maximum current density occurred in the middle of the tape, where the magnetic field was zero. When 18 tapes were installed to form a cable, the field
created by the other tapes shifted the maximum current density towards the
cable’s axis. With 24 tapes, the gap effect became evident. Because of narrow
gaps, the radial components of the magnetic field were canceled near the tape
edges; the current density distribution was thus smoothed out, and the tape’s
critical current increased. Figure 4.15 underlines the fact that the gap effect
also prevents the flux leaking inside the cable.

4.3.3

Effects of cable geometry and material properties

The gap effect takes place when the layer fill factor
fl =

Nt w
2πr cos(ϕ)

(4.10)

is sufficiently large. The layer fill factor describes how much of the layer
perimeter is covered by tapes. To conclude, Ic rises with increasing Nt or fl ,
as shown in figure 4.16. Therefore, it is recommended that the layer be filled
to its mechanical limits.
In principle, the critical current is affected by the parameters of the cable
geometry r, w, and Nt . Therefore, Ic was studied near the default geometry,
such that one of these parameters was varied and the other two were kept
constant. In this manner, these variations can be given as variations of fl ,
as shown in figure 4.17. Because the graphs describing the changes in w and
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in r lay on each other, it was not necessary to give Ic as a function of three
variables r, w, and Nt . Instead it could be written as Ic (w, r, Nt ) = Ic (w/r, Nt)
or Ic (fl , Nt ), because cable dimensions are largely compared to the thickness
of the YBCO layer. Also the difference between the graphs describing changes
in w and in Nt is small. Thus if we study the cable geometries near the default
geometry, with good accuracy we can approximate Ic to be a function of fl
only.
The critical current was scrutinized as a function of Nt in a broad range.
Figure 4.18 shows a change in the critical current within a commonly applied
layer fill factor range of 0.8 < fl < 1 in cables with 5–40 tapes. The highest
critical current is achieved if the tapes form a perfect circle; thus if Nt is
increased, the tapes’ critical currents increase, because the cable geometry
becomes more circular. Hence a gained increase of Ic must converge as Nt tends
to infinity. With a given superconductor thickness and J c (B)-dependence, the
theoretical upper limit for increase in Ic was 10.9%. However, all practical
advantage is gained with 20–30 tapes. Only slight improvement was observed
in Ic , if more tapes were added; at the same time though cable dimensions
could become intolerable.
However, with the Ic -values of commercial tapes increasing, the gap effect
can become more important. In fact, as high critical currents per tape width
as 495 A cm−1 , corresponding to Jc0 ≈ 2.6 MA cm−2 , have been reported
[116]. Thus the gap effect was studied in a cable of 25 tapes as a function
of Jc0 . Figure 4.19 summarizes the results, which suggest that the benefit
of the gap effect increases with the quality of the YBCO. For example, with
Jc0 = 2.6 MA cm−2 , Ic can rise up to 16% in cable use.

4.4

Concluding remarks

This chapter discussed the effect of the tape’s self-field on the critical current of
the YBCO tape. A new method was developed to solve the critical current of
a YBCO tape from its intrinsic material parameters, and the other way round,
a method to determine the intrinsic Jc (B)-dependence of the YBCO from
voltage-current measurements. By exploiting the solved Jc (B)-dependence,
the critical current was then determined in the cable’s magnetic environment.
The model was also used to study computationally the effect of the selffield on the critical current as a function of film thickness. The self-field effect
inevitably reduces the critical current density with increasing YBCO film thickness and total current. In practical YBCO samples, the average critical current
density does not depend on sample width but decreases with increasing film
thickness in the self-field. To distinguish the self-field effects from problems
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Figure 4.13: Algorithm convergence with a cable of 1 (×), 18 (◦), and 24 ()
tapes. Gray curves are computed directly and black curves with Richardson
extrapolation using meshes with hs and 2hs ; hs = 1/2, 1/4, 1/8, and 1/16
correspond to 16, 64, 256, and 1,024 elements, respectively.
related to the manufacturing process, it was proposed that critical current
measurements be made in the external field perpendicular to the film surface
such that the external field exceeds the maximum value of the self-field’s perpendicular component. The effect of the self-field depends on material Jc (B)
characteristics. Throughout this work, the Jc (B)-dependence was assumed to
follow the Kim model, which was modified to take anisotropy into account.
However, the Kim model parameters varied between the tapes.
Because of the above, an optimization method was developed to determine YBCO characteristics and applied to two different sample tapes. First,
the critical current was measured at various external magnetic fields. Then a
Jc (B)-dependence was searched that would optimally fit measurements. Measurements can be made at low fields, even below 0.1 T, because the distortion
of the external magnetic field, caused by the sample’s self-field, is taken into
account. In addition, the Jc (B) model can be assessed for validity at low fields.
The computational search for the Kim model parameters turned out to
be difficult, yet parameters could be determined for one sample in less than
a minute with the Nelder-Mead Simplex algorithm. Parameters can be determined accurately with enough high-quality measurement data with various
external magnetic field norms and directions. However, any measurement error
in critical current values should be roughly below 1%, because only then added
measurement points can improve accuracy. Furthermore, it should be consid-
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Figure 4.14: Normalized current density distribution in (a) single tape, (b) 18
tapes, and (c) 24 tapes. Black color corresponds to 0.6 and white to 1.
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a

b

c

Figure 4.15: Magnetic field caused by currents in figure 4.14; (a) single tape,
(b) 18 tapes, and (c) 24 tapes.
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Figure 4.16: Critical current of default cable as function of tape number. Total
height of bar is cable’s computed critical current . Height of black bar is critical
current of individual tape multiplied by tape number.
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Figure 4.17: Change in critical current as function of layer fill factor: (solid
line) w = 3.8 mm, Nt = 18, r is varied; (dashed line) r = 15 mm, Nt = 18, w
is varied; (×) r = 15 mm, w = 3.8 mm, Nt is varied.
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Figure 4.18: Change in critical current as function of layer fill factor. Lowest
curve corresponds to cable with five tapes; other curves are at five-tape interval
up to 40 tapes from bottom to top. Dashed line represents theoretical upper
limit.
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Figure 4.19: Change in critical current as function of layer fill factor computed
for cable with 25 tapes. Gap effect increases with zero field critical current
density, and curves are computed with 1 MA cm−2 interval.

66

4.4 Concluding remarks

ered that measurements may be affected by the nonhomogeneity of YBCO or
the magnetization of the substrate. Also, the Kim model is only an approximation of the Jc (B)-dependence, and not necessarily an accurate one.
Finally, the effect of the cable geometry on the critical currents of YBCO
tapes was studied, and the efficiency of the numerical algorithm was greatly
improved by the Richardson extrapolation. The critical current of one tape
rises if the tape is transferred from self-field to cable field. The relative increase
in critical currents was constant for all studied one-layer cables with similar
geometric proportions; hence the layer fill factor was defined as describing
these proportions. Furthermore, a small change in the number of tapes had
no significant impact on the results; the cable’s critical current could then be
determined solely as a function of the fill factor. Results suggested that in practical one-layer cables, the tape’s critical current can rise about 5%, compared
to the self-field values. However, in future, better tapes will incorporate an
even more substantial gap effect. Finally, the critical current values computed
here should be used to solve AC losses. As shown in section 3.3.3, the AC loss
measurements of the 0.5-m test cable suggested that critical currents should
be higher than previously expected. Unfortunately, these measurements could
not be used to verify the critical current values computed here, because the
tapewise current deviation in the 0.5-m cable was too high. We must wait
until the critical current and AC losses of a full-length Super3C cable can be
measured.

Chapter 5
Fault current analysis
So far, analysis has been restricted to the under-critical case, in which the
major loss components are heat leak to the cryostat and AC losses. Because
these components are small, stable operation can be easily maintained. However, due to extremely high current densities in very thin superconducting
films, YBCO cables are sensitive to overcurrents. High resistivity at an overcritical current and low specific heat make the situation even worse. Because
in a modern power grid the cables may have to resist fault currents of up to
40 kA (rms), it is essential that we are able to predict the cable’s heating and
current transport properties during a short-circuit.
This chapter introduces a 1D FEM model to determine simultaneously both
current density and temperature distributions in the cable’s cross-section as
functions of time. Real temperature-dependent properties of cable materials
were included, and the strong magnetic field and the current density dependence of superconductor resistivity were taken into account. The model was
used to study the stability of various 1-kA YBCO cable geometries at several
fault current waveforms.
The 1D model does not take into account the effect of the twisting of the
layers and the gap effect. However, small lay angles are preferred in two-layer
YBCO cables to curtail AC losses. Modeling of the gap effect leads to a 2D
problem, which is difficult and slow to solve because of mesh-related problems
induced by the high aspect ratio of YBCO.

5.1

Nonlinear 1D FEM model

The electrical insulation surrounding the cable former acts as thermal insulation as well. Therefore, it is adequate to model just the core layer and the
cable former, which is the main source of heat when a fault current occurs.
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5.1 Nonlinear 1D FEM model

The modeled part of the cable is shown in figure 5.1 with four sub-domains:
copper former, steel substrate, YBCO, and silver shunt.
The thermal and electromagnetic model of the HTS presented in section 2.2
was solved with the FEM, a time-consuming task because the resistivity of the
superconductor ρYBCO is highly nonlinear, as described in section 2.3. However,
moderate computation times were achieved in the cylindrical symmetric case,
in which all quantities depended on radius r and time t and equations 2.2 and
2.3 reduced to

∂ 1 ∂
ρ
rH = µ0 ∂H

∂r r ∂r
∂t
,
(5.1)
 1 ∂ ∂T
∂T
2
rk ∂r + ρJ = Cp ∂t
r ∂r

where

1 ∂
rH
(5.2)
r ∂r
[4]. ρ(T ), Cp (T ), and k(T ) are presented in figure 5.2.
In the geometry shown in figure 5.1, H is zero at the inner radius of the
former r0 , because no current flows in the duct. For a cable without a duct, r0 ,
equals zero. The total fault current if (t) determines the boundary condition
at r4 as
if (t)
H(r4 , t) =
.
(5.3)
2πr4
J=

For the heat conduction equation, the boundary condition for cooling was set
at r0 .
∂T
= h (T (r0 ) − T0 ) ,
(5.4)
k(r)
∂r r0
where T0 = 77 K is the temperature of the liquid nitrogen and h the convective
heat transfer coefficient [40], which equals zero in the adiabatic case. h was
always zero at the boundary r4 . The initial values T (r, 0) = T0 and H(r, 0) =
0 A m−1 were used. Furthermore, there were no electrical or thermal contact
resistances; that is, H and T were assumed continuous.
According to Ampère’s law (see equation 2.1), the instantaneous current
if,j (t) in the jth material can be computed from the solution H(t, r) as follows.
if,j (t) = 2π [rj H(t, rj ) − rj−1 H(t, rj−1)] ,

(5.5)

where j ∈ 1, 2, 3, 4.
An arbitrary fault current function can be used for if (t), but in a real power
grid ordinary fault currents can be simulated as
√


if (t) = 2Irms sin(2πf t + φ) − sin(φ)e−τ 2πf t ,
(5.6)
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where Irms is the rms value of the oscillating current component with 50 Hz
frequency. φ is the fault current starting phase, and the constant τ = 0.02
depends on the topology of the power grid [55]. Fault currents resulting from
equation 5.6 are shown in figure 5.3. Fault current durations are typically less
than 0.5 s, because the breakers switch off the current.
The resistivity model described in section 2.3 was used here with the exception that the critical surface model according to reference [106] was used
instead of equation 2.9 as follows:
1

Jc (H, T ) =
1+



µ0 H
b0

α0

·

T∗ − T
· Jc0 , T < T ∗ .
T ∗ − T0

(5.7)

Figure 5.4 presents a set Jc (H, T )-characteristics used here. They are described
by the parameter values b0 = 56 mT and α0 = 0.6. Jc0 = Jc (0 T, 77 K)
equals the amplitude of 1 kA (rms), divided by the cross-section of YBCO.
Furthermore, a constant n-value (n = 10) was used to ensure the monotonicity
of ρsc (H, J). These parameters represent the state-of-the-art values of the year
2005. Here, the normal resistivity value was modeled as
ρn = 6.5 · 10−11 · T + 1.0 · 10−8 (Ω m),

(5.8)

which results in 1.5 · 10−8 Ω m at 77 K [85].

5.2

Fault current distribution and stability

This computational model was developed to design the first YBCO cables.
Because no large-scale YBCO cables have been constructed so far, the computational results cannot yet be verified experimentally. Therefore, example runs
are presented here with the aim to provide insight into the interplay between
current sharing, temperature increase, and varying magnetic fields. All simulations were done using a self-made MATLAB program exploiting FEMLAB
subroutines. A mesh of about 800 nodes was used, and typically 50 nodes were
in YBCO. About two hours were needed to simulate a 0.5-s fault current with
the AMD AthlonTM 64 3400+ and 1.5 GB of RAM.
The cable geometry and dimensions used here are based on the constructed
1-kA HTS cable prototype [74]. The area of the copper cross-section was
Sf = 4 cm2 ; that is, the radius of the former r1 varied between 11.3 and
19.6 mm, depending on the cooling duct radius r0 . The steel substrate, YBCO
layer, and silver shunt were of thickness 0.1 mm (= r2 −r1 ), 1.5 µm (= r3 −r2 ),
and 0.5 µm (= r4 − r3 ), respectively.
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Substrate
YBCO
Shunt

r4

r3

H
r2
r1

LN2

r0
J

Cu

Insulation

Figure 5.1: Core cross-section. Current density and magnetic field intensity
are defined positive if they are oriented according to the figure. Dimensions
are not to scale.
In cables, segmental type conductors are typically used as stabilization
formers to reduce eddy currents [3]. However, only tubular copper formers
were studied here for three reasons. First, it has been shown that a short
YBCO cable can be designed to operate also as a fault current limiter [58].
In such a system, solid copper formers could be useful for dissipating energy
during fault currents. On the other hand, eddy current losses can also be
easily cut, if a cooling channel is made inside the former. Furthermore, the
performance of a computational model can be effectively tested only if the
former structure is kept simple.
First, several different fault currents were studied in a cable without a cooling duct. Almost all fault current was shared between the copper and YBCO;
that is, only minor currents flowed in the steel and silver. Figure 5.5 presents
current distribution in the former and currents in the copper and YBCO as
a function of time. A small Irms value of 2 kA was used to emphasize the
nonlinear current sharing characterized by the superconductor. When φ = 0,
current density distributions look almost like Bessel functions, though small
differences arise due to the nonlinear resistivity of YBCO and the transient effects during the first fault current cycle. First, the current in YBCO increases.
When the current transfer capacity of YBCO reaches its limit, an additional
current starts to flow in the former. Increasing, the current creates a magnetic
field, which reduces the critical current and, thus, diminishes the current in
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Figure 5.2: (a) Interpolated resistivities of (·) copper [42] and (◦) silver [43]. (b)
Interpolated volumetric specific heats of (·) copper [42], (+) stainless steel [91],
(×) YBCO [8], and (◦) silver [42]. (c) Interpolated and normalized thermal
conductivities. The values of thermal conductivities at 80 K are (·) 580, (+)
7.57, (×) 0.530, and (◦) 464 W m−1 K−1 , respectively.
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Figure 5.3: Part of 20-kA (rms) fault currents with three closing angles. Exceptionally τ = 0.05.
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are sketched at 2-K intervals.
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YBCO. Just before 10 ms, the current in YBCO changes directions, and at 10
ms, a remanence current circulates between YBCO and copper. After that,
also the current in the copper changes directions.
Figure 5.6 shows the temperature evolution in YBCO, TYBCO , due to fault
currents. TYBCO was defined here as the mean temperature of YBCO layer, but
spatially the temperature in YBCO layer varied at most by 0.02% of the mean
value. TYBCO rose at a nearly constant rate. Only at first, the temperature
rose quickly before the temperature difference increased between YBCO and
steel, and thermal conduction started slowing down the heating. On the other
hand, when the current was close to zero during a cycle, YBCO temperature
dropped, because substrate and former absorbed thermal energy from YBCO.
The increasing TYBCO caused the current in the superconductor to decay, as
shown in figure 5.7.

5.3

Temperature

Though no measurement data is available, the results can be compared with
conventional analytical stability analysis. In a simple fault current model,
heating in the cable was computed with the assumptions that all current flowed
through the former, and that no eddy currents were created. The temperature
of the cable was then solved from
dT
ρ(T ) if (t)2
=
dt
Cp (T ) Sf2

(5.9)

with an initial condition T (0) = T0 [123]. An explicit Runge-Kutta algorithm
was used here, [24] but the equation could be solved analytically as long as the
approximations of ρ(T ) and Cp (T ) were kept simple enough.
According to the FEM and equation 5.9, the ratio η between temperature
rises was almost independent of Irms at between 5 and 40 kA (rms), as shown in
figure 5.8. This means that after η was determined with FEM computations at
one Irms , the temperature of YBCO could be accurately estimated as TYBCO =
ηT + (1 − η)T0 . However, this approximation does not apply to low currents,
because then only a small share of the fault current heats the former. For
example, in figure 5.8, the curve computed with Irms = 2 kA stands clearly
apart from the other curves.
In a solid former, eddy currents cause most of the heat. However, if a
duct is made inside the former, eddy currents and, thereby, heat generation
can be minimized [3]. To study the effect of the former geometry on the
cable temperature, the copper former cross-section was kept constant, but the
area of the cooling duct cross-section Sd was varied, as shown in figure 5.9,
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Figure 5.5: Current density along former radius at four different times during
first current cycle when (a) φ = 0, (b) φ = π/2. Currents in YBCO (solid
line) and former (dashed line) as function of time are shown in (c) φ = 0 and
(d) φ = π/2. For comparison, total fault current Irms = 2 kA is shown with
dotted line. In shaded area, current in YBCO is below critical value.
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Figure 5.6: Temperature evolution in YBCO layer with Irms of 10, 20, 30, and
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Figure 5.7: Current decay in YBCO layer at 30-kA sinusoidal fault current.
In shaded area, current is below critical value.
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at Irms = 30 kA and φ = 0. Already at 2 cm2 , the duct could bring down
the maximum temperature from 88 K to 84 K. Results were also compared to
predictions from equation 5.9. Note that at small fault currents, η can be less
than one because a large fraction of the current flows in the superconductor.
The cable should be designed so that it reaches its operating temperature
before the current is switched on again after circuit breaker operation. Therefore, sufficient cooling is needed. However, in LN2 -cooled cables, h values can
vary in a broad range depending on, for example, the flow velocity. In nucleate
boiling conditions [40], h can exceed 10,000 W m−2 K−1 [6], but usually nitrogen is not allowed to boil in the duct. The results of example runs at different
h, shown in figure 5.10, illustrate the effect of cooling on cable behavior. In
the former, LN2 cooling reduces the peak value of TYBCO , and the cable recovers after a time. Only if h ≥ 50, 000 W m−2 K−1 could normal operation
temperature be reached in less than 0.5 s. If the current is switched on before
the operating temperature is reached, the cable may start heating again and
lose its stability.

5.4

Concluding remarks

A nonlinear and time-dependent FEM model was developed to simulate simultaneously current sharing and temperature distribution in a superconducting
YBCO cable during a fault current. The model included the temperaturedependence of the cable materials. Furthermore, the YBCO resistivity model
took into account magnetic field dependence of current density, which effected
on the results below 5 kA (rms) fault currents.
Because a wide range of fault current waveforms can occur in a real power
grid, various fault currents were simulated with several cable geometries and
cooling parameters. Simulations illustrated nonlinear current sharing between
former and superconductor. According to simulations, 0.5-s fault currents
at different magnitudes lifted the temperature of YBCO almost linearly as a
function of time. The cable could cope with fault currents of up to 20 kA, but
at higher fault currents, eddy currents in the copper former generated high
losses, and stability was lost.
A cooling duct inside the former reduces eddy currents and, thereby, lowers
the peak temperature of the YBCO layer in the cable core. The peak temperature can be further reduced by heat transfer to LN2 ; the cable can then recover
after the circuit breaker has switched off the current. The cable with both a
former and a cooling duct cross-section of 4 cm2 could cope with a sinusoidal
0.5-s and 40-kA (rms) fault current without exceeding 89 K.
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Figure 5.8: Ratio between temperature rises from FEM model and equation 5.9. Almost superimposed black curves are computed with 5, 10, 20,
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Figure 5.9: Temperature evolution and ratio, η, between temperature rises
according to FEM and equation 5.9 with two different fault currents. Curves
from top to bottom correspond to Sd of 0, 2, 4, 6, and 8 cm2 . Dashed line
results from equation 5.9.
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Figure 5.10: Effect of cooling on YBCO temperature. Curves from top to
bottom correspond to convective heat transfer coefficients of 0, 5 000, 10 000,
50 000, and 100 000 W m−2 K−1 .
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Chapter 6
Application: 1-kA demonstration
cable
This chapter concludes the design work on the Super3C cable incorporating
cryogenic, mechanical, and electromagnetic aspects. Here emphasis is on the
electromagnetic side of the work. However, cryogenics and mechanical restrictions cannot be totally omitted, because cryogenics limit the size of the
superconducting layers and determine the operating temperature and maximum heat generation during normal and fault current conditions for stable
operation.
Mechanical design limits the minimum gaps between the CC tapes and the
minimum lay angles to make cabling feasible and handling manageable. In
addition, mechanical design ensures that CC tapes are not exposed to harmful
forces especially during cooling. Electromagnetic design aims to minimize
heat generation and fault current conditions in normal operation. Moreover,
the design of the electrical insulation should, as far as applicable, follow the
international standard.

6.1

The design

The Super3C project aims to establish the feasibility of a low-loss, HTS, AC
cable using CC tapes as the current carrying elements. It comprises the development, manufacture, and testing of a functional model consisting of a
one-phase, 30-m, 10-kV, 1-kA coaxial cable. The cable is connected to the
network through a termination at each end, and it will be of the cold dielectric
type requiring cooling with pressurized liquid nitrogen. The core will be composed of a flexible former, designed to carry currents during a short circuit in
the grid. The former supports the conductor, consisting of one layer of HTS
81
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tapes. The dielectric insulation is based on lapped, polypropylene-laminated
paper (PPLP), impregnated with LN2 . The shield layer consists of HTS tapes
for normal operation and a Cu layer for a short circuit event.
Currents in the shield layer and core layer are equal in magnitude but opposite in direction. Consequently, the cable will not generate any significant
external magnetic field and will demonstrate very low impedance. As each
phase in such a system is electrically and thermally independent, manufacturing one phase only will provide the same output data, at a lower cost, as the
test of an AC cable with three independent phases.
A successful electromagnetic cable design takes the mechanical limits imposed on it, adds them to the electromagnetic limits of the CC tapes, and
minimizes, within given boundaries, the cable’s total electromagnetic losses.
The cable design was based on a tape Ic of roughly 85 A, since the present
result of Ic per tape width was 235 A cm−1 at 77 K and the self-field was measured in the project. Forty-meter CC tapes can easily meet that requirement.
The former diameter and insulation thickness determine the radius of the CC
tape layer, whereas the tapes’ transport current and Ic define the number of
CC tapes in the core and shield layers. A slight overcapacity in amperage
should be used in the cable to keep AC losses moderate and to compensate
for possible uneven distribution of Ic between tapes. Fortunately for a 1-kA
cable, one layer of the given CC tapes in the core and one layer in the shield is
enough to carry the specified design current. With two layers, an uneven current share between the layers is not a problem, and determining only two lay
angle parameters becomes easy, compared to optimizing a multilayer structure
[85].
Lay angles were optimized with a circuit-analysis-based model for AC losses
presented in section 3.1.1. The model takes into account the strong Ic (B, T )dependence of the CC tapes. However, the effect of the neighboring tapes
reduces AC losses in the YBCO tapes. It is difficult and time-consuming to
estimate the reduction with any field-theory-based model due to the flat geometry of the YBCO layer. In addition, the gaps are not of equal size, because
the tapes can move in the cable, for example, due to bending. Therefore, the
effect of neighboring tapes was not taken into account in the model.
The Ic (B)-dependence was the same as that used in section 3.2. Since
the stranding machine limits lay angles to at least 17.66◦, figure 6.1 shows
simulation results up from that angle. The data was calculated assuming
that both the core and shield layer shared the same laying direction; opposite
laying directions would result in much higher losses due to combined magnetic
flux densities. As figure 6.1 indicates, minimal losses were attained with the
smallest possible lay angles, due to the minimization of the magnetic fields.
Another important factor is the radial magnetic flux density at the edge of
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the CC tape. This is a major cause for measured AC loss in the CC tape due
to the anisotropic magnetic flux dependence and the large width to thickness
ratio of the YBCO layer. The situation can be improved by increasing fl to
compensate for the radial field and, thereby, effectively increase the tape’s Ic
and reduce AC losses [117]. Unfortunately, mechanical design needs non-zero
gaps for cable manufacture and bending, which limit design options in this
regard.
The functional model specifications were loosely based on the IEC international standards, mainly IEC60183, IEC60071, and IEC60141-1/IEC60055-1,
since the cables to be made later must be compatible with an existing network.
Because the cable concept was of the cold dielectric type, and the dielectric
material had to fulfill its requirements in cryogenic conditions, the cable design
exploited lapped insulation impregnated with LN2 . In this way, the inner layers
could be cooled without specific cooling ducts, and LN2 could be used as part
of the dielectric layer. The dielectric tape consists of PPLP with carbonized
paper as dielectric. This insulation technology has been tested successfully in
various other projects.
When all design aspects are interconnected, conflicting requirements often
arise. Therefore, a final design must be searched for iteratively. All the requirements are fulfilled in the design shown in figure 6.2 and table 6.1. The former
consisted of several thin copper wires braided to reduce eddy current losses and
to ensure the cable was mechanically flexible. The CC tapes were 4 mm wide
and 0.1 mm thick. In the 1-kA cable, the core layer required 18 tapes with
Ic (0 T, 77 K) > 86.5 A and the shield layer 27 tapes with Ic (0 T, 77 K) > 56 A.
Both layers had a lay angle of 17.66◦ . Therefore, the unit length of the 30-m
cable with 5-m terminations was 36.7 m, and the total length of the CC tape
used was 1,652 m. To illustrate the performance of the cable, AC losses were
estimated using the circuit analysis model in section 3.1.1. Figure 6.3 shows
calculated AC losses for the final design at three different temperatures within
an operating temperature range of 70–77 K.
After the cable is finished, AC losses will be determined by electrical measurement, in which the so-called secondary voltage method will be used. This
method was developed and successfully tested on single HTS tapes and small
coils. A testing current was delivered across a transformer, that is, the secondary current of a power transformer, as shown in figure 3.7. This feature is
particularly important in multi-tape structures, in which correct placement of
voltage taps and signal-leading wires has not yet been resolved satisfactorily.
The secondary voltage method was explained in detail in section 3.3.2 and in
reference [101].
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Figure 6.1: Total AC losses of cable per unit length (W m−1 ).

Figure 6.2: Projected final design.

Table 6.1: Outer layer diameters of final design.
Layer diameter
Copper former
Core layer
Insulation
Shield layer
Stabilization layer-copper
LN2 flow
Inner cryostatcorrugated
Vacuum
Outer cryostatcorrugated

(mm)
27.0
30.0
39.0
40.0
44.0
60.0
66
100
110
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Figure 6.3: Computed total AC losses in final design.

6.2

Concluding remarks

BSCCO tape has been moving to its pre-commercial stage through projects
on cables that are almost a kilometer long. However, the second generation
of HTS tapes, the YBCO-coated conductors, is expected to lower costs and
thereby widen the application range of HTS power cables. In this chapter,
a 30-m, one-phase coaxial YBCO cable with a 1-kA transport current and
10-kV operating voltage was designed. Furthermore, the design of the cable
prototype pointed out the topics that should be examined in detail in future
cables, that is, critical and fault current analysis.
The final design had to take into account interconnected cryogenic, mechanical, and electromagnetic aspects. Cryogenic design must ensure stable
operation, that is, the generated heat must be removed from the cryostat.
Thus viable operation requires that electromagnetic losses be as small as possible. Furthermore, cryogenic design must provide a way to remove the heat
generated during fault conditions. According to the conventional fault current
model, the copper stabilization should have a conducting section of more than
354 mm2 to make the cable to withstand a 40-kA, 1-s fault current without
the LN2 reaching the boiling point from its initial conditions of 77 K and 3
bar.
Mechanical restrictions, for convenient cabling and handling, limit the number of CC tapes per layer and the lay angles. To avoid overlapping CC tape
edges during cabling, the layer fill factor cannot exceed 97%. On the other
hand, the stranding machine requires lay angles of more than 17.66◦.
The electrical insulation follows the industry standard. Therefore, similar
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cables are also compatible with existing electricity distribution networks. The
cable concept was of the cold dielectric type, and lapped insulation impregnated with LN2 was used. In this way, the inner layers are cooled without
specific cooling ducts, and LN2 is used as part of the dielectric layer.

Chapter 7
Conclusions
Superconducting YBCO cables are designed to improve power grids especially
in densely populated areas, because they can transfer energy in a confined
space with low losses. Because YBCO tapes have been commercialized only
recently, their market price is expected to plummet, making superconducting
YBCO cables commercially attractive in future.
The design of these cables combines several fields of engineering. Mechanical design aims at a strong and flexible structure and ensures that the tapes
are not exposed to harmful forces during cooling. Thermal design aims to
minimize the heat leak to the cryostat and assure full recovery after a fault
current. Fault current analysis must be included in electromagnetic design as
well. Electromagnetic design should also prevent dielectric breakdown in the
electrical insulation, determine the adequate amount and arrangement of tapes
needed to carry the specified current, and minimize AC losses.
Suitable modeling tools are essential to simulate electromagnetic behavior.
Due to the high aspect ratio of the superconducting layer and the nonlinear and
anisotropic nature of the superconductor, the cable is difficult to model with
commercial software. Therefore, special computational tools were developed
to analyze the stability, cable critical current, and AC losses.
The circuit-analysis-based model was suitable for AC loss modeling. The
model takes into account the effect of the magnetic field on the tape critical
currents and the nonlinear resistivity arising from AC losses. The AC losses
of the individual tapes were determined using the Norris strip model: this
approach gave correct AC loss values for individual tape layers as verified
with the 0.5-m, one-layer test cable. The losses of the test cable were slightly
increased by an uneven current sharing between the individual tapes. This was
caused by a small inductive coupling of the tapes, compared to the contact
resistance variations between the tapes.
AC loss measurements suggested that the tape’s critical current does not
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necessarily drop as dramatically as traditionally assumed when the tape is
transferred from the self-field to a cable. Therefore, the dependence of the
critical current on the magnetic fields was closely examined. Calculations
pointed out that, indeed, the tape’s critical current does not change in a cable
similar to the test cable. In future cables with high critical currents, the
effect on the cable’s critical current may be even more. These results were
obtained with the self-made integral-element-method-based algorithm. The
same method was also used to extract the intrinsic magnetic field dependence
of the critical current density from standard voltage-current measurements.
An accurate knowledge of these intrinsic superconductor properties is a key
factor when the cable’s critical current or AC losses are determined.
In electromagnetic design, fault current analysis cannot be neglected. In
a real power grid, fault currents are common: therefore, a copper former is
needed to dissipate the fault current energy safely without nitrogen boiling.
In this work, a nonlinear 1D FEM model was developed to study the impact of
the fault current on the cable. Furthermore, the model suggested that former’s
eddy currents may increase the cable’s heating.
Tools were developed here in connection with the EU funded YBCO cable
project Super3C. The cable will be a 30-m, one-phase coaxial cable with a 1-kA
transport current and 10-kV operating voltage. The mechanical restrictions
limit the number of layers and also the number of tapes within the layers,
because to avoid overlapping of the CC tape edges and to keep the cable
structure flexible the covering factor cannot exceed 97%. On the other hand,
the stranding machine limits the lay angles to at least 17.66◦ . Cryogenic design
ensures stable operation in normal conditions, which means that the generated
heat must be removed from the cryostat. Furthermore, heat generated during
fault conditions must be removed as well.
The generated heat can be decreased by increasing the copper former crosssection. According to the conventional fault current model used in Super3C
design work, the former should have a conducting section of more than 354
mm2 . Then the cable can withstand a 40-kA, 1-s fault current without the
LN2 reaching its the boiling point from the initial conditions of 77 K and 3 bar.
Under normal conditions, viable operation requires that electromagnetic losses
are as small as possible, which can be obtained by using small, same signed
lay angles. Another important design factor is the electric insulation. Here
the insulation follows the industry standard to keep the cable compatible with
the existing electricity distribution networks. The cold dielectric type cable
has lapped insulation impregnated with LN2 . In this way, the inner layers can
be cooled without specific ducts, and LN2 is used as a part of the dielectric
layer. The final design was a compromise between the mechanical, thermal,
and electromagnetic requirements.
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This work points out that in one-layer cables, which are longer than 30 m,
the variation in contact resistances between the tapes does not cause uneven
current sharing. In two-layer cables, which have one core and one shield layer,
the lay angles should have the same sign, and they should be as small as
the mechanical restrictions allow. To maximize the cable’s critical current
and minimize the AC losses in one layer, the superconductor should form as
perfect a cylinder as possible. In multilayer cables, in which several layers
are connected in parallel, the lay angles should be chosen such that the total
AC losses are minimized. The fault current model predicted unusual current
sharing between the superconductor and the copper former in 1-kA cables.
With a 2-kA fault current, the peak current of the superconductor was 1.5
times the critical current. However, when the current is significantly higher
that the superconductor critical current, the existence of the superconductor
makes no difference.
After the Super3C cable is completed, AC losses, critical current and fault
current effect will be measured. The measurements will reveal how well the
developed modeling tools describe real cable operation. So far, the computed
losses have been near the test cable measurements. Yet is not clear why the
rough circuit analysis model can predict the losses so accurately. This should
be studied further by applying numerical methods to simulate current penetration in CC cables.
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