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RESUM E

Cette these de doctorat est divize en deux parties. L'olgctif de la premere partie etait
de cevelopper un mockle nunrerique rapide et pecis pouresoudre le probemeelectromagre-
tique de conducteurs en ruban bobires de facon teliedale. Cette nethode peut etre utilisee
pour trouver la distribution de courant et les pertes AC dansles applications utilisant des
makriaux supraconducteursa haute temgerature critique (HTS) destires aux eseauxelec-
triques. Dans la seconde partie du projet, le mocele ceveppe est utilise pour ealiser des
analyses paranetrigues du comportement des pertes AC poun agencement de rubans de
HTS disposs sur une méme couche, pour dierents paramees de conception. Le principal
objectif de cesetudesetait de minimiser les pertes AC errduvant les paramnetres optimaux
pour divers agencements de rubans.

Dans la production ecente de cables de puissance HTS, lesated tapes”sont les conduc-
teurs privieges. Lepaisseur de la couche supra est @nviron 1a 2 m. Selon 'application,
sa largeur varie de 4a 12 mm. Dans la conception de cablegscrubans sont bobires de
facon kelicoedale en simple couche ou couches multiples, sur une formep(sort) cylindrique
central. La geonetrie complexe des rubans ainsi que la ndirearie de la esistivie de la
couche supraconductrice rendent di ciles la esolution @ ce probemeelectromagretique.

Dans la premere partie de cette trese, nous avons introduune nmethode nunerique
pour calculer la distribution du courant et du champ dans desonducteurs minces bobires
kelicoedalement lorsqu'un ou plusieurs de ces conducteurs sonsesbes de facon synetrique.
D'apes les consicerations synetriques assoceesad geonetrie du probeme, et en regligeant
lepaisseur des rubans, le vrai probeme 3-D peut étreaduit en un probeme 1-D dont le
domaine se situe sur l'axe central sitte a la miepaissaudes rubans (suivant la largeur)
constituant le cable. La version basse fequence de legtion des courant de Foucault est
discetiee dans le domaine eduit detude. Pouretablir une relation directe entre la densie
de courant et le vecteur potentiel dans la formulation du ptaeme, la solution de l'inegrale
de Biot-Savart est utilisee pour trouver le vecteur poteniel magretique dans les couches de
courant.

En consicerant la vraie geonetrie 3-D des rubans dans ladrmulation du probeme, le
mocele propos devient bien plus pecis que la plupart de methodes 2-D qui ne prennent
pas en compte la con guration telicedale des rubans. Par ailleurs, gracea la symnetrie utitee
pour eduire le domaine detude, la nethode ceveloppee est tes e cace en terme de temps
de calcul. A n de \eri er la validie de la nethode propos ee, nous avons eali®e des mesures
experimentales de pertes AC dans desechantillons YBCO. Iseesultats trouves concordent
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parfaitement avec ceux trouwes en simulation. Dans le caswh conducteur prototypea une
couche et bobire de facon sokndalale, les esultats trouves concordent parfaitement agc ceux
trouwes en simulation.

Dans la seconde partie de cette these, nous avons utilig technique nunerique ceveloppee
dans la partie peedente pour etudier le comportement @s pertes AC de cables HTS a
couche unique. Tel que pevu par lesetudes anerieuredes simulations ont monte que les
principales causes de pertes dans ces céables proviennentadpesence sparations (\gaps")
entre rubans adjacents. Ces petits eparations perturberfa distribution du champ pes des
bords des rubans de sorte que dans ces egions le champ naigjue auquel les rubans
sont soumis pesente une importante composante orthogdea la surface des rubans. Avec
des sparations plus petits, les cables pesentent marde pertes AC. Toutefois,a cause de
consicerations nmecaniques irevitables, il existe toupurs une sparation minimale.

An de eduire I'e et des sparation nous avons etude le comportement AC de trois
conceptions de cablesa couche unique, dans lesquellesggparation sont recouverts par un
chevauchement des rubans adjacents en ingrant des rubat®oits en-dessous des rubans
principaux. Les esultats des simulations montrent que @concepts sont tes e cace dans la
eduction des pertes AC des cables HTS de puissance.
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ABSTRACT

This Ph.D. thesis consists of two successive phases. The amtive of the rst phase
was to develop a fast and accurate numerical model to solveetlelectromagnetic problem
of helically wound thin tape conductors. This method must bepplicable to nd current
distribution and AC losses in High Temperature Superconduicty (HTS) power transmission
cables made of coated tapes. In the second phase of the prpjdte developed model was
used to perform parametric analysis of the AC loss behaviorff gsingle layer HTS cables
with di erent design schemes and design parameters. The maobjective of this phase was
focused on the minimization of AC losses in HTS cables eithey Isearching for optimal
designs parameters or alternative design schemes.

In the latest generation of HTS power cables, superconductjrcoated tapes are the con-
ductors of choice. The thickness of the superconducting Eyof these tapes is around 1 to
2 m, and depending on the application, their width varies fron# to 12 mm. In the cable
design, such tapes are helically wound around cylindricabrimers in single or multi-layer
arrangements. The complicated geometry of the tapes as wall the non-linear resistivity
of their superconducting layer make the accurate solutiorf the electromagnetic problem of
HTS cables quite challenging.

During the rst phase of this thesis, we introduced a numera method to compute current
and eld distribution in helically wound thin tape conductors when one or many of them are
arranged in a symmetrical manner. According to the symmetryrguments associated with
the geometry of the problem, and neglecting the thickness tife tapes, the real 3-D problem
of helically wound tapes could be reduced to a computatioalsmall 1-D problem whose
domain lies along the half-width of any of the constituting &pes. The low frequency version
of the eddy current equation, as the governing equation of ¢hproblem, is discretized over
this reduced dimension study domain. To establish a directlationship between the current
density and the vector potential in the problem formulation the solution of the Biot-Savart
integral to nd the magnetic vector potential of helically wound current sheets is used.

As a consequence of considering the real 3-D geometry of thpda in problem formulation,
the proposed model is more accurate than many previous 2-D tineds that cannot take
into account the helical con guration of the tapes. On the dter hand, because of using
symmetry arguments to reduce the size of the study domain, éhmethod is very e cient in
terms of computational time. To verify the validity of the proposed method, we performed
experimental measurements of AC losses in solenoid-typdles made of a sample of YBCO-
coated conductor tape. Excellent agreement was observedvieen the experimental data
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and the simulation results.

In the second phase of this thesis work, we used the numeritathnique developed in the
previous phase to study the AC loss behavior of single layer $Tcables. In accordance with
previous studies, simulation results revealed that, the ntaloss mechanism in these cables
arises from the presence of gaps between the adjacent tapBEsese small gaps disturb the eld
distribution near the edges of the tapes so that in these regi the magnetic eld experienced
by the tapes has large components perpendicular to the widack of the tapes. With smaller
gaps, cables show lower AC losses. But due to inevitable manftal considerations, there is
always a minimum limit for the gap size.

Aimed at undermining the gap e ects, we investigated the AC lss behavior of three
di erent design schemes for single layer HTS cables, in whit¢he gap regions are covered
by the overlap of the adjacent tapes or by inserting narrow f@s below the main tapes.
Simulation results showed that these designs are quite etae in reducing AC losses of HTS
power cables.
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CHAPTER 1

INTRODUCTION

High temperature superconducting (HTS) power transmissiorables are one of the most
promising applications of superconductivity, which have g@entials to be the power transmis-
sion technology of choice in some commercial applicatio®educed losses, reduced dimen-
sions and weight, and increased environmental compatiltyliare the major advantages of the
HTS cables over their conventional counterparts.

Despite their advantages, there are some standing obstaxia the way of the industrial
usage of HTS power cables. Similar to other superconductibgsed technologies, the capital
cost of HTS cables is still higher than that of comparable coentional cables and transmis-
sion lines. Apart from the high cost of manufacturing HTS wiresthe need for e cient and
large scale cryogenic systems, which are essential to pdevihe low working temperature of
superconductors, contributes to the high cost of supercoading-based equipment.

In AC applications, the conductivity of superconductors a not perfect and they exhibit
a (very small) resistivity to AC currents. This resistivity causes losses which are called AC
losses. In the HTS cables, the cryogenic system must work dlbiag the cable length to keep
the temperature of the HTS wires below the boiling temperatar of liquid Nitrogen, i.e 77 K.
To avoid temperature rise, any amount of heat produced instdthe cable chamber must be
disposed. Because of the large di erence between the conius temperature and ambient
temperature, such a heat removal task causes costly loads flee cable cryogenic system.

AC losses are the main heat source inside the cable chambehu$, reducing these losses
results in load reduction for the cryogenic system of HTS cadd. In addition, with lower AC
loss levels, the complexity of the cable cryogenic systenndae relieved. Therefore, reduction
of AC losses is an important issue to reduce the capital anddhoperational costs of HTS
power cables.

The AC loss minimization in HTS cables, requires a comprehews understanding of the
electromagnetic behavior of HTS conductors in cable con gations. In the latest generation
of HTS power cables, HTS coated tapes are the conductors of d®iThe thickness of the
superconducting layer of this generation of HTS tapes is ina&r of a few micrometer. In cable
applications, such thin conductors are helically wound inirsgle or multi-layer arrangements.
The complicated twisted geometry of the tapes, and on the ot hand, the highly non-linear
resistivity of their HTS layers make the AC loss analysis of HT8ables a challenging problem.

Developing a numerical model to nd eld and current distribution and AC losses inside



the tapes of single layer HTS cables is the main objective ofishthesis. In this thesis work,
the developed model is used to perform parametric analysis the AC loss behavior of single
layer cables designed with di erent parameters and desigelemes.

This thesis is presented with the help of the journal artickewe have published on the sub-
ject. In this case, these articles are inserted as chaptensthe body of thesis. The organization
of the chapters is as follows :

Chapter 1 starts with a brief introduction to the main conceps of superconductivity from
a phenomenological point of view. In the second section ofsglchapter, the main applications
of superconductivity in power systems are brie y introducé. Since the main subject of this
thesis is dealing with HTS power cables, they are discussednore details. The last section
of this chapter deals with AC losses in HTS power cables. In thaection, previous work on
modeling AC losses in HTS cables are reviewed and alternatidesign schemes proposed to
reduce the AC losses in HTS cables made of coated tapes areddtrced.

In Chapter 3, the hypothesis and the selected methodology &xhieve the objectives of
the research work are explained. The numerical computatiasf current distribution and AC
losses in single-layer HTS power cables made of helically wducoated conductors is the
objective of the irst phase. Full details about the proposenhethod including its hypothetical
and methodological developments and the results are of italidation through experiments
are provided in Chapter 4.

The objective of the second phase of this thesis (which is deed in Chapter 3) is the
assessment of the e ectiveness of the proposed design sckerfintroduced in Chapter 2)
in reducing AC losses of HTS cables. To do achieve this objeeti the numerical model
developed in the rst phase of the project is used to performxeensive parametric studies
on the AC loss behavior of these new designs. The details ofsttstudy were published in
articles which are inserted as Chapter 5 and Chapter 6.

In Chapter 7 the general objectives of the thesis are brie yiscussed and some potential
research objectives are suggested as future work on the sdbj Finally, in Chapter 8 the
results of the work are summarized as conclusions.

It is worth mentioning that, all along this thesis and in the dtached articles, the term
HTS power cables refers to the HTS power cables made of coateddicctors.



CHAPTER 2

BASIC CONCEPTS AND LITERATURE REVIEW

2.1 Superconductivity

Similar to many other discoveries in human history, the diswery of superconductivity
was a fortuitous result of an unexpected observation in a $es of laboratory test. In 1911, a
Dutch physicist namedHeike Kamerlingh Onnestried to measure the electric resistivity of
a sample of mercury against DC currents at very low temperates near the absolute zero.
Performing such an experiment was possible by virtue of theicscess he had achieved three
years earlier in liquefying helium, which allowed him to rezh temperatures as low as 1 K [1].

The motivation behind this experiment was to examine two theries that existed at the
time for the resistivity of conductors at very low temperatues. By then, some scientists
believed that when the temperature is decreased, the resisty of conductors must decrease
and tends to a minimum value caused by the presence of impetiens and impurities in
their lattice. On the other hand, according to the picture that everything, including carrier
electrons, will be frozen at su ciently low temperatures, nany other physicists expected that
any conductor must become an insulator at su ciently low tenperatures.

Surprisingly, Onnes's observations rejected both of theggedictions. What he observed
was the sudden collapse of the resistivity of the sample to measurable levels while the
temperature was below 2 K [1, 2]. He named this surprising behavior superconducttyi In
the years to follow, Onnes and others observed the similartmesior in some other elements and
it became clear that superconductivity is a state of mattertiat occurs at low temperatures
in most metallic elements.

2.1.1 Perfect conductivity

Figure 2.1.1 shows the DC resistivity of typical supercondtors as a function of tem-
perature. As presented in this gure, below a su ciently low temperature, the resistivity of
superconductors abruptly disappears. The temperature athich the transition to supercon-
ducting state occurs is called theritical temperature or transient temperatureand is referred
to as T.. The critical temperature is an inherent characteristic othe material and varies
from one material to the other. Niobium (Nb) with a T, of 9.3 K has the highest critical
temperature among the elements.

Almost one year after the discovery of superconductivity, Qres observed that,T. is a
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Figure 2.1 The resistivity of a typical superconductor as aufiction of its temperature. Below
a su ciently low temperature, i.e. T, transition to the superconducting state occurs. In the
superconducting state the resistivity of the superconduot is such a low that cannot be
measured even with most sensitive ohmmeters.

function of the experienced magnetic eld by the sample, scdhat with stronger magnetic
elds, it must be kept below a lower temperature to retain thezero resistivity. This magnetic
eld can be either externally applied to the superconductoor can be the self- eld produced
by its own current. The latter implies that being in the supeconducting state is also a
function of the current owing in the superconductor, i.e. is transport current.

Figure 2.2 represents the boundaries of the supercondugistate for a typical supercon-
ducting material as function of its temperature, experiered magnetic eld and density of the
transport current. The magnetic eld above which supercongctors go back to the normal
state is referred to as thecritical eld (H(), and in a similar way the current density at which
the same thing happens is termed theritical current density (J¢).

2.1.2 Magnetic behavior of superconductors

In 1930, namely nineteen years after the discovery of supencluctivity, Meissner and
Ochenfelddiscovered that, in the superconducting state supercondiacs prevent magnetic
ux from penetrating inside them [3]. In other words, superonductors expel out magnetic
ux due to any externally applied magnetic eld not strongerthan their H.. This e ect is
called theMeissner e ect and implies that superconductivity is not only perfect condctivity
but also perfect diamagnetism.

Today we know that, perfect diamagnetism is not necessaridyfeature of all superconduc-



Figure 2.2 Boundaries of the superconducting state whicheafunction of temperature, applied
magnetic eld and current density. T, H. and J. are inherent characteristics of the material
and are mutually dependent.

tors. According to their behavior to applied magnetic elds,superconductors are classi ed
into two types. Type-I superconductors exhibit perfect dimagnetism and zero resistivity as
long as they are in the superconducting state. On the other hd, there exists type-Il su-
perconductors, which can still preserve their zero resigily while magnetic ux is partially
allowed to penetrate inside them.

For the superconductors of type-Il, two critical elds are & ned. As shown in gure 2.3,
H¢ is the magnetic eld below which a type-Il superconductor isn the Meissner state
i.e. there is no magnetic ux inside it. H., corresponds to the magnetic eld above which
transition to the normal state state occurs. Betweell; and H,, a type-1l superconductor is
in the mixed state, in which it exhibits perfect conductiviy, but only partial diamagnetism.

2.1.3 Theory of superconductivity

Since the discovery of superconductivity, many brilliant pysicist have devoted their career
to explain and theorize this phenomenon. So far 20 Nobel prizbave been awarded for these
e orts. Nevertheless, superconductivity is not yet fully udlerstood and it seems that more
Nobel prizes should be on the way until its complete understdmg. In this section, in a very
brief way, three useful theories proposed to explain superauctivity are introduced.



Figure 2.3 Critical elds of type-Il superconductors as a faction of temperature. BelowH .4,
superconductors are in the Meissner state at which they exit both prefect conductivity and
perfect diamagnetism. AboveH; and belowH,, a type-ll superconductor is in the mixed
state. In the mixed state, the magnetic eld partially penetates inside the superconductor,
while it still preserves the property of perfect conductivy.

London theory

In 1934, by proposing a complementary constraint to the Maxa@ll equations, theLondon
brothers developed a mathematical model for diamagnetic guerties of superconductors [4].
In their theory, which is called theLondon theory, in a quite empirical way it is assumed that
there is a linear relationship between the vectors of the magtic ux density and its laplacian
inside superconductors, i.er 2B / B. This simple assumption mathematically models that
magnetic ux cannot penetrate deeper than a short depth inde superconductors. There is no
formal proof for the London theory, and it was accepted becaa it could model the Meissner
e ect in superconductors.

Ginzburg-Landau theory

One of the most useful theories proposed to examine the mastopic properties of super-
conductivity is the Ginzburg-Landau theory [5]. In this theory based on quantum mechanics
and classical thermodynamic arguments, the behavior of tr®uperconducting electrons is
explained by an e ective wave function.

One of the useful aspect of the Ginzburg-Landau theory is thgay that it explains the
eld penetration inside type-Il superconductors. Accordig to this theory, in the mixed state,



eld penetration occurs by forming quantized and symmetrially distributed ux tubes, called
vortex, inside type-ll superconductors. Collection of the vorties inside the superconductors
forms a vortex lattice, where the vortices are aligned withhte applied magnetic eld.

BCS theory

In 1957, Bardeen Cooper and Schrie er formulated the general microscopic theory of
superconductivity [6]. This theory, which is based on quanm mechanics, is called the BCS
theory. According to this theory, below the transient tempeature, superconductors expe-
rience a phase transition and each of their free electronstgeoupled with another electron
forming electron pairs, also called Cooper pairs. Cooperigacan ow through supercon-
ductor without collisions, and therefore current can ow wihout any dissipation. Based on
the available theories the emitted elastic waves by the crgd lattice are responsible for the
attractive force between the electrons of a Cooper pair (¢atl binding force). The binding
force is weak and thermal energy of the electrons can easiledk Cooper pairs. Therefore,
superconductivity is observed at low temperature where thinermal energy of the electrons
is not su cient enough to break Cooper pairs. The binding foce can be also overcome by the
interaction between the electrons and strong enough magietelds, and this is the reason
that above H¢, a transition to the normal state occurs.

2.1.4 The critical state model and the power law model

The resistivity of normal conductors at a given temperaturés almost a constant de ned
by the Ohm's law as the slope of theiE J characteristic. In the case of superconductors,
the resistivity is highly non-linear and is a function of thecurrent density and the applied
magnetic eld.

The simplest way to modelE J characteristic of superconductors is th&ean model
[7, 8](see gure 2.4). In this model, which is also referredbtas the critical state model
(CSM), it is assumed that the magnitude of the current densjt inside a superconductor is
either zero or equal to its critical current density, i.eJ.. In this model, the critical current
density is assumed to be independent of the applied magnet#d. Figure 2.4 shows the E-J
characteristic according to the Bean model.

Despite its simplicity, the CSM is accurate enough to represt the nonlinear resistivity
of superconductors with sharp transition to normal state, sis the case with lowT, super-
conductors. But In the case of highl, superconductors, which exhibit a smoother transition
between the normal and the superconducting state, CSM cansjuprovide a rough picture of
the E J characteristic. Based on the experimental measurementfetE  J characteristic
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Figure 2.4 TheE J characteristic corresponding to the Bean model, also calleritical
state model (CSM)

of this class of superconductors is similar to what is preded in gure 2.1.4. Comparing the
E J characteristic shown in gure 2.1.4 with one presented in gre 2.4, it is observed that,
as opposed to the CSMJ, is not a well de ned parameter anymore. NormallyJ. is de ned as
the current density at which an electric eld of Q1 mV/m appears across the superconductor.
Therefore,E, in gure 2.1.4, which is referred to as the electric eld crierion (or sometimes
the critical electric eld) is 0:1 mV/m, and the current density at which this electric eld is
measured is de ned as the critical current density of the sugsconductor ).
This E J characteristic can be tted by a classical power law functio, i.e.

E=al" (2.1)

where,a and n are power law parameters which are used to model tlie J characteristic
obtained by experiments.

Equation (2.1) can be expressed in the classic form of the stitutive equation relating
EandJ,i.e.E = J as

E=ajJj" 'J (2.2)
Commonly, (2.2) is expressed as
J n 1
E=2"> ] 2.3
3. I (2.3)

From (2.3), the speci c resistivity of a superconductors isnathematically de ned as
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Figure 2.5 TheE J characteristic of highT, superconductors. This curve is sketched to show
the measured voltage drop across superconducting sampldsew a DC current is imposed.

E. J n 1
Cc C

In fact, (2.4) represents the resistivity in a general formi.e. depending on the value of
n it can describe the resistivity of normal conductorsr( = 1), the resistivity of high T,
superconductors (36 n < 50), or the resistivity of low T, superconductor  >> 50)[9].

Using the power law model is a very common way to introduce thesistivity of super-
conductors in the numerical analysis of the electromagnetbehavior of superconductors. On
the other hand, the CSM is easier to handle and is the prefedechoice for the analytic
approaches.

2.1.5 Dissipative mechanisms and AC losses

According to the Ginzburg-Landau theory, in the mixed statemagnetic elds partially
penetrate into type-ll superconductors in the form of regalrly distributed quantized ux
lines or vortices. The vortices formed by the self- eld areemerally perpendicular to the
transport current. As a consequence of the interaction withhie transport current, each vortex
experiences a Lorentz force which is perpendicular to theatisport current and vortex lattice.
This force put the vortices in movement, which in turn resuk in energy losses.

The dissipation of vortices in motion is prevented by xing he position of vortices through
a mechanism called ux pinning. The pinning is done by creatg some energetically favorable
zones in the material by di erent techniques. As long as, thedrentz force between the vortices
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and the transport current is lower than the maximum pinning érce, they do not move and
no dissipation occurs.

Although the pinning force prevents the dissipation mechasin arising from the movement
of vortices, it results in the irreversibility of the magneic properties of type-ll superconduc-
tors. As a results of this irreversibility, in the case of AC tansport currents (and/or AC
magnetic eld), the vortex are redistributed each cycle in ai erent geometrical equilibrium.
This redistribution takes energy from the eld and/or current source and is a dissipative me-
chanism. The losses associated with the redistribution obstices, due to the time variation
of the applied eld and/or the transport current, are calledAC losses.

To establish a simple and intuitive insight into the AC lossg in superconductors, here we
use the Bean model to nd the eld and current pro les inside asuperconducting slab due
to an externally applied magnetic eld. As sketched in gure %, the slab dimensions in two
directions (for instance, herey and z) are in nite. The applied magnetic eld is uniform and
parallel to the wide face of the slab along thg direction.

Figure 2.7 shows the current and eld distributions along tlk thickness of the slab (along
the x axis). To nd the eld and current pro les we start with Amper' s law

r H=J (2.5)

For the case of the semi-in nite slab,H has only the y-directional component. Then,
according to (2.5) and the limitation of values thatJ can hold (CSM), ‘i'j"—xy can only have
values J¢, 0 or J.. Therefore, theH pro le inside the slab is in the form of straight lines
with the slope of J..

When the applied magnetic eld is zero, there is no eld and awent inside the slab.
As the magnitude of the applied magnetic eld starts to increse, screening currents are
induced (near the edges) to prevent eld penetration insidéhe slab (see gure 2.7(a)). As
the magnitude of the applied eld increases, the current wifurther penetrate until it reaches
the middle of the slab. In this case, as shown in gure 2.7(b}he applied eld is equal to
the penetration eld (H,). In this situation, half of the slab carries J.; and the other half
carries +J..

If the magnitude of the applied eld is increased again, cuent distribution remains
unchanged, but the eld pro le must shift up to satisfy both (2.5) and the continuity of the
eld at the side faces of the slab (see gure 2.7(c)).

At this point, if the magnitude of the applied led starts to decreases, the induced currents
near the edges of the slab will change of sign to oppose thedefariation, while in the middle
parts of the slab the current pro le remains unchanged (seegure 2.7(d)).

As shown in gure 2.7(e), when the magnitude of the applied el is reduced to zero,
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there are still induced currents and trapped eld inside theslab. This indicates the history
dependent behavior of the magnetization characteristic gfuperconductors (type-Il). If we
increase the magnitude of the applied eld, this time in the pposite direction (i.e. vy), the
reversed current pro les penetrate up to the center of the @b ( gure 2.7(f)).

The shown magnetic behavior of the superconductors, whicls anentioned is a conse-
guence of vortex pinning, is responsible for the hysteret&C losses in type-Il superconduc-
tors.

2.1.6 High temperature superconductors

Until the middle of 1980's, superconductivity had been obsezd in most of metallic ele-
ments and their alloys. Among these metallic superconduc®rMgB, with T, = 39 K, has
the record of the highest transient temperature [10]. Thislass of superconductors, has low
critical temperatures, which can be achieved only in liquidhelium (or in some cases with
liquid hydrogen).

In 1986, superconductivity was observed in some ceramic ragals at much higher tempe-
ratures, higher than the boiling temperature of liquid nitogen (77 K). This class of materials,
which are of type-II, are called High Temperature Supercondtors (HTS). On the other hand,
the class of materials whos@. is lower than the critical temperature of liquid nitrogen ae
called Low Temperature Superconductors (LTS).

One of the major obstacles in the way of the practical applitans of LTS material
was (and still is) the expensive capital and operational ctssassociated with the cryogenic
systems required to keep their temperature beloW.. The only choice for the coolant material
for these class of superconductors was liquid helium. Aparbfn the fact that liquid helium
is expensive in itself, the cost associated with helium-be cryogenic system is also very
high. On the other hand, nitrogen is the most abundant eleméron earth and liquefying
it is much easier than helium and can be done at quite lower expses. Besides, since the
boiling temperature of liquid nitrogen is more than 70 K closr to the ambient temperature
than that of liquid helium, the capital and the operational st of nitrogen-based cryogenic
system are much lower (around 50 times) than those of heliubased systems [11]. Therefore,
the discovery of HTS materials, whose high critical temperates can be reached by liquid
nitrogen, prompted the interest in practical application & superconductors and was a very
important step towards the commercial applications of supeonductivity.

In March 2011, superconductors.orgreported the observation of superconductivity at
18 C in a copper oxide compoundTIsPk,Ba,MgCu;00;7+). This promising claim means
that superconductivity is likely to exist at room temperatue. Room temperature supercon-
ductors would not need to be kept cool down to low temperatuseand this would remove
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Figure 2.6 A semi-in nite slab subjected to a magnetic eld prallel to its wide faces. The
dimensions of the slab in the and y directions are in nite.

Figure 2.7 Field and current distributions inside the semin nite slab due to the time varia-
tion of the applied eld (H,).



13

the need for the cryogenic system, which now is an essentiah@d one of the most costly)
component of superconducting devices. The discovery of mdeemperature superconductors
would be a giant step, not only in the history of supercondutity but also in the history of
science and engineering and would substantially change thechitecture of many engineering
system and devices. Maybe the 21th century be the witness ditrevolutionary discovery of
room temperature superconductors.

2.2 Power application of superconductors

Since the early years after the discovery of supercondudty its application in power
electric systems attracted huge attention. Thanks to theithigh current carrying capacity
and low transport losses, superconductors can be used to idevmore e cient electric power
equipment at lower weights and smaller size as compared toiging systems which are
based on the technology of conventional conductors. In powapplications, due to the large
amount of energy involved, even slight improvements in theaency can be translated to
huge money savings. On the other hand, most of power electequipment, especially at high
power ratings, have large dimensions and heavy weight, saueing their volume and weight
is highly desirable.

The discovery of HTS materials in 1986 prompted renewed intst in the application
of superconductors in power systems. At the moment, thereeseveral ongoing and instal
led projects on superconducting electric equipment worldae [12]. With the further deve-
lopments in the technology of fabricating HTS conductors, gerconducting power electric
equipment will become more economically competitive withespect to their conventional

counterparts. In this section, we brie y introduce most immrtant applications of supercon-
ductivity in power engineering. Since HTS power transmissioccables are the main subject of
this thesis, we start with them and they are discussed in momdgetails.

2.2.1 HTS Power Transmission Cables

One of the most brilliant features of electric energy is theatt that it can be transferred
more easily and more e ciently than any other forms of energyHowever, power transmission
Is still one of the most important and challenging issues ingwer systems. Power is transferred
from power plants to the consumers through the transmissioand distribution networks by
overhead lines and power cables.

Although overhead lines are cheaper and easier to install,yper cables have some exclusive
advantages over them. In power cables conductors are cowkby layers of insulators, therefore
they can be laid in underground tunnels or below the water siace (sea, rivers). This feature
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makes them more reliable in the case of natural disasters buas earthquakes, thunderstorms,
and tsunamis. In some cases, power cables are the only viadyi¢ions to transfer electricity,
e.g. when the power must be transmitted to o shore sites, or lven in the heart of cities
there is no way to use overhead systems.

In power cables, conductors at di erent voltage levels (pls and ground) are packed
close to each other, while in the overhead lines because dfulation considerations lines
are positioned relatively far from each other. Therefore he inductances of the conductors
(self and mutual) in power cables are quite lower than the indtances of the overhead lines,
and consequently they exhibit better electrical performases in terms of voltage regulation,
system stability and so on.

Power transmission cables are one of the most promising coemgial applications for
superconductors. The idea of using superconductors to maewer cables goes back to the
early 80's, before the discovery of high temperature superductors. A notable e ort was a
project on a high voltage 200-m-long AC cable at the Brookham National Laboratory, Long
island, NY, in 1986 [13]. Projects on LTS superconducting poweables never resulted in any
site installation. The main reason could be the high costs ssciated with their helium-based
cryogenic system. After the discovery of HTS material, simitato many other application
of superconductors, new projects on superconducting poweables started, this time using
high temperature superconducting wires as the conductoradliquid nitrogen as the coolant
of the cryogenic system. The development of HTS power cableashsigni cantly improved
over the last decade so that today there are many installed drongoing projects on this
application throughout the world [12, 14].

Design

In the latest design of HTS power transmission cables, the s&cl generation of HTS tapes
(2G) are the conductors of choice. These tapes are manufaetd by coating a thin layer of
YBCO! as the HTS conductor on layers of bu er materials and substras through advanced
deposition techniques [15]. The architecture of 2G tapessketched in gure 3.1. In addition
to the bu er and substrate layers (which are required for thedeposition of the YBCO layer),
there exist two or more metallic (silver or copper) layers,atled stabilization layers. The main
task of the stabilization layers is to provide alternative pths for the transport current in case
the HTS layer quenches (i.e. suddenly becomes normal). In Bugituations, the conductivity
of the superconducting layer abruptly decreases, and theatmsport current will ow in the
stabilization layers.

1. An HTS material composed of Yttirum, Barium and Copper Oxide
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Source : The website of the National High Magnetic Field Laborator y http://www.magnet.fsu.edu

Figure 2.8 The architecture of the second generation of HTSgas (2G tapes). The stacking
shown in this gure is not to scale. According to the dimensias shown in the gure, the
overall tape thickness is dominated by the substrate and th&tabilization layers.

In the typical design of HTS power cables, HTS tapes are helibalvound around cylin-
drical formers in single or multi-layer arrangements. Sirdr to conventional cables, insulation
layers are used to prevent electric contact between conding layers. Also, shielding layers
are included to con ne the magnetic eld (produced by the trasport current) inside the
cable. Figure 3.2 shows a schematic view of a single-layer Hi&ble.

The helical con guration of the tapes is bene cial in terms dmechanical and electrical
considerations. With this con guration, the cable is mechaically more stable and exible.
In adition, the mutual inductance between the conducting gers are highly dependent on
their winding angle. Therefore, by choosing proper windingngles the transport current of
the cable can be divided between the layers in an optimized ya

In a design called thelriad design, three single phase cables are put together in a conmmo
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Dielectric and
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Source : The website of the Oak Ridge National Laboratory  http://www.http://www.ornl.gov

Figure 2.9 A single-layer HTS cable
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cryostat to build a three phase cable (see gure 3.3). Sincaeh phase assembly is shielded
from the other phases, from the electromagnetic point of wethere is no di erence between
the Triad design and the single phase design.

In another design scheme, which is referred to as tAe-Axial design, conductors of all
the three phases are arranged concentrically in a single osyat. Figure 3.4 shows a three
phase HTS cable with the Tri-Axial design.

Since with the Tri-Axial design the magnetic eld of all the three phases cancel out each
others, there is no need to have a HTS shield layer to con ne thmagnetic eld of the cable.
As a direct consequence, with the Tri-Axial design, the requed amount of HTS tapes to
transport the same level of energy is almost reduced by a factof 2 as compared with the
Triad design [16]. In addition, with the Tri-Axial design, the cross-section of the cable is
reduced as compared with the Triad design, which results ireducing the size of the cable
and increases the e ciency of the cryogenic system.

HTS cables versus conventional cables

HTS power cables have number of advantages over their convenial counterparts as

follows :

{ Reduced dimensions : Thanks to the high current capacity of HTS coated tapes,
for the same transport currents, HTS cables occupy 9 to 10 timdess space than
conventional copper-based cables. This feature is very iomant, when due to various
constraints the available space for the power transmissiguurpose is limited.

{ Higher e ciency : In the case of DC currents, HTS cables are almost losslessdan
in the case of AC currents, the amount of AC losses in the HTS dals is quite lower
than that of conventional power cables.

Source : The website of SuperPower Inc. http://www.superpower-inc.com

Figure 2.10 An HTS cable with the Triad design. In this design,hree identical single phase
cables are put together in a common cryostat.
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Figure 2.11 Multi-layer HTS cable

{ More environmental compatibility : Because of the superconducting shield layer,
the magnetic eld due to the transport current of the cable ion ned inside the cable.
Therefore, HTS cables do not produce stray magnetic elds ando not cause any
electromagnetic interference problem with any other neigloring systems.

{ Extended operational time : Since the working temperature of HTS power cable is
kept xed at quite low temperatures, i.e. 77 K, they are not shjected to the physical
aging caused by thermal stresses. Therefore, it is expectédt their insulation system
will have a longer life time compared with that of conventioal cables.

{ Possibility of transmission of power at lower voltages : Again thanks to the high
current carrying capacity of HTS materials, HTS cables can trasfer energy at higher
currents and lower voltage levels, while on the other handud to the limited current
capacity and Ohmic losses, conventional cables exhibit lewe ciencies in low voltage
systems.

Despite all the mentioned advantages, HTS power cables aréllstnore expensive than
conventional cables. The high costs associated with the mdacturing of HTS tapes and
required cryogenic systems contribute to the high capitalost of HTS power cables. On the
other hand, the technology of conventional power cables isramercially quite mature. Hun-
dreds of kilometers of these cables have been installed arduhe world and in average each
year 75 km new cable lines are installed [17]. Although the cpetition with such an e cient
technology is quite di cult, with the continued reduction i n the price of superconductors and
the improvements in the performances of HTS wires, HTS cableseaeconomically getting
more competitive against conventional cables in certain ppcations.

2.2.2 Superconducting Fault Current Limiters SFCL

During fault conditions, power systems and their componestare subjected to fault cur-
rents, which can be up to 50 times their nominal current. To @vent damages to the com-
ponents of the power system, the fault current must be limité below a safe level. To limit
the fault current, power systems need protective componentvhich should be invisible to the
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network in the normal operation mode and very fast must exhiblarge impedances to limit
fault currents. Fuses and recloser switches are known to bleet simplest and most e ective
devices to do this task. But such components cannot operatelagh voltage levels so that in
the transmission level there is not any industrialized faulcurrent limiting devices [13, 18].

The very sharp transition between the superconducting andonmal states makes super-
conductors very suitable material to be used as smart switek. Superconducting fault current
limiters (SFCL) are current limiting devices which are conected to the power network in
series. Under healthy conditions, when the current levels the protected network is within
the safety limits, SFCLs act almost as a short circuit and arévisible to the network. As
soon as the protected current exceeds the safety level, thgperconducting component of
SFCLs switches to the normal state and provides a large endugnpedance to limit the fault
current.

There are two kinds of SFCLsresistive and inductive. In the resistive type, a short length
of superconducting wire is connected in series with the powlae. The critical current of the
superconducting element determines the maximum permittedurrent level. The length of
the superconducting wire must be su cient to withstand the wltage of the network and the
power that must be dissipated during fault conditions.

Inductive type SFCLs are mostly ofshielded coretype, which is similar in design to a
transformer whose secondary winding is replaced with a supenducting hollow cylinder (or
recently a short-circuited coil made of coated conductors)his superconducting cylinder
is placed between a winding made of copper wires and a magaoeatore. Under the normal
operation of the network, the SFCL is designed so that circaling currents in the supercon-
ducting cylinder shield the magnetic core against magnetiax lines produced by the primary
winding, connected in series with the power line. Therefgreecause of the shield e ect, the
ux generated by the primary winding is limited to the leakag ux in the space between
the primary coil and the HTS hollow cylinder, which makes the BCL almost invisible to the
power network. As soon as the network current exceeds the tehold level, the current indu-
ced in the superconducting cylinder exceeds its critical ment and the superconducting core
transits to the normal state and provides no more shieldingf the magnetic core. Therefore,
during fault conditions, the magnetic core with its high pemeability becomes visible to the
winding of the SFCL, and as a consequence, the inductance b&tSFCL abruptly increases
and limits the fault current.

SFCLs are among those applications of superconductors whigo not have conventional
counterparts. They are very fast, as fast as transition bewen the normal and superconduc-
ting states. An exclusive feature of SFCLs is this fact that tl action of detecting and limiting
the fault current are done by the same component almost ingitaneously in a fully passive
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manner. Therefore, SFCLs do not need any relay to detect fawdurrent and do not need
any control circuit to provide open and close actions sigralAlthough circuit breakers must
still cut the short-circuit current eventually, but since the latter is reduced by the limiter, the
required breakers can be chosen smaller. SFCLs, especiabistive types, are very promising
application of superconductivity which are predicted to bentroduced in power networks in
a near future.

2.2.3 HTS Transformers

Since superconductors have quite higher current carryin@gacity than that of copper,
they can be used for the windings in a transformer, which leado a reduction in the weight
and size of the windings. With the reduction in winding dimesions, the size of the magnetic
core is also reduced. Therefore, by using HTS wires, the ovéreeight and size of transformers
can be reduced.

The amount of AC losses in the winding of HTS transformers iswer than the Ohmic
losses in the winding of conventional transformers. In adehn, because of the reduced size
of the iron core, HTS transformers have lower iron losses coanpd with their conventional
competitors. Therefore, the e ciency of HTS transformers isiigher than that of conventional
ones.

Liquid nitrogen happens to be a good insulator, therefore IHTS transformers it is used
both as the coolant and the insulator. Replacing toxic and enmable transformer oils with
liquid nitrogen, which is an environmental friendly gas, miees HTS transformers appealing
in terms of environmental impacts.

Since the working temperature of HTS transformers is quitewer than that of conventio-
nal transformers, the ageing phenomena associated with th&l stresses do not a ect their
operational life and they are expected to have longer lifenies. In addition, superconducting
transformers can exhibit better overload capabilities.

The idea of fault current limiting characteristics of superonducting materials can be
merged with HTS transformers. High Temperature Supercondung Fault Current Limiting
Transformers (SFCLT) are superconducting transformers #t exhibit the fault current limi-
ting capability [19, 20]. This exclusive characteristic isery important to increase the chance
of superconducting transformers to compete with convential transformers.

2.2.4 HTS Motors and Generators

In large synchronous electric machines, the required magoenotive force (mmf) is pro-
duced by passing DC currents through excitation coils, whicare wound of many turns
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of copper wires. The number of turns and the current of the eitmg coils determine the
strength of the mmf of the machines. Working at higher mmf ineases the power density of
the machine and in turn reduces its size for a given power rag [21].

By using HTS wires as the conductors of the exciting circuit afynchronous motors and
generators, more mmf can be generated with quite lower lossas compared with copper-
based exciting coils. With strong enough mmf, there is no nédor low reluctance paths for
the magnetic ux, and the iron core can be eliminated from thestructure of the machine.
Therefore, the operating ux density of the machine can be iproved without any limitation
imposed by the saturation of the magnetic core.

Compared with conventional machines, the elimination of # iron core results in reduc-
tions of weight, and working at higher ux density leads to reuctions in size. Therefore, HTS
motors and generators are smaller and more compact than theonventional counterparts.
In addition, the e ciency of HTS motors/generators are highe than that of comparable
conventional copper/iron based machines. The reason forghigher e ciency of the HTS
machines mostly comes from the elimination of the iron losse

Another advantage for HTS generators, which again comes frorhe elimination of the
iron core, is their small synchronous reactance, i.%4. A smaller X4 permits generators to
work at smaller load angles, and in consequence results inpiraved performances in terms
of dynamic response, stability, voltage regulation, ovarhd capability and reactive power
compensation [22, 23]. It is worth mentioning that the tranent and sub-transient reactance
of a HTS generator are in the range of similar conventional usi[24]. Therefore, in case of
replacing a conventional generator with a HTS one, the prewis monitoring and protection
systems can still be used.

2.2.5 Superconduting Magnetic Energy Storage (SMES)

The idea of a SMES can be simply explained as a very large intlucwith zero resistance.
If a DC current circulates in such a short-circuited inducto, the energy can be stored in its
magnetic eld permanently without decay.
A SMES system consists of four main components as follows :
{ Superconducting coil : This componentis a large coil made of superconducting wére
Energy is stored in the magnetic eld produced by a DC currentirculating in the coill.
The amount of the energy that can be stored in the colil is detarined by its inductance
and its current level. Since the energy stored in an inductae is proportional to the
square of the magnetic eld, increasing the operating eldasults in higher storage
capacity. LTS material can remain in superconducting statith higher magnetic elds
compared with HTS materials. Therefore, so far, in most praictal units, wires made of
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LTS materials have been used to wind SMES coils [13].

{ Cryogenic system : Similar to the other superconducting-based equipment, agla-
borate cryogenic system is necessary to provide the low wiorlx temperature for the
superconducting wires used in the SMES units. Because of ngsiLTS wires, liquid
helium is used as the coolant in the cryogenic system of SMESits.

{ AC/DC power converters . As electric storage systems, SMES units interact with
AC networks during charge and discharge periods. Therefoiea SMES units, AC/DC
converters are needed for interfacing with the power netwar

{ Control circuit : The task of the control circuit is to provide the required sinals for
managing the components of the system.

The e ciency of the SMES units depends on their capacity. Folarge scale units, the

e ciency can go up to 95% (considering the AC/DC converters ad the cooling system).
SMES units can be built at di erent capacities. In large and redium capacities, they can be
used in utility power system as a short term storage statiorof power quality and stability
purposes. At smaller capacities, SMES systems can be useduasterrupted power supply
units (UPS) for special purposes. Due to the fast dynamic regpse of SMES systems, they
have been proposed for applications where very fast powers®s are required, e.g. shipboard
electric systems and some military applications [12, 13].

2.3 AC losses in superconducting power cables

One of the most challenging issues in the development of HTSvpr cables (in AC ap-
plications) is the reduction of AC losses occurring in theitapes. Although these losses are
quite lower than the classical Ohmic losses in conventionahbles, they cause a costly load
for the cryogenic system of the cable. The temperature of trmable chamber must be kept
cool (below the boiling point of liquid nitrogen), therefoe any produced heat due to AC
losses must be removed from the cable. Because of the largerdnce between the ambient
temperature and conductor's temperature, this heat removas a costly and challenging task
for the cryostat of the cable, so that each Watt of AC losses atike as 10 Watt load for
a cryogenic system with the cryogen of liquid nitrogen [11The long length, which is the
nature of the cables, adds more di culty to the cable cryogelc system and makes it more
challenging compared with the cooling system of other apgpétions of superconductors. The-
refore, reduction of AC losses is one of the key factors in demining the operational and
capital cost of HTS power cables, and consequently it is a veiyportant factor to deter-
mine the level of the commercial application of HTS power cad® in the future of the power
transmission industry.



22

In general, AC losses in HTS cables include all the losses thatcur in the conductors
of the cable. These losses can be divided into two categorietassical electromagnetic losses
and superconducting losses. Classical electromagnetisdes in the conductors of HTS power
cables made of coated conductors include the Ohmic and eddyrent losses in the stabilizer
layer (copper and/or silver) of the tapes and the ferromagiie losses occurring in the sub-
strate layers. Ferromagnetic losses exist only when the sikate layer of the tapes is made of
ferromagnetic materials, as in the case of RABiTStapes. If these magnetic substrates are
exposed to AC magnetic elds, the ferromagnetic losses widbrrespond to the area of the
hysteresis loop of the substrat® H curve. Under normal working conditions, Ohmic and
eddy current losses are quite negligible compared to the &tAC losses. On the other hand,
in HTS cables the ferromagnetic losses dominate at low tran currents (below 40 50 %
of the critical current of the cable) and at higher transportcurrents these losses become less
important compared to the total AC losses of the cable [25, 6

As explained in earlier, the mechanism through which lossesaur in HTS materials is
quite di erent from classical electric and ferromagneticdsses. The superconducting losses
occur when HTS materials carry time varying currents or are @osed to time varying ma-
gnetic elds, e.g. AC currents and elds. These losses are rideed from the magnetic eld
distribution inside and on the surface boundaries of the cdactors. Therefore, the geometry
of the conductors (e.g. tapes in the case of HTS power cablesdaheir relative positioning
change the eld distribution and consequently a ect the AC bsses.

The edge e ect is the loss mechanism which dominantly conutes to the AC losses in
the tapes of single-layer HTS cables. The associated losseth \the edge e ects arise from
the presence of a gap between adjacent tapes, which distuthe eld distribution near the
edges of the tapes. Because of these gaps, the magnetic etdsegnts high perpendicular
components near the gap region, which results in large eldepetration from the edges of
the tapes. As a direct consequence this eld penetrations,gas carry more current near their
edges and this results in higher losses.

Another loss mechanism which is considered in most of AC lossadysis of HTS power
cable comes from the polygonal con guration of the tapes irhe 2D cross-section of a cable
(see gure 2.12). Such a polygonal con guration disturbs t circumferential magnetic eld
along the width of the tapes and contributes to magnifying te perpendicular components of
the magnetic eld within the tapes.

Since in HTS power cables, tapes are helically wound aroundiogrical formers, the wide
face of the tapes must be conformed to the former. So as an iitelsle consequence of their
helical con guration, as shown in gure 2.13 tapes must havbent shapes conformed to the

2. Rolling Assisted Biaxially Textured Substrates
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Figure 2.12 Polygonal arrangement of the tape in the 2-D cr@section of the cable, when
tapes are not conformed to the cable former

former in the 2-D cross-section of the cable. Therefore, welleved that there must be no loss
associated to the polygonal con guration of the tape. Thefere considering losses associated
with the polygonal con guration of the tapes results in the gerestimation of the AC losses.
This in turn could lead to wrong conclusions for the AC loss daiction in HTS cables. For
example, in some research work [27{29], it is concluded thdiy increasing the number of
the tapes,and due this fact that the contribution of the polgonal losses is decreased, the AC
losses of the cable are reduced. But since the real con guat of the tapes in the cross-
section of the cable is more similar to that presented in g 2.13 (rather than gure 2.12),
increasing the number of tapes does not reduce the AC loss@n the other hand, with
increasing the number of tapes the number of gaps is automalily increased and in turn
the contribution of the edge e ect to the AC losses is increasl.

AC loss mechanisms in HTS power cables made of coated tapes diseussed in more
details in Chapter 6.

2.3.1 Computation of current distribution and AC losses in H TS power cables

For the optimal design of superconducting cables, the preei prediction of their AC losses
Is an important issue. AC losses can be measured experimdlgtaor can be calculated by
analytical or numerical methods. The accurate measuremeat AC losses in many practical
applications, including power cables, is a challenging isswhich requires elaborate techniques
and instruments [30]. On the other hand, the extremely nonrear resistivity of superconduc-
ting materials and the sensitivity of their characteristic to external magnetic elds narrow
the availability of analytical solutions down to a few simpé geometries. In this context, nu-
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Figure 2.13 Cross-sectional view of a single-layer HTS calftgpical design), when tapes are
conformed to the cable former

merical techniques are of utmost interest as e cient toolsd predict current distributions and
AC losses inside superconducting wires in various applicats. Numerical techniques can be
used to study the electromagnetic behavior of supercondirng materials and help resear-
chers and design engineers to get a better understanding betelectromagnetic behavior of
superconducting materials in di erent applications.

2.3.2 Literature review
Analytical approaches

Due to the non-linear resistivity of superconducting mateals, even for simple geometries,
analytical computation of their AC losses is rarely possibl Most of the proposed analytical
approaches to nd AC losses of HTS cables are based on Norris'riw@31, 32]. Norris calcu-
lated analytically the AC losses for a few simple geometrigsich as : in nite slabs, in nite
thin strips and round wires.

Norris used his developments for the AC loss calculation ikl in nitely thin strips to
nd the AC losses in HTS power cables made of superconductingpes. In his models, the
helical con guration of the tapes is neglected and the probim is considered as a 2-D one.
In Norris' model, the superconducting characteristic of théapes is introduced by the Bean
model, and losses are scaled as the square of the gap and thetfiopower of the applied
eld.

The main drawbacks of such analytical approaches are as dwls. First of all, coupling
losses due to the electromagnetic interaction between thates of di erent layers is not consi-
dered. Therefore, this model is applicable only for singlayer cables. Second, similar to other
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2-D approaches, the helical con guration of the tapes is nlegted and they are considered
as straight conductors forming a polygonal con guration inthe cross-section of the cable.
Since in such polygonal con guration tapes experience lagperpendicular components of
the magnetic eld, these approaches result in the overestation of AC losses. Recently, Ma-
watari et al. [33] have extended the Norris model for the casaswhich the cross-section of
the tapes has a bent shape conformed with the former cylindef the cable.

Neglecting the gap between the tapes and considering eachelagf the cable as a super-
conducting hollow cylinder, Vellego and Metra [34] propodean analytic approach to nd
AC losses of HTS cables, which is referred to as thonoblock modelWith this model, the
magnetic eld is assumed to be purely tangential to the tapesnd the only considered loss
mechanism is the penetration of the magnetic eld from the wle face of the tapes.

The current distribution between the layers of the supercatucting multi-layer cable has
been widely analyzed by electric circuit models. The idea ise use a simple electrical model
based on the self and mutual inductances of densely woundibal coils. In such approaches,
the cable is described from a macroscopic point of view. Senthe internal structure of the
HTS tapes is not taken into account, these models cannot be dsdirectly for computing the
AC losses. In many proposed models, the idea of such equinélercuits has been combined
with the analytical approach for the AC losses in in nite slds, developed by Norris or Carr
[35], to nd AC losses in HTS cables [36{48]. The main drawbaakf these models is the fact
that AC loss calculation is done regardless of the current stribution inside the tapes. In
such approaches the solution of the magnetic eld is obtaideby the classical expressions
for the magnetic eld of densely wound helical coils, i.e. #tanon-linear behavior of the HTS
tapes and the adjacent gaps between them is not consideredtie solution of the magnetic
eld (or in the estimation of elements of the equivalent cirait of the cable).

Numerical approaches

Based on various numerical techniques, many numerical mdsidhave been proposed to
address the problem of nding AC losses and current distrilitons in the conductors of HTS
cables. Many of these models are based on the Finite Elemenettdod (FEM), which is
known to be a powerful numerical technique to tackle problesnwith complicated geometries.
However, with the currently available technology of computs, it seems that it is still quite
di cult to model the real geometry of HTS power cables with FEM, as modeling thin tapes
in helical con gurations leads to very large number of deges of freedoms. Therefore solving
the electromagnetic problem of HTS cables, faithful to theireal geometry, requires ultra fast
computers with an enormous amount of memory.

Up to now all the FEM based model proposed to simulate the HTS pew cables have
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come with major simpli cation of the real geometry of the prblem. Neglecting the helical
con guration of the tapes and converting the problem to a 2-Dbne, many researchers have
used FEM models, either on home-made [49{52] or commercialdes [53{55], to simulate
the electromagnetic problem of HTS cables. One of the sucdes$EM model to nd 2-D
eld and current distributions in superconductors is basedn the rst-order edge element
formulation [56, 57]. This model has been widely used in théeetromagnetic modeling and
the AC loss analysis of HTS materials [58{60]. Another notablexample of FEM approaches
for AC loss analysis of HTS cables is the model developed by Amganet al. [51, 61]. In this
model, the thickness of the HTS tapes is neglected and only therpendicular component of
the magnetic eld to the wide face of the tapes is considered.

By neglecting the gap between the tapes of each layer of thebtes and considering
the whole tapes of each layer in the form of very thin hollow @ynder, Honjo et al. [62]
proposed a 3-D FEM model to simulate the electromagnetic ba¥ior of multi-layer HTS
power cables. In this approach, the helical con guration ahe tape is physically introduced
by de ning an anisotropic conductivity for each layer. In seh approaches, existing gaps
between superconducting tapes of each layer are neglect€dese gaps cause the increase of
inductance which, in turn, a ects the balanced current distibution among the layers. The
gaps also produce magnetic elds perpendicular to the tapeaurfaces, which results in an
important contribution to the AC losses of the cable. Thereafre, using this method leads to
underestimation of the AC losses.

The electromagnetic solution of HTS cables has been approadhalso with other nu-
merical techniques. Based on an integral-type model propaus by Brandt [63] to solve the
electromagnetic problems involving superconducting maials, some numerical models have
been developed for the simulation of HTS power cables. In tleesodels, with the help of the
direct relationship between the current density and the maggetic vector potential (obtaining
from the Biot-Savart integral), the eddy current equation $ formulated in terms of current
density over the conducting regions of the problem. Sincedhproblem is solved directly to
nd the current density, as opposed to FEM approaches, theress no need to mesh the air
region around the tapes and it is enough to just discretize ¢hproblem over the conducting
regions. This feature reduces the number of degrees of freildof the problem and makes it
more e cient in terms of computational time and memory requiements (when the number of
degrees of freedom is below a certain value [64]). Fukui et 7, 65] have used this method
to nd the AC losses of HTS power cables when the helical con gation of tapes is neglec-
ted. In their approach, similar to many other 2-D approacheghe tapes of the cable form a
polygonal con guration in the cross-section of the cable, ich leads to the overestimation
of the AC losses as discussed earlier.
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Using an analytic expression in the form of in nite series fothe mutual and self in-
ductances of helically wound thin conductors to formulatehe circuit equation, a numerical
model has been introduced in [66] to nd current distributiom and AC losses in single-layer
HTS cables. However, as mentioned by the author, this method very slow and needs to be
improved for practical cases.

The Minimum Magnetic Energy Variation (MMEV) method is another numerical ap-
proach based on CSM to nd current distribution in thin superconducting tapes. In this
method, current distribution is found by searching for solion which results in minimiza-
tion of the stored magnetic energy. The idea is to nd new CSMype current distribution
which leads to smallest change in magnetic energy and sags certain constraints (such as
applied eld and/or net imposed current). This method has ben used in the AC loss study
of superconducting coils with 2 D (plane and axial symmetry) [67, 68].

2.3.3 Reduction of AC losses in HTS power transmission cable S

Reduction of AC losses is a key technical issue in the devetlognt of HTS power cables.
With lower AC losses, the initial and the operational costsfoHTS power cables are remar-
kably reduced and this allows them to be in a better positionat compete with conventional
power cables. Therefore, the reduction of AC losses is onetloé most important factors
for the commercial application of HTS power cables in the fute of the power transmission
industry.

AC losses can be reduced in two di erent ways. One approachhieh is the task of
material scientists rather than engineers, is to produce HT8onductors with improved su-
perconducting performances, i.e. higher critical currenhigher critical eld and higher critical
temperature. In addition, for a given superconducting chacteristics of the tapes, AC losses
in HTS cables can be minimized by choosing optimal design pamaters or by proposing
alternative design schemes, other than the typical designs

2.3.4 Alternative design schemes to reduce the AC losses in H TS cables

According to the arguments that ideally no loss due to the pofgonal con guration contri-
butes to the AC losses of HTS cables, the edge e ect is the mostportant loss mechanism
to determine the AC losses in single-layer HTS cables made aimaferromagnetic substrates.
With smaller gaps between the tapes, the edge e ect is undeimed so that when these gaps
are close AC losses are minimized. But due to the mechanicalnsideration (the winding
process and the mechanical exibility of the cable), theresia minimum size for the gap (
0:6 0:8 mm) in the typical design of HTS power cables [33].
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Through experimental trials to reduce the AC losses in HTS dsiand as an attemept
to further close the gap, engineers of SuperPower observdthtt when the adjacent tapes
overlap each other, the AC losses of the HTS coils are reduc&ased on their experimental
observations, they proposed two overlapped design schenf@sreducing AC losses in HTS
coils and cables which have been registered as an US paten{.[69

In one of these designs, which we callaxyclic overlapped designthe adjacent tapes of
the cable periodically overlap each other up to a certain dance ( 1 2 mm). Figure 2.14
shows the cross-section of a cable whose tapes periodicallgriap each other.

In another design, shown in gure 2.15, the adjacent tapes gde alternatively arranged
so that both edges of one tape overlap the adjacent tapes arftetefore the edges of the next
tape are overlapped by the edges of the two adjacent tapes. Walled this design scheme
anticyclic overlapped design
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Figure 2.14 Cross-section view of a HTS cable when tapes areaaged according to the
cyclic overlapped design ; with this design the adjacent t&s periodically overlap each other
up to a certain distance (1 2 mm)
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Figure 2.15 Cross-section view of a HTS cable when tapes areaaged according to the
anticyclic overlapped design; with this design both edges one tape overlap the adjacent
tapes and the edges of the next tape are overlapped by the eslgé its two adjacent tapes
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CHAPTER 3

RESEARCH OBJECTIVES AND METHODOLOGY

3.1 First phase

3.1.1 Research objective

The objective of the rst phase of this thesis work is to devep a fast numerical method for
the accurate computation of the current distribution and AClosses in single-layer assembly
of helically wound thin tape conductors. The exact helicalan guration of the tapes must be
considered, and the non-linear resistivity of HTS materialmust also be taken into account.
Since the model is supposed to be used to perform parametrimglations, it should be
e cient in terms of computational time.

3.1.2 Hypotheses

The proposed approach to reach the objective of the thesis limsed on the following
hypotheses :

1. As shown in gure 3.1, even if the tapes are not identical (psically or geometrically),
when they are wound with the same winding angle their relates/position (with respect
to each other) remains unchanged along the length of the cablTherefore, thanks to
the geometrical symmetry associated with the helical congations of the problem, as
long as all the tapes are wound with the same winding angle,dlgoverning equations
of the full 3-D problem can be formulated over a 2-D cross-sen of the cable.

2. The numerical method of choice is an integral-type methodvhich is similar to the
Brandt method. In this case, the governing equations of thergblem are established
to solve directly for the current density inside the conduars. Therefore, the problem
formulation is done just over the conducting regions in theross-section of the cable.

3. Since in HTS cables, all the tapes (of each layer) are iderdl and are arranged in a
symmetrical way, the study domain can be reduced to the halfidth of one of them
(see gure 3.2).

4. The thickness of the superconducting layer of the HTS tapés between @6 to 2 m,
while in the cable application tapes width varies from 4 to 16m. Therefore, the aspect
ratio of the tapes are in the order of thousands. Because ofetlhigh aspect ratio of the
tapes, their thickness can be neglected and tapes are tredtes helically wound current
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Figure 3.1 As long as tapes have the same wining angle, theitate/e position (with respect
to each other) does not change along the cable length. Thisnsgnetrical argument implies
that the problem can be formulated in the cross-section of éhcable.

sheets. Therefore, the nal study domain of the problem is a-ID line de ned along the
cross-section of one of the tapes of the cable.

5. The resistivity of the non-superconducting layers of thelTS tapes is much larger than
the AC resistivity of the superconducting layer of the tapesTherefore in this model,
just the superconducting layer of the tapes is considered.his assumption is highly
accurate in the case of HTS tapes with non-ferromagnetic sutees (such as IBAD
tapes), but not in the case of tapes with ferromagnetic subrsttes (such as RABITS
tapes). Therefore, this hypothesis limits the applicatiorof the method to HTS tapes
with non-ferromagnetic substrates. In the Chapter 5, the \ality of this assumption
is examined and it is shown that the losses in the non-supenztucting layer are quite
negligible compared with the AC losses in the superconduatj layer of the tapes.

6. As a consequence of the current sheet assumption, and dughis fact that all the tapes
are wound with the same winding angle, the current can ow oglin the direction of the
helical trajectory of the tape (deviation of the current fran the helical trajectory of the
tape violates the symmetry arguments associated with the geetry of the problem).

7. The non-linear resistivity of the HTS layer of the tapes isntroduced in the form of the
power law model (see Chapter 1 equation (2.4)).
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Figure 3.2 Successive reduction of the study domain in thegposed hypothesis (tapes di-
mensions not drawn to scale). (a) Real 3D geometry, (b) 2D @®-section of the tapes, (c)
Reduction of study domain to half of a tape, (d) Final study dmain in the form of discretized

interconnected 1D strips (straight lines) along half widthof one tape.

3.1.3 Method limitations

As one of the main hypotheses of the model, it is assumed thatetlvector of the current
density in all the elements of the study domain has only one mponent aligned with the
helical trajectory of the tapes. This assumption is true, afong as all the tapes are wound
with the same winding angle. Therefore, the proposed modsl applicable to solve the elec-
tromagnetic problem of helically wound tapes as long as théyave the same winding angle.
This means that the model can be extended to multi-layer cads, only when all the layers
are wound with the same winding angle.

In our model, we just consider the HTS layer of the tapes, andlahe other layers are
neglected. In the case of HTS tapes with non-ferromagnetictmirates, this assumption is
highly accurate. But, for the case of HTS tapes with ferromagic substrates, the problem
formulation must be extended to cover these layers. In thisase, the e ect of the magnetiza-
tion (induced by the transport current of the HTS layer) must ke considered in the problem
formulation. In addition, ferromagnetic losses occurringt the substrate layer must be consi-
dered in the AC loss computation.
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3.1.4 Methodology
Mathematical formulation

In the proposed approach the governing equation of the prarh is the eddy current
equation, i.e.

E= %t Vv (3.1)
where,E, A and iV are respectively the electric eld, magnetic potential andelectric po-
tential gradient.

The eddy current equation is derived from the combination ofhe di erential form of

Faraday's law, i.e.

_ @B
r E-= @t (3.2)
and, the de nition of the magnetic vector potential, i.e.
r A=B: (3.3)
ReplacingB with (3.3) on the right-hand side of (3.2), we have
ar A
E= ——= 4
r ol (3.4)
or
O, _ .
r (E+ 61)—0. (3.5)

We know that a curl free vector can be expressed as the gradier a scalar, therefore
the argument of the curl operator in (3.5) can be expressed #w gradient of a scalar eld.
This scalar eld can be chosen to be the same scalar electriatential de ned in electrostatic.
Therefore, we have

E+ —= 1V, (3.6)

which is equivalent to (3.1).

As explained in the previous section, due to the symmetry of éhproblem and considering
the tapes as in nitely thin current sheets, it is assumed thaE has only components aligned
with the helical trajectory of the tapes. Therefore, (3.1) &n revert to a scalar form as
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En = % rVy (3.7)
where E,,, Ay and r V,, are the components ofE, A, and iV aligned with the helical
trajectory of the tapes. For the sake of simplicity, in what dllows, we omit their index
notation.

To prepare (3.7) to be solved directly for the current dengit (J), E and A must be
expressed in terms ofi. To do so, rst E in the left side of (3.7) is replaced with theE J

constitutive equation, i.e.

E=J (3.8)

where, represents the intrinsic resistivity of the tapes. In its geeral case, can be a function
of other electromagnetic variables, such a& and B (magnetic ux density) as is the case
with superconductors. In our approach is de ned in the form of the power law expression
(see (2.4)).

On the right-hand side of (3.7),A also must be expressed in terms df. The relationship
betweenA and J is obtained from the Biot-Savart potential integral, i. e.

J
_ 0
A_4 jr rOjCI

(3.9)

where here represents the surface occupied by the tape in alBspace, and andr? are
the position vectors of the observation and source pointsespectively. The solution of this
equation for helically wound current sheets is used to estath a direct relationship between
A and J in all the elements of the study domain in a matrix form as

[Al, 1 =[Mal Bk 1 (3.10)

where, k is the number of the discretized elements, and\| and [J] contain the magnetic
potential and the current density of each element of the styddomain. M A] is a k by k
matrix which relates A in each element to thel of all the elements.

In its nal form, the problem is formulated as

diagl Ok k= ofMak bk ) [ Vi s (311)

where diag[ (J;)] represents ak by k matrix whose diagonal entries correspond to the
resistivity of each element, obtained by the power law model. All the entries ofr[ V], which
represent the voltage per unit length of the tape, are iderdal. When a voltage is applied
across the cabler V is known andJ in all the elements constitute thek unknowns of the
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problem. In the case of imposing a known current to the tapes,V is unknown. In this case,
as the k + 1) equation, we use a current constraint equation, i.e.

l=s J (3.12)

where, | is the injected current into the tape ands is the area of each element.

At this stage, by using a proper time transient integration &orithm, (3.11) is solved for
[J]. Once the values ofl in all the elements of the study domain are known, the AC losse
of the cable (expressed in Watts per meter of tape) are obtaid through

1=f w=2
Q=2N dt JZdl (3.13)
0 0
where, f is the frequency of the applied currentw is the width of the tapes andN is the
number of tapes.

Since with this approach we solve fod, we do not automatically have access to the
solution of the magnetic eld. But the magnetic eld at given observation points can be
computed by establishing suitable matrices (with the helpfahe Biot-Savart eld formula),
which relate the components of the magnetic eld at those puwis to the current density of
all the elements of the study domain. Therefore, if the solitn of the magnetic eld is of
interest, the eld at given observation points can be comp@d as a postprocessing step.

Method validation

In the absence of any other available model to compute the A@dses of helically wound
HTS tapes (to establish a benchmark), the only feasible way tassess the validity of the
proposed model was comparing its prediction of AC losses lithe results of experimental
measurements. Since performing AC loss measurements reggielaborate instruments which
at the time were not available in our laboratory, the experirantal measurements to verify the
validity of the model were done by our collaborators (Dr. DaaN. Nguyen and Dr. Stepen P.
Ashworth) in the Superconductivity Technology Center (STC)of the Los Alamos National
Laboratory.

Excellent agreements were observed between the numericeggiction and the results of
the experimental measurements for AC losses of a helicallpund HTS coated tapes with
di erent geometrical parameters. Full details about the mthod, including its mathematics
and hypothetical developments and the results of the experental veri cation have been
publish in [70]. This paper is inserted as Chapter 4 of this #sis.
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We used this method to perform a parametric study on the AC Ie®es of single-layer HTS
cables with di erent geometrical parameters. Among the simation results it was observed
that, for a xed former radius and a given number of tapes, taps twisted with smaller pitches
show lower AC losses per unit length of the cable. The result$ this parametric study were
published in [71] which is inserted as Appendix C of this thesi

3.2 Second phase

3.2.1 Research objective

Since there were no quantitative data and detailed analysevailable about the loss reduc-
tion in HTS cables by the overlapped designs, the objective tife second phase of this thesis
was de ned to assess the e ectiveness of these designs inugdg AC losses in single-layer
HTS power cables.

3.2.2 Methodology

We started with the cyclic overlapped design, and through aextensive parametric simu-
lation we compared the AC loss behavior of this design agairtbe typical design of HTS
cables. At this stage, we neglected the helical con guratioof the tapes. A 2-D version of the
integral-type method developed in the rst phase of this theis was employed to perform the
simulations. Through the simulation results AC losses anche eld and current distribution
inside the tapes of a single-layer HTS cable, were compared fwth the cyclic overlapped
design and the typical design. The accuracy of the simulatioresults were veri ed with the
help of 2-D FEM simulations. Simulation results revealed tht, by overlapping the tapes AC
losses can be reduced up to 5 times compared with the minimunCAosses that can be
achieved with the optimum typical design. The detailed redts of this study were published
in [72], which is inserted Chapter 5 of this thesis.

As the next step, we used the 3-D version of our developed methto investigate the
e ect of the helical con guration on the performance of the werlapped designs. In this step,
through parametric numerical simulations, the AC loss behdor of the cyclic and anticy-
clic overlapped designs were compared against the typicadsign for di erent geometrical
parameters, including the winding angle of the tapes.

In addition to the overlapped designs proposed by SuperPaweve investigated the idea
of putting narrow HTS tapes bellow the main tapes under the gapegions (see gure 3.3).
The motivation behind this idea is to use the magnetic eld poduced by the narrow tapes
to undermine the edge e ect in the main tapes. It is expectedchtit the current owing in the
narrow tapes shield the ux lines so they cannot enter in theap region.
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Figure 3.3 Cross-section view of a cable when narrow tape® aymmetrically placed below
the gap region

The detailed results about the AC loss behavior of the ovep@aed designs, and the e ec-
tiveness of the idea of inserting narrow tapes have been pisbled in [73], which is inserted
Chapter 6 of this thesis work. According to the results of thistudy, the idea of overlapping
the tapes and putting narrow tapes under the gap regions arelite e ective in reducing AC
losses of single-layer HTS cables made of coated tapes, sowith realistic design parameters
AC losses can be reduced up to 70%.
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CHAPTER 4

FAST NUMERICAL COMPUTATION OF CURRENT DISTRIBUTION AND
AC LOSSES IN HELICALLY WOUND THIN TAPE CONDUCTORS :
SINGLE-LAYER COAXIAL ARRANGEMENT

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 20, NO. 6,
DECEMBER 2010!

Majid Siahrang’, Feceric Sirois”™, Doan N. Nguyeri, Slobodan Babi¢, and Stephen P.
Ashworth*

"Ecole Polytechnique de Monteal
* Superconductivity Technology Center, Los Alamos National Ltzoratory

Abstract

In this paper, we introduce a very fast method to compute theurent distribution in
helically wound thin conductors, when one or many of them ararranged in a symmetrical
manner to form a single-layer power cable. The method relie® two di erent approaches
to nd the magnetic vector potential due to helically wound awirrent sheets. By invoking
relevant symmetry arguments associated with the geometryf the problem, and neglecting
the thickness of the tape conductors, we show that this 3-D pblem can be reduced to a
computationally small 1-D problem, whose domain lies alontpe half-width of any of the
constituting conductor. As a consequence, the proposed methis very e cient in terms of
computational time, and it is more accurate than many previas 2-D methods that cannot
take into account the twist pitch. Since the non-linear restivity of superconducting material
can easily be treated with this method, it can be used to nd auent and eld distributions,
as well as AC losses in HTS coils and cables made of coated tafdesverify the validity of
the proposed method, we performed experimental measurertgeaf AC losses in two con gu-
rations of solenoid-type cables made of a sample of YBCO cadteonductor tape. Excellent
agreement was observed between the experimental data anchgliation results.

1. Manuscript Submitted May 24, 2010 ; revised August 23, 20Q; accepted September 9, 2010. Date of
publication October 21, 2010. Digital Object Identi er 10. 1109/TASC.2010.2078813
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4.1 Introduction

To make High Temperature Superconductor (HTS) coils and caldeesconomically more
competitive, computational tools that make it possible to pedict the current distribution
and power AC losses in helically wound thin conductors is oftimate importance. With such
tools, the analysis and design stages could be coupled wifbtimization tools to achieve the
best possible con gurations for given technical requiremés.

The conductors of choice in the latest generation of HTS pow&ansmission cables are
YBCO coated tapes. The thickness of the superconducting layen these tapes is about
1 m, while the typical width varies from 4 to 12 mm. Many such taps are helically wound
in coaxial arrangements to constitute HTS power cables, due both mechanical and electri-
cal considerations. This results in a fairly complicated genetry to model, and numerically
speaking, the problem is highly challenging to tackle withanventional approaches. Even
the Finite Element Method (FEM), which is recognized as onefdhe most powerful tech-
niques for dealing with complicated geometries, requires &normous amount of memory to
mesh this kind of geometry, where such thin conductors arevimlved. In addition, the highly
non-linear resistivity of the HTS materials adds another leal of complexity to this already
challenging problem.

To circumvent the geometric modeling challenge, most of thgrevious approaches for
solving cable problems simpli ed the real geometry using vwiaus approximations. In most
cases, the rst simpli cation is to neglect the twisted conguration of the tapes so thatthey
can be considered as straight parallel conductors [27, 50, $5]. While providing useful
information, these approaches cannot be used to optimizebda designs, since the twist angle
Is actually a very important parameter. In other proposed gmoaches, the cable layers are
considered as thin hollow tubular conductors. In these methls, the current can be forced
to ow along the helical trajectory of the tapes by de ning the conductivity of the cylinder
as an anisotropic tensor [62, 74, 75]. Although this approaghartially takes into account
the twisted con guration of the tapes, the tape-to-tape gap are neglected, whereas they are
shown here to play a dominant role in determining AC lossed. thas been reported that this
approximation leads to a signi cant underestimation of AC dsses [62]. Using an analytic
expression in the form of in nite series for mutual and selhductance of helically wound thin
conductors to formulate the circuit equation, another metbd has been recently introduced
in [66] to solve this problem. However as mentioned by the aush this method is very slow
and needs to be improved for practical cases.

To nd current distribution and AC losses in single-layer HTScables, in this paper we
propose a fast and accurate numerical technique that is apgable to the twisted con guration
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of each individual tape. The method avoids meshing the whotmble domain by using an
integral formulation, and exploits both the helical symmaty of the problem and the very
small thickness of the tapes to reduce it to a computationgllsmall 1-D problem, involving
only a few hundred of unknowns. The electromagnetic problems solved in terms ofJ,
the current density, which is itself related to the vector ptential (and eld components,
if necessary) through Biot-Savart integrals evaluated onhe real helical trajectory of the
tapes. The results are obtained in a signi cantly reduced e as compared with all previous
methods, while being much closer to the reality. No magneticaterials are considered at this
stage, such as when superconducting layers are depositedadierromagnetic substrate.

This paper is organized as follows : First, two methods to s@ the Biot-Savart potential
integrals for helical current sheets are presented. Secongding these methods together with
symmetry arguments, the governing equations of the probleare formulated over a properly
de ned study domain. Finally, the accuracy of the method is @an rmed by comparing the
simulation results to AC loss experimental data.

4.2 Magnetic potential due to helical current sheets

In this section, we introduce two di erent methods to nd the magnetic potential asso-
ciated with current carrying helical sheets. Both of these athods are based on the solution
of Biot-Savart potential integrals. In the rst method, the integrals are solved numerically,
whereas in the second method, we use a semianalytic appraach

4.2.1 Reduced dimension numerical integration

This rst approach constitutes an important part of the novdty proposed in this paper,
and it is the basic building block entering the mathematicaformulation of the problem. In
the forthcoming developments, we assume that the HTS tapesyaa negligible thickness,
and therefore behave as in nitely thin current sheets. We ab assume that the cross-section
of each twisted tape can be approximated by a straight line grallel to the ¢ axis, see
gure 4.1). Although this is not exactly true (the tapes are atually slightly curved on the
former), it becomes a very good approximation when we subdie the real tape into many
narrow sub-tapes. Therefore, each tape is modeled by exting this straight line along a
helical trajectory, which is de ned by :

€= Rcos(2u + )R+ Rsin(2u + )¢+ Lu?2; (4.2)

where, R, L and u, are respectively the radius, the pitch length and parameteof the
helix, and ¢ is an o set angle that determines position of the tape arounthe former (see
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Figure 4.1 Helically wound thin conductor geometry and ass@ated notations considered in
this paper.

gure 4.1). In what follows, we restrict our developments ta single reference tape of width
2a, whose center line passes through;(@ 0) ; thus we can set ; = 0. We can determine the
vector potential A associated to a sheet current densify owing into this tape at any point
= (X;y;z) in space from the the Biot-Savart law, i.e.

T d ; (4.2)

_ 0
A(F)_4_ ir 9

where represents the surface occupied by the tape in a 3-D ape, as shown in gure 4.1.
When considering the actual tape width (2), and supposing that the sheet current density
jii = j A/mis uniform and ows along the helical path only, we obtain te following integral
(see Appendix A for the detailed procedure) :

- np=2 1
0d] qua dv

n :
r.l —_—
4 2+ dZ+dz’
X Y z
np=2 1

(4.3)

A(Xy;z) =

wheren,, is the number of twisted pitches considered in the integrale. ny,=2<u<n =2
(half of the number of pitches above and below the plare= 0), v is a parameter used to
de ne the strip width, and the remaining notations are de nal as follows :
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q__
= (2R)*+L?;
2R . L
0= — sin(u)®+cos(Qu )¢ + ﬁz ;
L .
dy = X Rcos(2u) aLsm(Zu);
: L
d =y Rsinu)+ icos(Zu);
2avR
4=z L 2. (4.4)
Dening B andK as
oM 0
B= — L xsin(2u) ycos(2u) +2R(z Lu) ;
1 2 . 2
Kz; X Rcos(2u) "+ y Rsin(2u) .
+z Lu? ; (4.5)
one can rewrite (4.3) as
np=2 1
N dv
A=22 dult p——m——; 4.6
4 "VZ+ BV + K (4.6)
np=2 1
where the rightmost integration in (4.6) can be solved analigally. The result is
' d B+2 2p 1+B+K
+2+ +B+
lo= P v - B (4.7)

Pramos "T B+ K
vZ+ Bv + K B 2+2 1 B+K
1
Despite the compact notation, one must not forget that is a function ofu. By inserting
this analytic solution in (4.6), the order of integrations © nd A is reduced to one. Therefore,
after substituting ¢ from (4.4), A can be decomposed into its components, in the Cartesian
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coordinate system, as three simple integrals, i.e.,

. Mp=2
A, = OZR‘ sin(2 u )l o(u) du:
np=2
. Mp=2
Ay = 0;’ cos(2u )lg(u)du;
np=2
np=2
A, = ZLJ lo(u)du: (4.8)
np=2

These 1-D integrals, although not analytically tractablecan numerically be solved much
faster and more easily than the 2-D version shown in (4.6). Hewer, some care must be
taken since potential integrals diverge when the observati point + = (x;y; z) lies in the
integration domain, namely, the tape surface. In this casé, diverges atr°= ¥, although the
integral does not. In principle, this can be addressed by ugj special quadrature integration
techniques, but these are not easy at all to implement in a roist way. Another approach
that avoid dealing with singularities is to revert to analyical approximations in this part of
the integral, as shown in next section.

4.2.2 Semianalytic approach

In this approach, the helical current sheet is assumed to bertstructed by the intercon-
nection of tiny rectangular elements, as shown in gure 4.8y doing this, the geometry is no
longer the exact geometry (presence of a discontinuity beden each element), but it makes
it possible to develop analytic expressions for the vectoopential.

Figure 4.3 shows one of these elements in a local coordinatstem (x;y; z). In this gure,

w and h are the width and height of the element, respectively. For # sake of simplicity, we
consider that the z axis of the local coordinate system is aligned with the heétpath €, as
de ned in (4.1), whereas they axis is normal to the surface of the tape. Therefore, when
the current ows along the helical trajectory of the tape, a Beet current ofj (in amper per
meter) ows in the element along thez axis (still in the local coordinate system). Under
these conditions, the contribution to the vector potentialat any desired observation point
f = (X;Y; z) of the local coordinate system has a unique component oried alongz (colinear
with the sheet current) that can be determined from the follwing potential integral :
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Figure 4.2 Thin helical conductor constructed by interconection of tiny rectangular elements.

w h
i 7 dz%x®
AL(X;y;Z) = 4—01 5 (4.9)
w h
2 2

whereP = P X2+ y2+ 72 (always positive),X = x x%andZ =z z% An analytic result
is easily found for this double integral, i.e.,

i Z Z
A, = 4—°J 2%+ vy arctan =  arctan ==

+ZIn(X + P)

+ X In(Z+ P) (4.10)

where arctan terms return a value between =2 and =2.

The total vector potential at any observation point is obtaned by superimposing the
contribution of all the rectangular current sheets in a gloal coordinate system, which requires
applying a di erent rotation matrix to each element. The minmum number of elements

required to achieve a given accuracy depends on the radiusdgmtch length of the helix, and
can be determined after a few manual iterations.

4.2.3 Comparison between numerical and semianalytic metho ds

From the point of view of computational performances, numaral integration is faster than
the presented semianalytic method. On the other hand, the m@-analytic approach handles
the singularities of the potential integrals much more edgithan the numerical approach. To
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Figure 4.3 An elementary rectangular current sheet in its l@at coordinate system X;y; z).

exploit the advantages of both methods, we did use numerigategration as often as possible,
except for singular cases, which we treated with the semidpac method. This explains why
we introduced the two methods in detail in this paper.

4.3 Formulation of the electromagnetic problem

4.3.1 Assumptions

As shown in gure 4.4, we assumed a symmetrical arrangementtapes helically wound
around a cylindrical former, so they all have the same twistifch. In the rest of this paper,
this con guration is referred to as\single-layer cable" oisimply \cable." In addition the term
\tape"is used to refer to each of its constituting thin condators.

On the modeling side, the only geometrical approximation esd for the cable was to
consider the tapes as in nitely thin conductors (current sbet approximation) to be consistent
with the formulas previously derived.

In addition, from the preceding assumptions, one can dedutiee following statements :

{ As long as the cable length is long enough, the current disbution along the cross-

section of any tapes is the same at any position along the lehgf the cable.

{ As long as all tapes are identical (geometrically and physadly) and symmetrically

positioned, their current distributions are identical.

{ The current in each tape always ows along its helical trajetory and the current density

vector (i.e., J) is always tangential to this path.

{ The current distribution in the tapes must necessarily exibit an even symmetry along

their width.
Based on the preceding statements and in the absence of anygmetic material, the formu-
lation of the problem to nd J can be established over a 1-D study domain de ned along the
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Figure 4.4 Helically wound thin conductors in single-layeraaxial arrangement.

half-width of one tape. This line domain, which is actually dent line tangential to the tape
wide face and normal to its edge, is shown in gure 4.5.

A particular feature of this model is that nding J along this 1-D domain is su cient to
nd the current distribution and power dissipation in the whole cable. In addition, we already
know from symmetry considerations, thaO only has a component oriented along the helical
path of the tape, i.e.,J = J A (see gure 4.5). Therefore, in the rest of the paper, we will
drop the vector notation and usel to express the unknowns of our problem, knowing that
actually corresponds to the helical component of the curredensity in the tapes.

To solve forJ, the 1-D study domain has to be discretized rst. This is donéy rede ning
this slightly curved domain as a set of interconnected strgint lines. From gure 4.5, each of
these straight lines is parallel tf. These straight lines constitute the discretized \elemest
of the numerical problem. To each of these elements, we asatecan unknown helical current
density J, as previously mentioned. Therefore, the total number of Wmowns (or \degrees
of freedom”) of the problem will be simply equal to the numbepnf elements used in the
discretized study domain.

4.3.2 Matrix formulation of the electromagnetic problem

To nd the distribution of the helical current density J, we start from the electric eld E
equation expressed in its local form, in the low frequency pmximation, i.e.,
@
E= —r 411
ot (4.11)

where,E, A andr are, respectively, the electric eld, the magnetic vector gtential and
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Figure 4.5 One-dimensional study domain de ned over the css-section of one tape, shown
with the local coordinate system of one of its element§ ¢ vector tangential to tape surface
and parallel to cross-sectionfi : helical vector, also tangential to tape surface : vector
normal to tape surface).

the electric potential gradient. This equation directly réates each component dE with those
of A andr . Since we only need to compute the helical component &f we can revert to
the scalar form of (4.11), i.e.,
Eh = % r Vv; (4.12)

whereE;, and Ay, are the helical components oE and A, andr V is a constant represen-
ting the voltage per unit length of tape, which drives the dasd helical current in each tape.
One should note thatr V is di erent from r  since the former has only a helical component,
whereas the later may also have a transverse component, whige do not need to evaluate
explicitly. In what follows, we drop the \h"index denoting the helical components.

To obtain an equation in terms ofJ, we rst use the classicaE J constitutive equation
(in its scalar form), i.e.,

E=J; (4.13)

where, represents the intrinsic resistivity of the tapes. In its geeral case, can be a
constant (i.e. metallic conductors) or a function of otherlectromagnetic variables, such a3
or B (the magnetic ux density), such as in superconductors.

Inserting (4.13) into (4.12), and applying a simple point déocation technique to obtain
a discrete set of equations in which the helical current deitys J; and the resistivity (J;) are
assumed piecewise constant by element (but not necessaliihear), we obtain

@4
@t
where,i corresponds to they, element (1<i<n ), and n denotes the total number ele-

Ei= ()= r V: (4.14)
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ments in the discretized domain. For convenience, we assuthat all J; and A; are evaluated
at the center point of each element.
The above equations are now expressed in matrix form, i.e.,

diagl O alTh = SfAl 1 [ Vin i (4.15)

where diag[ (J;)] represents ann by n matrix whose diagonal entries corresponds to
the resistivity of each element. In addition, [J] and [A] are respectively the column vector
representation of the helical components of the current dsity and magnetic potential in all
elements of the problem, i.e., the components tangential tbe helical trajectory of the tapes.
Finally, we emphasize that alln entries of [ V] are identical, sincer V is a constant when
all tapes are identical, symmetrically arranged and carryhie same transport current.

As a last step towards an equation expressed only in terms df|,[ results of the second
section of this paper are employed to provide a direct relamship betweenA] and [J], i.e.,

[A]n 1:[MA]n n[‘]]n 1; (416)

where the each helical sheet current densitigsrequired in (4.8) or (4.10) is related to the
precedingJ through j; = dJ;, whered is the actual thickness of the tapes. Within this
paper, we used a combination of both methods proposed in thecend section to determine
these coe cients, i.e., the semianalytic approach was usdd nd the helical component of
A when the observation point was located within or close to theource element, (singular
or nearly singular points), and the numerical integration \&s used otherwise. Although this
procedure proved to be relatively fast, it could further be gtimized. To model a long cable,
the contribution of each twisted strip has to be consideredver a su cient number of pitches
(np). An adequate gure seems to be around, & 20L=R.

In the general case, the generation of thé/[, ] matrix takes a long time. However, due
to the particular helical symmetry encountered here, and rste we assume the same current
distribution in each tape, M a] can be fully generated with the computation of its rst row
only, by using a cyclic permutation of the coe cients. In addtion, since the determination of
[M A ] depends only on the geometrical data of the problem, it caretgenerated only once for
a given geometry and reused multiple times to perform pararne analysis involving other
non-geometric parameters, such as varying the transport cant, the resistivity, and so on.

To obtain our nal equation, we insert (4.16) into (4.15), whch results in the following
equation :

diag[ (3)]s ol = gg[MA]n DL [V oo 4.17)
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To obtain our nal equation, we insert (4.16) into (4.15), whch results in the following
equation :

diag[ (J)]n n[Iln = @@{[M Aln 03], 1) [r VIh 1: (4.18)

This equation can be used to solve both voltage driven or cemt driven problems. In the
rst case, r V is supposed as known, and correspond to a voltage source esged per unit
length. In the second case;, V is unknown, and one must write an additional equation to
impose a given transport current in one tape. The way to do thiwas already described in
details in [76], so it is not repeated here.

Regarding the time derivative appearing in (4.18), it can bdealt with di erently depen-
ding on the nature of the resistivity. If the later is linear and the excitation is periodic, a
simple time-harmonic solution can be usedJ(andr V are then complex) and yield to solu-
tions quickly. However, if the resistivity is non-linear, sah as with superconductors, one need
a full solution to the time transient problem, and a proper tme integration algorithm must
be used (e.g. Euler, Runge-Kutta, etc.). To improve the coevgence of the solution process,
it is highly recommended to use adaptive time transient sadvs, such as\ode45" or\odel5s"
available in Matlab [77], or even more sophisticated solvers such as \DASSL" or {3PK"
[78, 79], available in various public code distributions,ueh as theSundials solver suite [80],
which was used here. Further details about how we formulatetie nal equations in order
to use Sundials can be found in [64].

Finally, since we solve ford, we do not automatically have access to the magnetic eld
or ux density components. If these quantities are of intergt, they can be computed with
the help of the analytic formulas proposed in [81] for thin angular current sheets (see
Appendix B), in a similar way to the semi-analytic method propsed in the second section of
this paper. Unless the resistivity of the tapes depends @, these computations can be done
only as a post-processing step. Indeed, if one wishes to knihwe eld at given observation
points (say m points), su ces to evaluate the following matrix-vector products for obtaining
either the helical (), tangential (f) or normal () component ofB (see gure 4.5), i.e.

[Bhlm 1:[MBh]m n[dn 1;
Btln 1=[Mgm a3 1;
Bnlm 1=[Mg,Im n[I]n 1: (4.19)

If we choose to compute the eld at the center of each elemente havem = n, and we also
end up with a signi cant economy in computation time, since ¥ symmetry, only the rst
row of [M g] needs to be computed (similarly to the case oM, ]).
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4.4 Validation of the numerical method

4.4.1 Experimental benchmark

To assess the validity of the method previously presented,ewperformed experimental
measurements on samples made of HTS tapes. We chose HTS tape$afio major reasons.
First, the main purpose of the method is to determine the cuent distribution and AC
losses in HTS coils and cables. Second, although the currergtdbution cannot be measured
experimentally, we can measure the AC losses under a sindgsbitransport current. Due to
the mechanism by which these losses occur, the value of the AgSses is very sensitive to
the eld and current distributions inside the superconduang sample. Therefore, obtaining
a good prediction of AC losses under various experimentalnchtions (di erent transport
currents and helical con gurations of the HTS tapes) should & a su cient condition to
consider the numerical results as valid.

The selected HTS conductor used to perform the experiments svan IBAD (lon Beam
Assisted Deposition) YBCO coated conductor tape, manufactad by SuperPower The tape
width was 12 mm, and the thickness of its superconducting YBC@yer was 1 m. To assess
the reliability of the numerical method for a diversi ed rarge of geometrical parameter,
simulation and experimental results were compared when thape is not twisted (isolated
straight tape) and when the tape is helically wound with two derent twist pitches (solenoid-
type cable). The solenoidal con guration has the advantagef ensuring that the total current
is the same in every tape section, a condition that would be dult to satisfy experimentally
for short cable samples made of multiple tapes.

In our cable samples, the 12 mm tape was wound around a cylinchl former of 1126 mm
of radius. The two pitch lengths chosen were of ¥%6mm and 133 mm, resulting in respective
gaps of 3 mm and 1 mm between two adjacent turns of the coil. Togure that the prototypes

2

1800 190 200 2 20 23

Figure 4.6 Solenoid-type cable made of 12 mm wide HTS YBCO tapelitally wound on a
former of 11.26 mm of radius. This cable was used to obtain eqgmental AC loss values,
required to validate the numerical method introduced in ths paper.
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behave as\long" cables, the tape was wound ovep = 16 pitches. Figure 4.6 shows the rst
solenoidal cable prototype, i.e., the one with a pitch lengtof 154 mm and a gap of 3 mm.
In all three experimental scenarios considered, a series 5 Hz sinusoidal transport
currents were imposed in the tape. The peak value of the impegb current was progressively
increased from 15% to 90% of the critical current of the tape I = 320 A), whereas the
losses were measured over the 2 middle turns. The results presented in the next section.

4.4.2 Numerical simulations

In the numerical simulations, the tape was discretized intd50 elements along its half-
width. The non-linear resistivity of the YBCO tape was modelé with a classical power law
characteristic, which is known to be quite representativefahe HTS behavior whenJ is in
the range ofJ,, i.e.,

_E.J P!

=<t 4.2

where E. is the electric eld criterion (E. = 10 4 V/m), p is the power law exponent
(p =50), and J; is the local critical current density. In what follows,J. was chosen as to be
non-uniform across the width of the sample, i.el. = f (x), wheref (x) is shown in gure 4.7.
This choice follows from good ts obtained between simuladin and experimental results
published previously for the same type of HTS tape [82]. In thipaper, we used a value of
Jo = 2:8 10° Alcm?, corresponding the critical current value ofl = 320 A mentioned
previously.

The [M o] matrices required for each simulation case (straight tapand two helical cables
with di erent twist pitches) were generated in less than 40.sThey were generated only once,
and re-used for each simulation scenario. Regarding the sillation times themselves, for each
transport current imposed in the tape, the solver convergeahd provided the AC loss results
within a few seconds (most often less than 10 s). This is a siglant reduction in computation
time if we compare to the closest procedure found in literata, where simulation times in
the range of hours or even days were reported [66].
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Figure 4.7 Model of the critical current distribution in the YBCO tape used in the proto-
type cable. This J.(x) function was taken from [82], where it was shown to t well wh
experimental measurements.

4.4.3 Comparison of numerical and experimental results

The AC losses can be computed from thé pro les obtained by numerical simulation
with the help of the following formula :

1=f w=2
Q=2 dt JZ2l: (4.21)

0 0

One should note that this formula gives the AC losses per unigéngth of tape, not per unit
length of cable. The AC losses per meter of tape provide a bettcomparison of the intrinsic
losses, especially in this case, since all cable samplesewrade with a single tape.

The AC loss results obtained by simulation are shown in gurel.8, together with the
experimental values, for the three cases considered in tlpaper. As expected, the losses
decrease as the gap size decreases (highest losses for thatesl tape). In all cases, we
observe an excellent agreement between the predicted vawsnd the measured ones, which
supports the validity of the numerical simulations.

In gure 4.9, the eld and current distributions along the cross-section of the helical
tape are shown for the two twisted cables above, correspondito gaps of 1 mm and 3 mm
respectively. The proles shown correspond to the maximumfa peak transport current
of 220 A, i.e. 0:7l.. Although the current distribution was obtained directly from the
numerical computations, the eld components were obtaineds post-processed quantities
derived with the help of (4.19). Still, in gure 4.9, we obsere that the normal component of
the eld (By) is higher near the edges of the tape and penetrates furtheswards its center
when the gap is larger. We also observe that the tangential mponent of the eld (By) is
in the same range of values aB,, (even slightly higher near the edges), and even increases
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Figure 4.8 Measurements (squares) and simulations (lineg) AC losses per unit length of
tape for a straight and helically wound HTS tape as a functionfdhe transport current. The
same 12 mm wide tape sample was used for all three experiments

at the center when the gap is larger. The helical eld compomne (By,), corresponding to the
component parallel toJ, is the smallest one (roughly 5 times less thaB,). It decreases
as the gap size increases, and is nearly independent of thesipon along the tape width.
This was intuitively predictable since this component mustend towards zero as the gap size
increases, meaning that the solenoid-type cable tends to aetraight tape. As a consequence
of these eld distributions, it is observed that, for small @ps, the current tends to distribute
itself more uniformly within the tape, with reduced peaks na&r the edges, and thus reduced
losses.

Although relatively convincing, these simulations did not Bbow us to clearly identify the
important parameters for optimizing AC losses in HTS cables ade of multiple conductors.
This important question is more complicated than it appearsat rst sight. For instance,
one could reasonably suppose that the AC losses are domimat®y the penetration of the
magnetic eld at the edges of the tapes, which is itself stragly related to the gap size.
Therefore, we might think that a simple 2-D simulation of thecable cross-section could in
principle be su cient to get quantitative data about the imp act of the gap size. However, for a
given combination of twist pitch, tape width and gap size, tk former radius is automatically
xed. A 2-D analysis (no twist pitch) using the same parametes therefore implies that the
former radius must change, and then the problem is no longeng same as before. One could
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think about adding tapes to keep the former radius constanthut then the total current
carrying capability of the cable increases, increasing thieagnitude of the eld components,
and consequently the AC losses. Therefore, it does not seewsgible to neglect the twist
pitch and simply use 2-D simulations for the purpose of proplg optimizing a cable design,
and this issue will inevitably get more complicated for muitlayer cables.

A comprehensive parametric analysis of single-layer cabl@youts requires a di erent
methodology than what was presented here, it will be addres in a separate publication.

45 Conclusion

In this paper, we have presented a new numerical approach toding the current distribu-
tion and the eld components in helically wound thin conducbrs, such as HTS YBCO tapes.
The method is particularly well suited for solving problemsvhere one or many of such thin
conductors are symmetrically positioned with respect to el other, in a coaxial arrangement.
The method does consider the real helical con guration of éhtapes, and approximates their
geometry as in nitely thin strips. The approach relies on ssymetry arguments to formulate
the discrete problem with a minimum number of degrees of frdems. Since the non-linear
resistivity of the HTS material can be easily inserted in the wdel, the method can be applied
to analyze single layer power cables made of twisted HTS codteonductors. The accuracy
of the method was veri ed by comparing the AC losses obtaineoy simulation with expe-
rimental results. An excellent agreement was found for the the di erent cases considered
in this paper. The typical computation time required to sole a problem is in the range of
seconds, which is a signi cant improvement over existing rtteods. This method could be
used to determine the optimal geometric parameters to deeisow-loss HTS power cables.
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Figure 4.9 Simulation results for the current density (norralized) and for the components
of the magnetic ux density along the width of the helically vound HTS tape at a peak
transport current of 220 A, corresponding to 0:7l.
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CHAPTER 5

REDUCTION OF AC LOSSES IN HTS POWER TRANSMISSION CABLES
MADE OF COATED CONDUCTORS BY OVERLAPPING THE TAPES

SUPERCONDUCTOR SCIENCE AND TECHNOLOGY, 24 (2011) 015004
Majid Siahrang and Feceric Sirois

Ecole Polytechnique de Monteal

Abstract

In this paper, we investigate the e ectiveness of an alterni@e design scheme to reduce the
AC losses in HTS power transmission cables made of non-feragnetic HTS coated conduc-
tors. With this design, the adjacent tapes of each layer of thcable overlap each other up to a
certain distance from their edges, typically 1 or 2 mm. Usingvo di erent numerical methods,
an integral technique and a nite element method, we perfored a parametric investigation
of the idea of overlapping the tapes in the case of a singlgda HTS power cable. Through
the simulation results, we show that overlapping the tape &ls to an important reduction
in the AC losses of the cable (typically two to ve times), mo8y due to an advantageous
redistribution of the current in tapes.

5.1 Introduction

Transmission of power through High Temperature Supercondiing (HTS) cables is one
of the most promising industrial application of HTS materias for commercialization in the
near future. The reduction of electric power dissipation deito alternating current ow in
HTS conductors, commonly called AC losses, is a key techniésgue in the development of
HTS cables. Although these losses are relatively small as caargd to the range of power
dissipated in copper cables, the generated heat must be edted from the cryostat to the
ambient environment in order to keep the temperature of theuperconductor below the
critical temperature. Because of the large di erence betwa the conductor's temperature
and the ambient temperature, heat removal requires a bulk ancostly cryogenic system.

1. Manuscript Submitted September 15, 2010 ; revised Octolrel9, 2010 ; Date of publication December
3, 2010. Digital Object Identi er 10.1088/0953-2048/24/1/015004
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Reduction of the AC losses therefore contributes to a sigmant reduction in the capital and
operational costs of HTS cables and makes them more compettiwith respect to other
technologies.

In the latest generation of HTS power cables, YBCO coated tap@se the conductors of
choice. In the typical design of HTS power transmission calslghese tapes are helically wound
around cylindrical formers in single or multi-layer coaxibarrangements. Figure 5.1 shows a
cross-sectional view of a single-layer HTS power cable madesight coated conductors. Due
to the helical con guration, the wide face of the tapes are cued along the surface of the
cylindrical former around which the tapes are wound. With tis design scheme, small gaps
separate the adjacent tapes of each layer. From a pure elextragnetic point of view, the
most favorable design to achieve minimum losses occurs whéese gaps are completely
closed [33, 70, 71]. But the minimum size of the gap is inevly limited by the need for
mechanical exibility and by the winding process of the cald. In the current design of HTS
cables, the minimum size of the gap is limited to 0:6 to 0:8 mm [33].

In this paper, we investigate a new design scheme for HTS powesinsmission cables
made of coated tapes. This design has been already suggestatpatent by Superpower [69],
but there are no quantitative e ectiveness data and detailg analysis of the electromagnetic
behavior for this design in literature. In this design, the djacent tapes of a given layer overlap
each other over a certain distance from their edges. Througimulation results, we show that
this design leads to a considerable reduction in AC lossesHITS power transmission cables.
In addition, this design seems realizable in practice and wid not prevent the cable from
being bent, as required in a eld installation.

This paper is organized as follows : rstly, we introduce th@ew design in more details.
Secondly, we introduce two di erent numerical models that @re used to perform parametric
simulations to assess the e ectiveness of the new design o8 Wss reduction in the case of a
single-layer, untwisted HTS power cable. Finally, we discaghe reasons for the reduced AC
losses obtained with this design.

5.2 Overlapped design

In the proposed overlapped design, the constituting taped each layer of the cable are
symmetrically positioned around a cylindrical former, sintar to the typical design. However,
instead of having a gap between the tapes, the adjacent tapes each layer periodically
overlap each other over a certain distance from their edgess shown in gure 5.2.

To mathematically de ne the overlapped design in the 2-D css-section of the cable, we
assumed that, unlike in the typical design, the edges of the@wmstituting tapes are located at



58

VRN

L \ -

Figure 5.1 Cross-sectional view of a single-layer HTS cablggical design).
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Figure 5.2 Cross-sectional view of a single-layer HTS cabl@verlapped design)
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two di erent distances from the center of the former. As showin gure 5.3, let us consider
R, as the radius of this cylinder. If, for instances, the rightrost edge of each tape is located
on the former circ