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Kurzfassung

Diese Arbeit untersucht eine neue Anwendung von Hochtemperatur-Supraleitern (HTS) als
Schalter fiir leistungselektronische Anwendungen, insbesondere durch die Auslegung und den
Nachweis eines vollstandig supraleitenden H-Briicken—-Wechselrichters. Der Schalter selbst
nutzt den dynamischen Widerstand, der in HTS-Béndern entsteht, wenn diese sich in einem ma-
gnetischen Wechselfeld befinden und gleichzeitig einen Gleichstrom transportieren. Dadurch
ist es moglich, dass im eingeschalteten Zustand des Schalters (Magnetfeld aus) ein verlustfreier
Stromtransport stattfindet, wihrend im ausgeschalteten Zustand (Magnetfeld ein) ein belie-
big schaltbarer Widerstand schnell erzeugt werden kann. Zunéchst erfolgt eine Einfiihrung in
HTS-Materialien einschlieflich deren Grenzen fiir die supraleitende Phase sowie die aktuell

bekannten Annahmen und Modelle des dynamischen Widerstands.

Vorexperimente wurden durchgefithrt, um das dynamische Verhalten solcher Schalter unter
verschiedenen Magnetfeldamplituden und -frequenzen zu charakterisieren. Die experimentel-
len Ergebnisse wurden dabei durch analytische und numerische Modelle gestiitzt. Das Kommus-
tierungsverhalten des Stromes zwischen zwei parallelen supraleitenden Schaltern wurde zu-
dem néher untersucht. Diese Ergebnisse flossen in die Entwicklung des Wechselrichters ein. Es
wurde gezeigt, dass Gleichstrom in Wechselstrom erfolgreich umgewandelt wird und dass der
Betrieb uiber einen langen Zeitraum hinweg stabil ist. Dartiber hinaus konnte der Leckstrom,

welcher tiber die ausgeschalteten Schalter flief3t, reduziert werden.

Ein SPICE-basiertes Modell erméglichte die Herleitung von Skalierungsgesetzen, wodurch
Materialanforderungen und Effizienzzusammenhénge fiir Anwendungen mit héherer Leistung
aufgezeigt wurden. Strategien wie der Einsatz breiterer Supraleiterbinder und alternativer
Substrate wurden bewertet, um den bendétigten Anteil an supraleitendem Bandmaterial zu
verringern. Zusétzlich wurde eine neuartige Methode zur effizienten Erzeugung langer Ma-
gnetfelder auf Basis des Rectangular disk-up-down-assembly (rDUDA)-Prinzips entwickelt

und experimentell validiert.

Die Ergebnisse stellen einen ersten Machbarkeitsnachweis dar, zeigen die Realisierbarkeit auf
und liefern Werkzeuge fiir die zukiinftige Optimierung und Skalierung. Die Technologie befin-

det sich derzeit auf einem Technologie-Reifegrad (TRL) von 3-4. Weitere Forschung wird sich

iii



Kurzfassung

darauf konzentrieren, den Wechselrichter zu verbessern, Verluste zu minimieren, Fertigungs-
prozesse weiterzuentwickeln und grofiskalige Demonstratoren zu entwerfen, um den Weg zu

praktischen Anwendungen im Niederspannungs- und Hochstrombereich zu ebnen.

iv



Abstract

This work investigates a new application of high-temperature superconductors (HTS) as
switches for power electronics, in particular through the design and demonstration of a fully
superconducting H-bridge inverter. The switch itself uses the dynamic resistance that builds
up in HTS tapes subjected to an alternating magnetic field while carrying a dc transport
current. This enables lossless current transmission in the on-state and a switchable resistance
in the off-state of the switch. At the start, an introduction to HTS materials, including their

operational constraints and the mechanisms and models of dynamic resistance are given.

Preliminary experiments were conducted to characterize the dynamic behavior of such switches
under various magnetic field amplitudes and frequencies, with experimental results supported
by analytical and numerical models. The dynamic behavior of two parallel superconducting
switches was also examined more closely. These results were incorporated into the design of
an inverter. It has been shown that the conversion of dc current to ac current can be successfully
achieved and that the conversion is stable over a long period of time. In addition, the leakage

current was reduced.

A SPICE-based model allowed the extrapolation of scaling laws, revealing material require-
ments and efficiency trade-offs for higher power applications. Strategies such as the use of
wider superconducting tapes and alternative substrate materials were evaluated to reduce the
amount of superconducting tape required. In addition, a novel stack assembly for efficient
magnetization of long HTS tapes based on the rectangular disk-up-down assembly (rDUDA)

principle was developed and experimentally validated.

The results represent an initial proof of concept, establishing feasibility and providing tools for
future optimization and scaling. The technology is currently at Technology Readiness Level
(TRL) 3-4. Further research will focus on improving switch design, minimizing losses, refining
manufacturing processes, and designing large-scale demonstrators to move towards practical

applications in low-voltage, high-current scenarios.
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1 Motivation and Scope of Work

The advantages and technical feasibility of superconductors in energy applications, like cables,
rotating machines, transformers, and superconducting magnetic energy storage (SMES), were
already shown in many studies and demonstrators over the last decades. A possible option to
cover the increasing global demand for energy is utilizing superconductors with their higher
efficiencies and power densities compared to conventional technologies. One of the most signif-
icant advancements in superconducting power transmission is the alternate current (ac) cable
“AmpaCity” in Essen, which, at 1 km, was the longest superconducting cable installed in an op-
erational power grid at that time. It has been in operation for over 7 years without any major
incidents [Ste16, Her16, Her19].

Due to the unique properties of superconductors, they also enable new fields of application
that are not possible with conventional technology, such as fault current limiters. They can
limit the current in the event of a short-circuit in the grid, providing more stability and further

expansion opportunities.

Another application that uses the highly non-linear behavior of superconductors, but that has
not yet been investigated to such an extent is rectifiers and inverters using superconducting
switches. Proposals for a superconducting rectifier and the superconducting switch itself have
already been investigated in a number of previous projects [tKat81, vdKlu81a, vdKlu81b, Gen16,
Gen21, Gaw19b, Gaw18, Leu22, She93, Wan22]. The switches are mostly utilized for operating
superconducting magnets in persistent current mode, having a zero resistance short-circuit for
the magnetization current. Superconducting rectifiers in the form of a half-wave and full-wave

rectifier have already been investigated in flux pumps for charging magnets.

The scope of this work is to design and build a fully superconducting H-bridge power inverter
with fast acting high-temperature superconductor (HTS) switches and perform tests on a labo-
ratory demonstrator as a proof of concept. The switches are magnetic field triggered and based
on the effect of the dynamic resistance, which enables fast switching. A circuit diagram of such
an inverter is shown in fig. 1.1. The circuit consists of an input, output, and four switches S1
to S4. In inverter mode, the input voltage and current are direct current (dc). The switches are

then switched on and off in such a pattern that the current is converted to an ac current.
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Figure 1.1: Equivalent circuit diagram of a H-bridge power inverter.

The basic current pattern is illustrated in fig. 1.2 where the input current i, is displayed in W and
the output current i, in B. The switching pattern according to which the individual switches

must be switched to achieve the desired output current is shown above.

S1,S4 on ,S3 on S1, S4 on ,S3 on

io

lnm

Figure 1.2: Progression of the input and output current of an inverter.

In order to understand the mechanisms of a superconducting switch, the basic properties of
high-temperature superconductors are presented in chapter 2. In this chapter, the critical values
and dependencies of superconductivity on temperature, magnetic field, and transport current,
as well as different methods for increasing the resistance in the superconducting material are

introduced.

In chapter 3 a complete characterization of all relevant properties is performed on the super-
conductor used, and the switch built from it. This includes the magnetic field dependency of
the critical current I, with an external perpendicular field and the temperature-dependent resis-

tance from 77 K to room temperature (RT). The dynamic resistance is measured under various
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conditions varying the magnetic field amplitude, the frequency, and the dc transport current.
First switching experiments are conducted with two parallel superconducting switches and the
commutation behavior investigated. The experimental data is then compared with analytical
and finite element method models.

In chapter 4 a fully superconducting H-bridge inverter is then designed and afterward a demon-
strator is built for a first proof of concept. Various tests with varying input parameters including
continuous load are performed to investigate stability and limits of the electrical circuit. Ad-
ditionally, multiple approaches to improve the switch and circuit are analyzed and applied.
Scaling laws are established and up-scaling is carried out taking into account the limits of the

superconducting circuit and is investigated by an example use case.

Chapter 5 summarizes all the results and provides an outlook for further work.






2  Fundamentals of High-Temperature
Superconductors

Superconductors with their highly non-linear current-voltage behavior are already in use for
various power applications. In the superconducting state they can offer zero dc transport cur-
rent resistance and can carry much higher current densities compared to conventional mate-
rials. The distinctive characteristics of superconductors make them an attractive option for
improving the efficiency of, or reducing the size and weight of, power devices such as trans-

formers, electric machines, or inverters.

The phenomenon of superconductivity was first observed by Kamerlingh Onnes in 1911, during
his investigation of the temperature-dependent electrical resistance of metals with liquid helium
(LHe) [Onn91]. He observed that the electrical resistivity of mercury suddenly dropped to a
non-measurable value below 4.2K. In the following years, until 1986, many elements in the
periodic table and compounds were found to be superconducting, but only a few were suitable
for technical applications [Buc04, Kom95]. These materials require temperatures below 30K
and are therefore also called low-temperature superconductors (LTS). Applications of LTS are

limited to research and medical applications due to the costly liquefaction of helium.

This changed with the discovery of a new superconductor class, based on copper-oxides, in 1986
by Bednorz et al. [Bed86]. Soon, a wide variety of materials were found, and superconducting
states were possible at temperatures in the range of 90K, enabling cooling with more economic
coolants like liquid nitrogen (LN,). These superconductors are called HTS. One of the most
important superconductors in this class is yttrium barium copper oxide (YBCO), with a critical
temperature of 92K. The rare earth metal yttrium can be replaced by others, forming the sub-
group of rare-earth barium copper oxide (ReBCO) superconductors [Kha24, Sha21]. The most
important superconductors are displayed in fig. 2.1 with their respective year of discovery and

critical temperature.



2 Fundamentals of High-Temperature Superconductors

150 @ BCS cacub HgTIBaCaCuO
. HgBaCaCu
< ceramic TIBaCaCuO
;: miron-based N
BiSrCaCuO
& 100 YBabaO FeSe/STO™
= alu
g Ml L]
=%
E SmFeAsO
E 50 PrOFeAs:
‘= °
z LH, ! Ao al LaBaCuO MgB, LaFeAs(OF)
***** P L*****‘*NbN** 3 n;*é**3***‘**3*6;*********”*****'*A
Hoo® - ____._Nb® _____ NbTi® - LaFePOg — - _ __ LHe |

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Year of discovery

Figure 2.1: Year of discovery for the most important superconductors and their critical temperature T.. The materials
are divided in classic metallic superconductors ® , ceramic copper-oxides 4, and iron-based superconduc-
tors m.

The theories of superconductivity, like the Bardeen—Cooper-Schrieffer (BCS) theory [Bar57],
are already well described in literature [Buc04, Kha24, Wil86]. This is why the following chapter
focuses mainly on ReBCO superconductors, which were used in this work. For the application
of superconductors in switches, it is crucial to understand their behavior under various external

influences, like current, temperature, and magnetic field.

2.1 Critical Parameters of Superconductivity

Superconductors are only in the superconducting phase if certain criteria are not exceeded.
These are discussed in the following.

2.1.1 Critical Current Density

Superconductors have a significantly higher current density compared to conventional metallic
conductors, but it is constrained by the critical current density j, or the critical current I..
Beyond this current, resistance builds up and therefore a voltage drop along the superconductor
is measurable. The transition from superconducting to normal conducting state is highly non-

linear and is also called the power law which, is stated in eq. (2.1),

E=E, <Ji)n (2.1)

C



2.1 Critical Parameters of Superconductivity

with E as the electric field, i.e. the voltage drop along the superconductor, and E the critical
threshold electric field. The exponent, also called the n-value, determines how steep the increase
in resistance is. For HTS the n-value is within the range of 20 to 40. Since the transition to
normal conducting state is continuous, the E_-criterion has been set to 1pV cm~! for HTS
materials [IEC06a, IEC20].

Electric field E

normal conducting

superconducting

Current density j

Figure 2.2: Schematic of electric field-current density behavior. The graph shows the power law function with a critical
current criterion of 1 pV cm™! for HTS.

2.1.2 External Magnetic Field

Applying an external magnetic field B,; on a superconductor has a large impact on its proper-
ties. The magnetic field decreases the current carrying capacity and the critical temperature T..
If the magnetic field exceeds the material specific critical magnetic field B, the superconductor
becomes normal conducting. The data in fig. 2.3 show the external magnetic field dependence of
the critical current of a typical ReBCO tape. Both the amplitude and the angle of the magnetic
field have a major influence on the critical current. The angle 6 is defined as the angle between
the external field and the perpendicular axis of the superconducting lattice plane. It can be seen
that a perpendicular magnetic field B, has a more significant influence on the current carrying
capacity than a parallel field B. Thus, it is crucial to know the orientation of the superconductor

in an external magnetic field, in order to accurately model the behavior in applications.
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Figure 2.3: Magnetic field angular dependence on the critical current I, of a ReBCO superconductor. The angle 6 is
defined as the angle between the external magnetic field and the perpendicular axis (c-axis) of the super-
conducting plane (see fig. 2.6), (based on data published in [Wim17a], licensed under CC BY 4.0).

2.1.3 Critical Temperature

As already shown in fig. 2.1, a superconducting material has a critical temperature T, below
which the material is in the superconducting state. Figure 2.4 shows the temperature-dependent
resistance behavior (R(T)-behavior) of a HTS material. Above the critical temperature T, the
material is normal conducting, with a linear dependence on temperature. Below this temper-
ature the resistance steeply decreases and can be considered zero for dc currents. The critical
temperature can be measured by cooling down the superconductor to a low temperature and
letting it warm up slowly while continuously measuring the electrical resistance of the super-
conducting sample. Optimized measurement methods for the R(T)-behavior are well described
in the literature and standards [TIEC06b, Eki06, Ber11]. Above the critical temperature T, the
resistance behavior and the values is defined by the normal conducting components of the tape

and can be calculated according to their cross-section and temperature-dependent resistivity.
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2.1 Critical Parameters of Superconductivity

Electric resistance R

Temperature T

Figure 2.4: Temperature-dependent electric resistance of a superconductor. The critical temperature T, marks the
transition between superconducting and normal conducting states.

Combination of Various External Factors

The critical variables mentioned above cannot be considered in isolation. They are interdepen-
dent as illustrated in fig. 2.5. In order to define the operating point in a superconductor use case,
all three critical values need to be determined. The shown surface represents the boundary be-
tween superconductivity and normal conduction. One exemplary operating point indicated by
© is illustrated. This point represents the maximum current density at the given temperate
T, and external magnetic field B,,. When designing superconducting power applications, it is
important to ensure that this surface is not exceeded under any circumstances, as this would

result in a transition to the normal conducting state.
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Current density j

External magnetic
field B

Temperature T

Figure 2.5: Illustration of the limiting factors for superconductivity. The current density j, temperature T, and external
magnetic field By are interdependent. Every operating point below the surface in B is in superconducting
state.

2.2  Second Generation High-Temperature
Superconductors

The properties of second generation HTS, also called ReBCO, are now described in more detail,

since only these are within the scope of this work.

2.2.1 Structure of Rare-Earth Barium Copper Oxide Tapes

The superconducting material ReBCO on its own is very brittle and resembles a ceramic. In or-
der to use these materials in technical applications, sufficient mechanical, electrical, and thermal
stabilization is required. The typical structure of a thin-film ReBCO tape is shown in fig. 2.6.
Additionally, the whole tape consists of multiple layers of different materials, each with its

own purpose.

Furthermore, the base consists of a metallic substrate material ({J) such as Hastelloy® or a
nickel-tungsten alloy which gives the tape mechanical strength and is typically 20 pm to 100 pm
thick.

The superconducting material (H) is separated from the substrate by one or more thin buffer lay-

ers (H). These layers are essential to prevent any diffusion or reactions between superconductor

10



2.2 Second Generation High-Temperature Superconductors

and substrate. Additionally, the buffer layers enable the crystal growth of the superconducting
layer by presetting the texture with the correct lattice, which is essential for the superconduct-

ing phase. The thickness is below 1 um.

The superconducting layer is deposited by a manufacturer-specific thin-film deposition
method, such as pulsed vapor deposition (PVD) [Li02], metal-oxide chemical vapor deposition
(MOCVD) [Maj15], or chemical solution deposition (CSD) [Dri12]. The current carrying
ReBCO layer is typically 1pm to 3pm thick. Also, the deposited superconducting layer
can contain small, local defects at which an electric field can build up causing hotspots. To
compensate this effect, a 1 um to 2 pm thin silver (Ag) cap layer () is deposited as thermal

and electric stabilization.

When used in power engineering applications with high currents, an additional electrical sta-
bilization is added. This usually consists of electroplated or laminated copper (Cu) (H). In the
event of a fault, the current flowing in the superconductor can commutate to the surrounding
copper and thus prevent the destruction of the superconductor due to heat generation. The
thickness of the electrical stabilization is usually between 10 pm and 100 um. Further informa-
tion about manufacturing of HTS tapes and different thin-film deposition techniques can be
found in literature [Seil5, Sha21, Sel09, 1ij00, Goy04].

Cu stabilizer

Ag ca
&P superconductor

buffer substrate

i
b a

Figure 2.6: Schematic structure of ReBCO tapes.

If the conductor is considered in its normal conducting state, the electrical resistance results
from the temperature-dependent specific resistances and the cross-sectional areas of the mate-
rials involved in the current transport. In case of a ReBCO tape, the total resistance of the tape

R, can be calculated according to fig. 2.7a as follows

1 1
Rtot (T) B Rsubs (T) + Rsc (T) + RAg (T) + RCu (T)

(2.2)

with the temperature T and Ry, Ryc, Rag, and R, as the temperature-dependent resistances
of the substrate, superconducting layer, silver cap layer, and copper stabilization. Due to the

high resistance of the buffer layer, the layer does not contribute to the current carrying capacity

11



2 Fundamentals of High-Temperature Superconductors

and can be neglected. The resistance of each layer Ry, can be calculated with its thickness
Piayer and resistivity o,y and the length | and width 2w of the superconducting tape.

l

R T) = T) ——— 2.3
layer( ) player( ) 2w - hlayer ( )
All normal conducting layers can be summarized to the temperature-dependent normal con-

ducting resistance R, as displayed in fig. 2.7b. This simplifies eq. (2.2) to

Rsc (T) ) Rnc (T)

R )= g D ¥ R ()

(2.4)

with R, (T) defined as

1 1
Rnc (T) B Rsubs (T) + RAg (T) + RCu (T) .

(2.5)

When the superconducting layer is in the superconducting phase, the dc resistance of the su-
perconducting layer R is zero. However, it is possible to build up a resistance in the su-
perconducting layer with an additional external alternating magnetic field, the so-called dy-
namic resistance. The resistance of the superconducting layer depends, among other things,
on the magnetic field amplitude and frequency (R, = Rayn (B, f ). The dynamic resistance is

explained in more detail in section 2.3.

Rnc(T)

(b) summarized normal conducting
layers

(a) full tape

Figure 2.7: Equivalent circuit of total resistance Ry, of a superconducting tape.

2.2.2 Critical Current Magnetic Field Dependency
As already stated in section 2.1.2 and fig. 2.3, the critical current I, of HTS strongly depends on

the amplitude and orientation of the external magnetic field. These dependencies differ drasti-

cally from tape to tape, as manufacturers use different manufacturing processes. A collection

12
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of magnetic field-dependent critical currents of different superconductor manufacturers and
conductor types can be found in [Wim17b]. In fig. 2.8, the angular magnetic field dependence
is plotted for a selection of HTS tapes from the manufacturers SuperPower [Wim17a], Shanghai
Superconductor [Wim22], Fujikura [Wim21], and Theva [Wim19]. As can be seen the position
of the peak critical current differs strongly. For tape manufactured by SuperPower, the max-
imum current density is shifted by approximately —4° from 90° and for the superconducting
tape from Theva the shift is 6°. This can be attributed to the different production methods used
by the manufacturers. The knowledge of the exact superconductor orientation in the magnetic

field is essential to calculate the critical current in technical applications.

The angular dependency can be modeled with an elliptical equation given in eq. (2.6) with an
error of less than 10% [Gril4b].

i (B..O) = ja

]c( a’ )_ b (26)

(1 + \/(kBa'sin 9)2+(Ba'c059)2>
Bch

With By, k, and b as model parameters, B, the magnetic field magnitude, 6 the angle between
field vector and c-axis (see fig. 2.6), and j, the critical current density at self-field. Another
approach has been proposed by Nibbio et al. [Nib01] where only the magnetic field component

parallel to the c-axis is considered

- ja
J.(B) = . (2.7)
1+ |B.|
By

The parameter By is material specific and is obtained from the I.-B curve where the critical

current is half of the zero field critical current I .
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T =775K,Ba=0.2T

—— SuperPower
»— Shanghai

—— Fujikura

—+— Theva

Jjc(8)
Je(00%)
—
I

Normalized critical current density

0 30 60 90 120 150 180 210 240
Magnetic field angle 6 (°)

Figure 2.8: Comparison of the angular magnetic field dependency of multiple HTS tapes from different manufacturers
at 77.5K and field amplitude of 0.2 T. The critical current density is normalized to the parallel critical
current density j. (6 = 90°). Data adapted from [Wim17a, Wim22, Wim21, Wim19], all licensed under
CC BY 4.0.

2.2.3 Methods of Resistance Increase

If one or more of the critical values of the superconductor are exceeded, a resistance is built
up in the superconducting layer. This current-limiting effect is already utilized by some power
applications [dSou23, Li24, Gaw19a] and can be triggered by various causes. A schematic il-

lustration is shown in fig. 2.9.
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Figure 2.9: Schematic illustration of different methods for increasing the resistance in a ReBCO tape.

2.2.3.1 Thermally Triggered

As illustrated in fig. 2.4, the resistance of an HTS tape increases when the critical temperature
T, is exceeded. The resulting temperature-dependent resistance is defined by the parallel con-
nection of the current carrying layers and can be calculated with eq. (2.2). These kind of ther-
mal switches are utilized in operation of superconducting magnets in persistent current mode
like superconducting magnetic energy storage (SMES), magnetic resonance imaging (MRI), and
nuclear magnetic resonance (NMR) [Li19, Li24, Tos04]. The persistent switch is connected in
parallel to the external power supply for charging the magnet. Then, the superconductor in
the switch is heated above T, so it becomes resistive. Since the winding of the magnet has
no resistance, the current flows only in the magnet, bypassing the switch. When the magnet
reaches its operating point, the heater is turned off and the magnet is then short-circuited by
the persistent switch putting the magnet in persistent mode. Afterward, the power supply can
be turned off and the current flows in a superconducting loop with small or zero joint resis-
tances. The charging state and the persistent mode are shown in fig. 2.10. Since the resistance

is defined by the normal conducting layers according to eq. (2.2), a high off-state resistance is
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possible. A major drawback is the slow switching frequency of 0.1 Hz due to the thermal mass
of the materials and their slow thermal recovery time [Oom05, Kim15]. Circuits in form of a
half-bridge have also been developed and investigated but these have long response times as
well [vdKlu81b, vdKlu81a, Mic17, tKat81, She93].

Power supply Power supply

Persistent switch

—— e —— -

I X I
—————— - - - - - - - === <« ----'
(a) charging (b) persistent mode

Figure 2.10: Schematic illustration of different methods for increasing the resistance in a ReBCO tape.

2.2.3.2 Current Triggered

Exceeding the critical current leads to an increase in resistance of the superconductor accord-
ing to the power law, as shown in fig. 2.2 and eq. (2.1). This effect is applied in resistive fault
current limiters (RFCLs) for power grids [Noe07, Kud07, Els12]. A superconducting element
is connected in series to the load and is designed in such a way that in every normal scenario
the operating current is below the critical current. Therefore, the RFCL has no effect on the
impedance of the grid. In the event of a short-circuit, the fault current rises to a value which
exceeds the critical current of the superconductor. Consequently, the resistance of the super-
conducting element rises and increases the impedance of the grid, limiting the fault current.
This behavior are shown in fig. 2.11, where the current and the resistance of a RFCL is shown
schematically in a fault event. After the short-circuit has been eliminated, the superconduc-
tor can recover and the current limiter can be used again. Major design aspects of a RFCL are
the maximum allowable fault current and the fault duration in which the superconductor must
withstand the fault current. [Sch09, Sch17, Noe23, dSou21]

As the transport current is used as the switching signal, it is not possible to address the switch
without changing the transport current. Often, this is not desired and is therefore not suitable

as a switch technology for an inverter.

16



2.2 Second Generation High-Temperature Superconductors

Normal Normal
operation operation

~

<

13

5

g o N\ N\
—— with SFCL
—— without SFCL

4

3

Q

o

5

k7

k7

&

0

Time ¢

Figure 2.11: Typical limiting process of a RFCL.

2.2.3.3 Magnetic Field Triggered

Another option to force the superconductor into normal conducting phase is to apply an exter-
nal magnetic field B,,;. However, this is difficult to achieve with a constant field. For example,
the upper critical magnetic field B., of YBCO is at approximately 140 T [Smi94]. If an alternat-
ing magnetic field is applied, a time-varying resistance builds up along the superconductor. A
dc resistance is then obtained by taking the time average. This resistance is also called dynamic
resistance Ryy, [Oom99, Zha22]. Figure 2.12 shows the magnetic field dependency perpendic-
ular to the ab-plane on the critical current density of a ReBCO tape for dc (®) and ac (W, 4, * ).
The superconducting tape is manufactured by SuperPower with the model number SF12100.
For dc field the critical current is decreasing steadily to 20 % of the initial value at 1.1 T. In case
of an ac field, the critical current decreases rapidly below 1% of the initial value at magnetic
field amplitudes beneath 0.2 T. The critical current decreases faster with higher frequency of
the magnetic field. This experiment shows that an alternating field can be used to significantly
reduce the critical current, or a resistance built up. The different influences on the dynamic

resistance are discussed in the next section.
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Figure 2.12: Measured critical current of a HTS tape dependent on a perpendicular magnetic field. The dependence
on both a dc field and ac fields with different frequencies is shown.

2.3 Dynamic Resistance

Dynamic resistance occurs when a superconductor is subjected to an alternating magnetic field
while carrying a dc transport current. This behavior causes losses in superconducting appli-
cations where superconductors are subjected to external fields like electric machines or NMR.
However, the built-up resistance can also be utilized in flux pumps or in this case supercon-

ducting switches for energy applications.

The dynamic losses can be attributed to the flux movements in a superconductor. Applying an
alternating magnetic field to a superconductor induces screening currents in the outer region
of the superconductor. These shield the inner region of the conductor from the magnetic field
creating a flux free region. The dc transport current can flow loss-free in the field-free area.
Zero dc resistance is observed. However, when the external alternating magnetic field with a
change of rate % increases over a certain threshold By, and therefore penetrates the inner parts
of the superconductor, a voltage is induced across the superconductor according to Faraday’s

law and a dynamic resistance can be observed [Oom99, Jial7b, Zha22].
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2.3 Dynamic Resistance

2.3.1 Threshold Field Amplitude

Since the external magnetic field B, needs to penetrate the current carrying area, there is a limit
below which the dynamic resistance remains zero. This so-called threshold field amplitude By,
for superconducting tapes can be derived from the maxima of the normalized hysteretic ac

magnetization loss from Brandt et al. [Bra93]. According to Jiang et al. [Jial7b], this results in
ol
By = 4.9284@ (1—i). (2.8)

With the self field critical current density j., calculated by

ICO
2Wh, oo

rebco

(2.9)

the thickness of the superconducting layer h,,., and the dc transport current I, normalized by

the critical current I,
i= b, (2.10)

Another approach has been proposed by Mikitik et al. [Mik01] with a non-linear equation for
the threshold field amplitude

. . _.2
Bthzm[lln<l+l)+ln(l ! )] (2.11)

27 i 1—i 4i2

Equations (2.8) and (2.11) have been compared in [Jial7b] with experimental data. At higher
current load factors i > 0.1 both equations give similar results and eq. (2.8) is sufficiently
accurate. At lower current load ratios, only eq. (2.11) can effectively describe the non-linear
dependency of the transport current I; on the dynamic resistance Ryy, [Zhal9a]. Figure 2.13
shows a comparison of the threshold amplitude By, calculated by eqs. (2.8) and (2.11) showing
an approximate agreement at higher load ratios and the high non-linearity and a deviation by

a factor of up to 2.5 at smaller current load ratios i below 0.1.
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Figure 2.13: Comparison of different equations for the threshold magnetic field amplitude.

2.3.2 Linear Analytic Model

As described in the previous chapter, the dynamic resistance is not only dependent on the

transport current. It also depends on the amplitude B, of the external magnetic field
B (t) = B, - sin(wt) (2.12)

and its frequency f. The analytic equation has been derived by multiple previous works
[Oom99, Mik01, Jial7b] from the critical state model (n — oo) [Bea64] in which a constant
current density j. for the whole superconductor is assumed. The dynamic resistance can
be expressed as
4wfl
Ry = T - (B, — By) (2.13)
c0

with the superconductor width 2w and the length [. Respectively, the dynamic loss Qyy, and
the dissipated power Py, are given by:

4wlr?

Qgyn = I_Ot - (By — By,) (2.14)
4w fII?

den = If - (Ba — Bw) (2.15)

c0
Equations (2.13) to (2.15) show a linear dependence of the dynamic resistance on the external
magnetic field amplitude and frequency. These equations are widely used and verified with ex-
periments and simulations [Bro20, Jial7a, Ain18, Zhal9a] to be sufficiently accurate and can be
applied at lower current load ratios and small magnetic field amplitudes. With higher magnetic

field amplitudes and load ratios, however, this linear dependence underestimates the dynamic
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resistance and gives lower values than experimentally measured. Detailed descriptions of the

linear equation can be found in literature [Oom99, Oomo00, p. 45, Zha22].

A superconducting tape with the parameters in table 2.1 is assumed to compare multiple models
at different transport currents and magnetic field parameters. The threshold magnetic field By,
is determined by eq. (2.8).

Table 2.1: Parameters of the model tape

Symbol Parameter Value

w half width of the tape 2mm

oo ReBCO film thickness 1pm

n n-value 30

I, transport current 3Ato80A

B, amplitude of the ac field 5mT to 500 mT
f frequency of the ac field 3Ato80A

By characteristic B-field 0.122T

E, electric field criterion 1-1074Vm™!
Ho free space permeability 47 - 1077 Hm™!

Figure 2.14 plots the dynamic resistance per unit length for the superconducting tape in table 2.1
according to egs. (2.8) and (2.13). As the equation states, the dynamic resistance increases lin-
early with the amplitude and the gradient is the same for all transport currents. Doubling the
frequency from 500 Hz to 1000 Hz results in double the resistance. The transport current and
therefore also the current load, only has an impact on the threshold field amplitude. The higher
the load ratio, the lower the threshold field.
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Figure 2.14: Dynamic resistance per unit length according to the linear analytic model from eq. (2.13). A supercon-
ducting tape with the parameters from table 2.1 is assumed and the transport current I, the magnetic
field amplitude B,, and frequency f are varied.

2.3.3 Non-Linear Analytic Model

In order to be able to describe the non-linear behavior of the dynamic resistance especially at
higher magnetic fields and current load ratios, several different ansatzes have been proposed
[Oom99, Jia17b, Zhal9a]. These incorporate the magnetic field dependency of the critical cur-
rent (see eq. (2.7)) and the power law with a finite value for the n-value (eq. (2.1)). This is also
called time-averaged dc flux flow resistance [Jial7b]. Zhang et al. combined the linear term
in eq. (2.13) with the non-linear term to an equation that is valid for low field amplitudes and

current ratios as well as higher fields and load ratios near 1 [Zha20a]. The equation can be

written as
den,nl = 4wflItl : (Ba - Bth) + Eclltin-'-1 : favg (B) (2~16)
dwfl l
Rdyn,nl Ico (B Bth) + - in+t favg (B) (217)
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where E| is the critical threshold electric field and n the exponent of the power law in eq. (2.1),
and with, when n is even,

n/2—1

- Ba 2p+1 2p+1 . p|
favg(B) 1+ Z (2p+1)| n—(2p+1)] ( ) ’ 2p+1
m I] 2g+1)
q=0

n/2—1 n! B, 2p+2 4\ 2p+2 (2p +2)!
Z Cp+2)[n—C2p+2)]! <_> (5) . [(p+1)!]2 18)
and when n is odd,
)2 n! B, \P*1  optl.p)
T & =14 pgo Cp+Din—Cp+ D] <_> ' TT.
T
=
(= Q21 nl B,\P*? /1\P*2  (2p +2)!
* Z’o e+ n—2p+ 2l <_> (3) piopf O

The linear component covers the area with low current load ratios i and external magnetic fields
B, and the non-linear component covers the area with high i and B,. A detailed derivation of
egs. (2.16) to (2.19) can be found in [Zha20a, Zha22]. Figure 2.15 displays the dynamic resis-
tance for the superconducting tape from table 2.1 according to eqs. (2.8) and (2.17). Again, the
transport current, frequency, and magnetic field amplitude are varied. The y-axis is in loga-
rithmic scale. Since eq. (2.13) includes the linear term from eq. (2.13), both are identical for
small current loads, in this case 3 A. However, towards higher transport currents, a non-linear
component is added, whereby with higher current load ratio, the magnetic field amplitude,
from which the non-linear increase begins, decreases. As in eq. (2.13), the dependence of the

dynamic resistance on the frequency is linear.
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Figure 2.15: Dynamic resistance per unit length according to the non-linear analytic model from eq. (2.17). A super-
conducting tape with the parameters from table 2.1 is assumed and the transport current I, the magnetic
field amplitude B,, and frequency f are varied.

2.3.4 2D FEM Model

In this chapter, the methods for calculating the dynamic resistance are presented. Various meth-
ods for calculating Maxwell’s equations have been established in the modeling of superconduc-
tors in recent years. They differ in how the formulas are resolved and which electromagnetic
variables are calculated. Depending on the properties of a domain to be simulated, the resis-
tivity or the conductivity can be used for the calculation in the numerical solver, thus largely
effecting the solving time [Gril4a]. The H and the T-A formulations are commonly used for
modeling superconductors in two-dimensional (2D) finite element method (FEM). Whereby, the
names refer to the electromagnetic potentials used as state variables in the solver.

The H formulation uses the magnetic field H as state variable by combining Faraday’s and
Ampere’s law to

VX(p-(VXH)) = ST (2.20)

In the superconducting regions, the resistivity

(2.21)

p—E
J

24



2.3 Dynamic Resistance

can be derived from power law in eq. (2.1), and for the surrounding domain a large resistivity
is assumed, often 1 Q m. [Gri04, She20, Ain18]

The T-A formulation uses the current vector potential T in the superconducting region and

magnetic vector potential A in the whole space. In the superconducting region, the equation

VX (VXT)= _aa_]f (2.22)

is solved to obtain T which is needed to calculate the current density
J=VXT. (2.23)

The magnetic field density B that is needed can be calculated by A with A formulation in the

surrounding space and the equation
1 .
Vx(—VxA) =j. (2.24)
7
The magnetic field can then be calculated from A with
B=VXxA. (2.25)

In order to simplify the calculation, the T — A formulation utilizes a thin strip approximation
which neglects all non-superconducting layers in the superconducting tape and approximates
the superconducting layer as a line. This drastically reduces the computation time, however
this simplification also removes the information about the influences of the normal conducting

layers and the current distribution [Lia17].

Moreover, with the results of the numerical solver and the distribution of electric field E and
current density J the ac losses and the dynamic resistance can then be calculated. In general, the
losses in a superconducting tape can be distinguished by their power source, the current trans-
port losses Py, and the magnetization losses Py, in connection with superconductors, these

are also called hysteresis losses. The total loss P, is the summation of all losses of each layer

Ptot,layer = Ptrans,layer + Pmag,Iayer' (2'26)

In order to calculate each loss component, the total loss is first obtained by integrating the

product of current density j and electric field E for each layer

Ptot,layer = ﬂ E- JdS (227)

Slayer
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where Sj,y., is the surface area of the respective layer. The transport current loss of each layer
is calculated with eq. (2.28) where E is the average electric field of the superconducting layer,

i.e. the voltage drop per length of the superconducting tape, determined by eq. (2.29).

trans,layer — Lt layer E (2-28)

E= SiffEdS (2.29)
sc 5

To calculate the voltage drop per length, only the superconducting layer with its surface area

p

Ssc 1s taken into account. The magnetization losses of each layer Py,q jayer are now the remain-
ing losses that can be calculated by subtracting the transport losses Py jayer from the total

losses Pio jayer

p =P - Ptrans,layer' (2-30)

mag,layer tot,layer

The relevant dynamic resistance of the superconducting layer Ry, is derived from the transport

current I, . and the transport 10ss Py o

P

trans,sc __ E

> = .
I t,sc ItaSC

Ryyn = (2.31)

2.3.5 Summary

Dynamic resistance in superconductors occurs when a superconductor is in an external alter-
nating magnetic field and simultaneously carries a dc transport current. The level of resistance
depends on the material parameters of the superconductor, the gradient of the alternating ex-
ternal magnetic field, and the transport current. However, the dynamic resistance only occurs
when a certain magnetic field amplitude, the threshold magnetic field By, is exceeded and
therefore the external field enters the current-carrying area of the superconductor. The thresh-
old field can be calculated with eq. (2.8) or eq. (2.11), the latter being more accurate for lower

current ratios.

For calculating the dynamic resistance, multiple analytical equations were proposed to see the
dependencies of the variables. The linear analytic model in eq. (2.13) assumes a linear depen-
dency of magnetic field amplitude and frequency on the dynamic resistance. This is reasonably
accurate for low magnetic field magnitudes and load current ratios. However, at higher load ra-
tios and magnetic field amplitudes, this equation drastically underestimates the resistance. An-

other approach which includes the magnetic field dependence of the critical current and the real
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transition between superconducting state to normal conducting via the power law is denoted

in eqs. (2.16) to (2.19). This approach is also accurate at high magnetic fields and load ratios.

With the H and T-A formulation, two of the most frequently used numerical modeling methods
and their underlying equations in egs. (2.20), (2.22) and (2.24) were presented here, whereby
the H formulation can be more detailed than the T-A formulation and also allows normal
conducting layers to be included in the simulation. Due to the simplifications made, the T-A

formulation offers drastically reduced simulation times.

In order to compare the different analytic and numeric models, a superconducting tape with
the parameters in table 2.1 is assumed and the dynamic resistance calculated. The threshold
magnetic field By, is determined with eq. (2.8). The external magnetic field amplitude B, and
the transport current I, therefore also the current load ratio i, are varied and the results of
eq. (2.13) (—) and eq. (2.17) (- - -) are displayed in fig. 2.16. The transport currents are 3 A (H),
40 A (d), 60 A (H), and 80 A (H). At lower magnetic field amplitudes both equations agree well
with a linear correlation up to a certain point where the non-linear part of eq. (2.17) dominates
and the dynamic resistance rises exponentially. The magnetic field from which the non-linear
increase begins depends on the transport current I, or load ratio i. The higher i, the faster it
increases exponentially. With a transport current I, of 3 A, however, no non-linear rise occurs

due to the low load ratio i of 0.03 and both equations give the same result.

Additionally, the simulated dynamic resistance based on the T-A formulation from section 2.3.4
is displayed as marks (® , =, W, and 4 ) for the different transport currents. The simulation
utilizes the same assumptions listed in table 2.1. The computation time of each set point is

approximately 2 min.

In general, the analytical equations are sufficiently accurate for smaller magnetic fields and
high load ratios. However, a small deviation can be recognized for small fields. One reason
for this may be the use of the linear model in eq. (2.8) for the threshold magnetic field By,, as
this underestimates By, at low load ratios i and overestimates it at higher i (see fig. 2.13). The
non-linear equation is also valid for higher magnetic fields and can map the exponential in-
crease. At lower current ratios, in this case a transport current I, of 3 A, the analytical formulas
deviate strongly from the simulation results. Especially, at higher magnetic field amplitudes,

the analytic equations have a lower gradient.

It should be noted that the models presented in this chapter only calculate the resistance in
the superconducting layer. However, for switching operations, the total resistance, introduced

with eq. (2.2), is relevant and the other normal conducting layers are to be considered.
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Figure 2.16:
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Comparison of different dynamic resistance equations. The critical current is constant at 100 A and the
transport current I; and the magnetic field amplitude are varied. The results of the numerical simulation
are based on the T-A formulation model of a superconducting tape with the parameters from table 2.1.



3 Experimental Preliminary
Investigations

It is important to know the behavior and properties of the superconducting tape in order to
design and build a fully superconducting H-bridge inverter. Crucial parameters are the tem-
perature dependent resistance and the magnetic field dependent critical current. In the circuit,
the switching time is essentially determined by the resistance that is built up in the switched-off

state.

First, the test setup and the equipment used are presented. The magnetic field used to control
the superconducting switches is generated by multiple self-wound iron-core electromagnets.
Second, the contact-less dc current measurement at cryogenic temperatures is discussed in or-
der to prevent a possible influence on the current distribution by inserted shunt resistors and

contact resistances.

The critical current dependency on the magnetic field and the resistance as a function of tem-
perature are measured by a single superconducting tape. The dynamic resistance and therefore
the off-state resistance of the superconducting switch is measured under varying magnetic field
amplitudes and frequencies. With two superconducting switches in parallel, full redistribution
of transport current from one to the other path is shown as first proof of concept. Furthermore,
the influence of the dynamic resistance on the commutation behavior, mainly the commuta-

tion time, is investigated.

3.1 Test Setup

The experimental setup displayed in fig. 3.1 enables testing of individual superconductor sam-
ples with a length of 25 cm in a LN, environment. The figure shows a superconducting tape
under test with a width of 12 mm with two separate sets of voltage taps, one inside the current
feed-in area and one outside. Moreover, the voltage is picked up by beryllium-copper spring
contacts. Also, the distances between the voltage taps are 18 cm for the inner and 23 cm for
the outer taps. The test current is coupled into the superconductor via two copper contacts

pressing against each other over a length of 5cm. This contact length is sufficient to couple
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3 Experimental Preliminary Investigations

the current completely into the superconducting layer [Eki06, pp. 290-292, 320-324]. Thus, the
setup allows accurate resistance measurements via redundant four-terminal sensing eliminat-
ing the lead and contact resistance from the measurement [IEC20]. The iron-core electromagnet
is mounted in the middle of the test setup to apply an external perpendicular magnetic field over
a length of 2 cm on the superconducting tape. Details about the electromagnet can be found
in section 3.1.1.

Current
input

| Electromagnet |

Figure 3.1: Test setup for all single tape measurements. The current is fed in at both ends by two pressure contacts. The
voltage is measured inside and outside the current feed-in zone. An iron-core electromagnet is mounted
in the middle of the superconducting tape.

The test setup can be adapted to accommodate two parallel superconductors and two inde-
pendently controllable electromagnets. As shown in fig. 3.2, the setup uses the same current
contacts and voltage taps with distances of 23 cm and 33 cm. However, to measure the cur-
rent of each parallel path without interference, a contactless method is needed. Utilizing shunt
resistors would add additional resistance from the shunt itself but contact resistances as well
between both superconducting paths. Additionally, both dc, ac, or arbitrary currents in the
10 kHz range, need to be measured. In order to meet these requirements, a closed-loop Hall
effect current transducer design is chosen. Two of these current transducers are displayed in
fig. 3.2 on the right side. Details can be found in section 3.1.2.
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Current n iy Current
input e T i o output
i

Figure 3.2: Test setup for parallel superconducting tapes. The test setup can be modified to two parallel superconduct-
ing tapes, each equipped with a separately controllable electromagnet.

A dc power supply Keysight RP7943A is used to feed current to the superconducting tape in
constant current mode. The electromagnets are each individually connected to a bipolar power
supply of the type Kepco BOP 20-20 or Kepco BOP 72-6 which are controlled by a four-channel
arbitrary waveform generator Tabor WW5064.

For accurately measuring critical currents and other slowly changing voltages, a two-channel
nanovolt-meter HP 34420A is used, which is multiplexed by an HP 34970A when more chan-
nels are required. Fast changing transient voltages are acquired by an oscilloscope Keysight
InfiniiVision DSOX3024A and a 18 bit data acquisition device National Instruments USB-6281
with eight differential input channels. The measurement devices are controlled by software pro-
grammed in LabVIEW 2019 and fast transients are recorded with a program written in Python
3.12 with the nidaqmx package [NI25].

3.1.1 Electromagnets

The magnetic field required in this work should be perpendicular to the superconducting tape
and as homogeneous as possible. In addition, a high dc magnetic field up to 1 T and ac field with
frequencies of up to 1700 Hz and amplitudes in the 300 mT range are to be generated easily.
Therefore, the design as shown in fig. 3.3 was chosen. In the test setup, both laminated iron

cores are arranged in such a way that an air gap of 1 mm is created between them, in which
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3 Experimental Preliminary Investigations

the superconductor is later located. The high magnetic permeability of the iron allows high
magnetic field amplitudes up to the saturation of approximately 1.1 T with a homogeneous

field distribution in the air gap.

Parameter Value
material E-steel
air gap 2 X 1mm
air gap length 2 X 10 mm
no. of turns 50
g1 A T saturation field 11T
3 a4 E | inductance 1.2mH

S)

(o

Figure 3.3: Electromagnet for building up a perpendicular magnetic field and triggering the superconducting switches.
It consists of two U-shaped laminated iron cores with 50 turns of copper wire in total.

The 50 turns of the excitation coil are chosen because previous calculations show that the iron
core saturates at the maximum coil current of 20 A and therefore the operating point of the
magnet is in the linear magnetizing section for the entire range. A larger number of turns
would only increase the inductance of &~ 1.6 mH which makes it more difficult to produce a fast
changing alternating magnetic field due to the higher electromotive force. The coil consists of

enameled wire with a diameter of 0.75 mm.

Figure 3.4 shows the characteristic curve of the electromagnet. The current of the excitation
current is varied from —20 A to 20 A and the perpendicular magnetic field in the 1 mm wide air
gap is measured with a Hall probe of the model HHP-VP # 079 manufactured by AREPOC with
a calibrated sensitivity at 77 K of 100.7 mV T~!. The assembly is submerged in LN, to create the
same conditions as for the later tests and to ensure adequate cooling of the coil. To check for
any hysteresis effect, the current is first increased from 0 A to 20 A, then decreased to —20 A
and afterward increased to 0 A. Concluding, the graph shows no hysteresis and a symmetric
behavior for negative and positive currents with a saturation field of around 1.07 T and the
slope between —1 T to 1T is linear with a gradient of 57.5mT A~!. The 1T level is reached

with a coil current of 17.4 A.
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Figure 3.4: Characteristic curve of the electromagnet. Displayed is the air magnetic field B, g, in dependency of the
excitation coil current I ;. The measurement is conducted in LN, to ensure the same conditions as in later
measurements.

3.1.2 Current Transducer

The most common method of measuring currents in superconductor tests is via a shunt resistor.
A resistor placed outside the cryogenic area, the value of which is determined very precisely, is
connected in series and the voltage drop across it is measured. The voltage is proportional to the
current flowing in the superconductor. This method is ideal for single conductors and slowly
varying currents. With parallel connected superconductors, however, this method would in-
troduce additional uneven resistances between the superconductors. These have a significant
influence on the current distribution of the individual superconductors. A contactless way of

measuring current is therefore required, such as closed-loop Hall or fluxgate current sensors.

A schematic of such a sensor is displayed in fig. 3.5. They consist of a ferromagnetic core (O)
with a field sensing element (H) inserted into a gap in the core. The core picks up the concentric
magnetic field generated by the current flowing through the conductor, i.e. primary winding
(). Afterward, the signal of the magnetic field sensor is processed, and a current is passed on to
a compensation coil (), which generates an opposing magnetic field and cancels the field of the
primary winding. Hereby, the compensation current Iy, needed for canceling the magnetic

field is proportional to the primary current I, and can be easily measured via a shunt.
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Figure 3.5: Schematic of a closed-loop Hall effect current sensor.

The output voltage V; is given by

N._..
prim

Vout = Rehunt * IprimN
comp

(3.1)

where N, is the number of turns of the primary coil, in this case 1, and N, the number
of turns of the compensation coil. The advantage of this method is that the magnetic field in
the core is compensated to zero and therefore any non-linearities and temperature drifts of the

magnetic field sensor are compensated, only the offset remains.

To overcome the offset voltage of the field sensor and the amplifiers, a method called current
spinning is applied. The excitation current and voltage output terminals of the Hall element are
periodically spun in opposite directions. Also, the output voltage is averaged across one period,
effectively canceling the Hall and amplifier offset [Mun90, Sch07, Mos17].

Such closed-loop current sensors are widely commercially available, e.g. manufactured by LEM
[LEM25] and Vacuumschmelze [VAC25]. However, these all have the electronics for signal
processing and provision of the compensation current attached to the core and are therefore
not suitable for a cryogenic environment. Specially manufactured current sensors were used
for this work, in which the core with Hall sensor and compensation coil are separate from the

control electronics, which can be operated at room temperature.

The design input current is +400 A at an output voltage of +2.6 V which results in approxi-
mately 1500 turns according to eq. (3.1). The resulting current sensor is displayed in 3.6 and
consists of a ferromagnetic nano-crystalline VITROPERM® 500 core manufactured by VAC with

a size of 30 mm X 25mm X 15mm. Furthermore, the 1.5mm air gap for the Hall sensor and
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for later threading on the superconducting tape is cut with a computerized numerical con-
trolled cutting wheel. Afterward, the 1500-turn compensation coil is wound by hand with
0.35 mm diameter magnet wire. The Hall effect sensor of the type AREPOC HHP-VP is glued
in the air gap. The electronics for signal processing and providing the compensation current of
closed-loop current transducers are based on the reference designs of the integrated circuit (IC)
DRV411 by Texas Instruments [Tex] with external amplifying stage. Details about the circuit

can be found in chapter A.

~ |Tron core with air gap
and compensation coil
30mm x 25 mm x 15 mm

Figure 3.6: Closed-loop Hall effect current transducer.

In total, six current transducers have been made. Since each compensation coil is wound by
hand, deviations in the number of turns are expected and the current transfer function is mea-
sured for each coil. This is pictured in fig. 3.7 with the full-scale error for the first two current
transducers. Figure 3.7a displays the output voltage for the primary current range from —350 A
to 350 A as a linear dependency but with different slopes. The slope, also called sensitivity, is
7.014 mV A~ for the first current sensor and 6.4556 mV A~! for the second. Next, the offset of
both transfer functions is below 5mV. The number of turns can be calculated with the sensi-
tivity and eq. (3.1) to 1426 and 1549. This shows quite a difference compared to the proposed
1500 turns. Table 3.1 lists the sensitivity and the calculated number of turns for all manufac-

tured current sensors.

Figure 3.7b shows the full-scale error for the relevant measurement range and is calculated with

out,meas Vout,ideal

full-scale error (%FSR) = 100 -

(3.2)
V max,ideal — Vmin,ideal
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where the ideal voltage output is taken from the linear fit of each transfer function. The graph
shows a similar error curve for both current sensors, with the error being highest at high cur-

rents. However, the error remains below 0.027 % over the entire range.
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Figure 3.7: Exemplary dc transfer function of iSens_1 and iSens_2 and full-scale error of the current sensor.

Table 3.1: Sensitivity and calculated number of turns for all manufactured current transducers.

Sensitivity Calc. no.

Sensor (mVA™) of turns
iSens_1  7.0140 1426
iSens_2  6.4556 1549
iSens_3  6.5392 1529
iSens_4  6.6267 1509
iSens_5 6.2627 1597
iSens_6  6.7707 1477
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3.2 Characterization of Superconductor

3.2 Characterization of Superconductor

Considering sections 2.2.1 and 2.3, achieving high total resistances R, places multiple de-
mands on the HTS tape in a fully superconducting inverter. Foremost, it is important to have a
high normal conductive resistance R,,.. A copper stabilization, which is common on commer-
cially available superconducting tapes, would reduce the resistance and is therefore not recom-
mended. The HTS tape should only have a silver cap layer and a substrate that is high-ohmic
and as thin as possible in order to achieve high normal conductive resistance R,.. Consider-
ing the superconductor specific components from eq. (2.13), the HTS tape should be as wide
as possible and have the lowest possible critical current in order to generate a high dynamic
resistance Rgy,. This is limited by the maximum commercially available width of 12 mm at the
present time. However, a high critical current is necessary in order to have enough current

capacity for later application.

In this work, the investigated HTS tape is the model SF12100 manufactured by SuperPower
Inc. with the advantage of a stabilizer-free design and therefore less normal conducting layers.
Only the substrate band and the silver cap layer are contributing to the total resistance R,,. The
full specification of the tape can be found in table 3.2. The values are verified by measurements
and the thickness of each layer are taken from scanning electron microscope (SEM) imaging,
see section B.2. Although thinner substrate thicknesses of 30 um and 50 pm are commercially
available, however, they could not be obtained on short notice, and the superconductor of the

selected type was already at hand.

Table 3.2: Parameters of the utilized superconducting tape Superpower SF12100

Symbol Parameter Value

w half width of the tape 6 mm

Rrebeo ReBCO film thickness 1.51 pm

P substrate thickness 100 um

Ppfrer buffer film thickness 0.14pm

Pgtop Ag top film thickness 1.89 pm
Ragpotom  Ag bottom film thickness 0.98 pm

I, minimal critical current at 77K, s.f. 338A

R, (RT) normal conducting resistance at RT 3.175mQcm™!
R,.(77K)  normal conducting resistance at 77K%  0.729 mQ cm™!
By characteristic B-field 0.122T

@ obtained by destroying the superconducting phase of the superconducting sample with heat and measuring the

temperature dependent resistance.
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3.2.1 Magnetic Field Dependent Critical Current

As already described in section 2.1.2, the critical current of a HTS tape is highly dependent on
the external applied magnetic field where dc or ac differ greatly. Since in this work a perpen-
dicular magnetic field is applied to the superconducting tape, only this will be considered. The
magnetic field dependency can be measured with the test setup in fig. 3.1, where the tape is sub-
jected to a perpendicular magnetic field in a section of 2 cm. Figure 3.8 displays the normalized
critical current as a function of the amplitude of the perpendicular magnetic field for dc and ac.
With a dc field (@), the critical current decreases steeply, but flattens out with a higher field.
At a maximum field of 1.07 T, the critical current is 23.8 % of the original value. In contrast, an
alternating field leads to a faster drop in the critical current. For 100 Hz (%), the drop to 25 % is
already reached at 107 mT. The higher frequencies 500 Hz (4 ) and 1000 Hz (* ) result in a faster
reduction. These results show that a superconducting switch based on a dc magnetic field is
difficult to realize. This is because magnetic field amplitudes which are not trivial to generate,

must be achieved to bring the superconductor in normal conducting state at 77 K.
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Figure 3.8: Critical current of a HTS tape dependent on a perpendicular magnetic field. The dependence on both a dc
field and ac fields with different frequencies is shown.

3.2.2 Temperature Dependent Resistance

The temperature dependent electric resistance is an important performance indicator for de-

signing a superconducting switch. This parameter determines the maximum resistance value

38



3.2 Characterization of Superconductor

of the switch when it is switched off. By measuring the resistance over the temperature, the
critical temperature of the superconductor can be determined as already shown in section 2.1.3,

but also the resistance of the normal conducting layers according to egs. (2.2) to (2.5).

The utilized test setup, described in [Ber11, p. 132], consists of a sample holder with a high
thermal copper mass and a temperature sensor. This is then cooled with LN, down to 77K
and slowly heated electrically back to RT. Meanwhile, the resistance is continuously measured
over a distance of 5 cm using four-terminal sensing. The R (T')-behavior of the superconductor
SF12100 is displayed in fig. 3.9. The sample was then heat treated to destroy the supercon-
ductivity of the tape and measured again. Consequently, the superconductor (—) shows a
typical behavior, below the critical temperature T, of 92K, the resistance is zero. At T, the
resistance rises sharply to 1.05mQ cm™!, then rises linearly with the temperature according to
the amounts of normal conducting layers. The resistance value agrees well with the theoretical
resistance obtained from the individual layer thicknesses in table 3.2 and the resistivities of the
normal conducting materials in section B.1, from which the resistance can be calculated using
eqs. (2.2) and (2.3). The heat treated sample (——) has a similar curve above the critical tempera-
ture T, but deviates slightly at higher temperatures. Below T, the linear trend continues with
aresistance of 0.729 mQ cm™! being reached at 77 K which can be split into the silver resistance
Ryg/1 of 0.785mQ cm~! and substrate resistance R/l of 10.25mQ cm™!. This corresponds
to a resistivity of 9.14 - 1078 Qm in relation to the cross-section superconducting tape as a
whole. As the conductivity of silver is orders of magnitude higher than that of the substrate, it
determines the total resistance of the superconducting tape when in normal conducting state,

although its cross-section as a proportion of the total tape is small.
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Figure 3.9: Temperature-dependent electric resistance of the superconductor SF12100.

3.2.3 Methods of Increasing the Total Resistance

The temperature-dependent resistance limits for the off-state resistance of the superconducting
switch, regardless of how high the dynamic resistance Ry, is. One way to increase the total re-
sistance is to modify the low-ohmic silver cap layer. Figure 3.10 shows different configurations
of removal patterns as a schematic representation with the individual layers of the supercon-
ducting tape. Configuration A (fig. 3.10a) is the reference sample, the unmodified tape with its
resistance in fig. 3.9. In configuration B, the surrounding silver is removed from all four sides
in a section of 5mm, eliminating the parallel resistance of silver from eq. (2.2). The substrate
is still connected with the superconductor via the silver surrounding outside the section. In
configuration C (fig. 3.10c), the silver layer is removed from the edges and the substrate side on
the whole length of the sample. The buffer acts as an insulator between substrate and super-
conducting layer. This would yield the highest resistance. The theoretical equivalent circuits
of the presented configurations are displayed in fig. 3.11. However, it cannot be ruled out that
there is no electrical connection between the two layers. It is expected that the total resistance

of config. C will be higher than for config. B due to the increased contact resistance.
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(a) configuration A (config. A)

(b) configuration B (config. B)

50 mm

(c) configuration C (config. C)

[] substrate [l buffer [ superconductor [ | Agcap

Figure 3.10: Schematic illustration of the etching patterns in order to improve the total resistance.

— R
sc /] Ry
R, - (c) config. C

(b) config. B

(a) config. A

Figure 3.11: Equivalent circuit of the etching patterns in order to increase the total resistance.

The silver layer is chemically removed with a solution of 50 % water, 25 % ammonia, and 25 %
hydrogen peroxide by volume. The sections where the silver should not be removed are masked
with polyimide tape, and submerged into the solution until the silver is completely removed and

the superconducting layer or the substrate layer are visible. The samples are then cleaned in
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distilled water and ethanol. Figure 3.12 shows the etched samples from top and bottom, the
first two are etched according to config. B and the lower two to config. C. The samples are in

total 27 cm long.

(a) top

(b) bottom

Figure 3.12: Samples after etching from top and bottom side. The top two are etched according to config. B and the
bottom two to config. C.

To quantify the increase of resistance of the new modifications, the R (T')-behavior is measured
again, and the results are displayed in fig. 3.13. The measurement data from config. A are iden-
tical to those in fig. 3.9 and are shown there with better scaling. All three curves have a sharp
transition at 92K from superconducting to normal conducting whereby the transition of con-
fig. C is stretched over a wider temperature range. The resistance at 110K is 0.7995 mQ cm™!
for configuration A, 12.798 mQ cm~! for config. B, and 41.182 mQ cm™! for config. C, whereby
the first two correspond well with the theoretical resistivities and cross-section values. To es-
timate the resistance at 77K, a linear extrapolation is carried out with the resistance values of

100K to 120K and are displayed as (- - -). The values are 0.7995mQ cm~!, 12.154 mQ cm™!
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and 40.060 mQ cm™~! respectively as well. These resistance values are also used as parallel nor-
mal conducting resistance R, to determine the dynamic resistance Rgy,, from the measured
total resistance R, according to eq. (2.4). In summary, by removing the silver layer the nor-
mal conducting resistance can be increased by a factor of 12 for configuration B and 40 for

configuration C.
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Figure 3.13: Comparison of the temperature-dependent resistance of the different etching patterns presented in
fig. 3.10.

In order to check whether the superconductor has been damaged by the etching process, several
critical current measurements were carried out, going up to 20 times the value of the criterion.
The results in table 3.3 show no significant degradation. In addition, several thermal cycles were
run between room temperature and 77 K without any change in the critical current. In order
to protect the exposed superconducting layer from external environmental influences such as
oxygen or moisture, the etched areas are laminated with 50 um thick polyimide film on both
sides, the result can be seen in fig. 3.14.

Table 3.3: Critical current before and after the etching

Sample  Untreated Etched

1. n 1. n
config. A 338A 348
config. B 341A 362 339A 359
config. C 340A 355 337A 352
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Figure 3.14: Etched tapes laminated with 50 um polyimide foil on each side.

3.3 Total and Dynamic Resistance

With the fully characterized HTS tape, the dynamic resistance Ryy,, can now be measured. In
particular, the test setup in fig. 3.1 is used, and the power supply is set as a constant current
source to the desired dc transport current I,. Afterward, the electromagnet with the predefined
frequency and amplitude is toggled on for 5 s during which the voltage drop V.., is measured.
The result is averaged over time and is the total resistance R, of the superconducting tape
over the length of the active magnetic field [,,.

& — Vmeas (3 3)

lmag lmag I

3.3.1 Measurement Results

The measured total resistance for config. A without polyimide laminate under varying external
magnetic fields from 25mT to 277 mT is shown in fig. 3.15. The frequency of the magnetic
field is set to 500 Hz (top) and 1000 Hz (bottom) and the transport current is 3 A and 20 A. The
resistances at both transport currents show a similar linear course, but with a small offset, as ex-
pected according to the analytical equations from section 2.3. Also, a threshold field amplitude
By, below which no resistance occurs is visible. However, all curves show a drop in resistance
above a certain magnetic field; at 500 Hz this is around 250 mT and at 1000 Hz around 150 mT.
After this dip, the resistance continues to increase linearly at 1000 Hz. This behavior is likely
caused by the transition through different heat transfer mechanisms with pool boiling in LN,
caused by different heat flux [Mer64, Hel14] and is further investigated in the next section.
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Figure 3.15: Measurement of the total resistance R, of config. A without polyimide laminate.

The dynamic resistance Rgyy, as displayed in fig. 3.16, is then calculated with eq. (2.4) and the
normal conducting resistances at 77K from fig. 3.13. The curves show the same curve as the
total resistance, with higher magnetic fields a slightly non-linear curve can also be seen. Ad-
ditionally, the linear analytic eq. (2.13) with the threshold field amplitude from eq. (2.11) is
displayed showing a smaller slope than the measurement. Comparing both frequencies, the

increase in dynamic resistance is not linear, especially at higher magnetic fields.
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Figure 3.16: Dynamic resistance Ry, of config. A without polyimide laminate.

The total resistances were also measured for the modifications presented in section 3.2.3 and
shown in fig. 3.17. To prevent damaging the non-stabilized superconducting tapes, only a trans-
port current of 3 A is investigated. To clarify, it is sufficient for this work because later in the
switching circuit the dynamic resistance only occurs when the superconducting switch is in
off-state with only small leakage currents as transport current. The results are displayed for the
frequencies 500 Hz and 1000 Hz. It should be noted that all samples are now laminated with
polyimide foil as environmental protection. The results from config. A without lamination are
added for comparison.

At 500 Hz, the resistance increases linearly for all configurations. The laminated samples show
a faster increase compared to the not laminated config. A. Configurations A and B have a sim-
ilar curve while config. C show a slight non-linear increase with the highest total resistance
of 58.4mQm~! at 277 mT. This behavior is more apparent at 1000 Hz where the non-linear
increase is clearly visible. It should be noted that the total resistance of config. A at 277 mT

already corresponds to the normal conducting resistance R, of this configuration.
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Figure 3.17: Measurement of the total resistance R, of various tape configurations.

The corresponding calculated dynamic resistances are shown in fig. 3.18. For 500 Hz, all con-
figurations show very similar dynamic resistances up to approximately 150 mT while config. A
without laminate and config. B having an almost identical progression of the dynamic resis-
tance. The same behavior is also seen at 1000 Hz whereby config. A increases very strongly
in a non-linear fashion. It should be noted that the normal conducting resistance R,,. for each
configuration is considered constant for the calculation of the dynamic resistance. Changes in
the normal conducting resistivities, for example due to temperature changes, are not taken into

account and have an influence on the actual level of dynamic resistance.

47



3 Experimental Preliminary Investigations

o config. A w/o laminate mconfig. A 4config. B * config. C

_ ~ 0.08
o
=~ g
= G 0.06 *
S I *
B ) * A
52 0.04 = °
g T T .
g = 002 - o ¢
a g g "
=
[
0 L 4 * =
0 0.05 0.1 0.15 0.2 0.25 0.3
Magnetic field amplitude B, (T)
(a) 500 Hz
0.6
2C o4
g o
§ iN
Q =)
E ¥ 02
® [}
g — *
> = * A
A 5 * A IR A
=] A [ J
ol . g 58 & & © e e o ®
0 0.05 0.1 0.15 0.2 0.25 0.3

Magnetic field amplitude B, (T)

(b) 1000 Hz

Figure 3.18: Dynamic resistance Ry, of various tape configurations.

Since the total resistance in fig. 3.17 is already in the region of the normal conducting resistance
R,., it can be assumed that the boundaries of superconductivity are already exceeded and a

temperature rise above the critical temperature T is expected.

3.3.2 Comparison with FEM Model

In order to verify the measurements, multiple modeling approaches are investigated. As shown,
the measurement data differs strongly from the analytic models. This is expected since these
models, as described in section 2.3, are only suitable for low magnetic field and low current load
for eq. (2.13) and high magnetic field and high current loads for eq. (2.17). With the measure-
ments made, the case of high magnetic fields at low current load ratioi 0.0088 is examined, and
the normal conducting layers cannot be neglected [Zha20b]. Therefore, a numerical modeling

of the whole superconducting tape in this particular case is necessary.
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3.3 Total and Dynamic Resistance

The H-formulation presented in section 2.3.4 is used as the modeling method. Since this model
also considers the normally conducting layers of a superconductor, it provides a detailed view of
the losses and resistances of the individual layers. The modeling is performed in COMSOL Mul-
tiphysics® [COM]. In the 2D model, the cross-section of one superconducting tape displayed
in fig. 3.19 is simulated using the parameters from table 3.2. The magnetic field dependency
of the critical current is modeled by eq. (2.6) with a critical current I, of 338 A and the model
parameters B, = 42.65mT, k = 0.29515, and b = 0.7. Two cases are investigated, first the
unmodified tape and second the etched tape without silver. Both neglect the buffer layer due
to its high resistance. The results are plotted in figs. 3.20, 3.21 and 3.23.
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Figure 3.19: Section of the modeled geometry in COMSOL Multiphysics® with all layers of a superconducting tape
and the surrounding air. The tape has a mapped mesh and the air is triangular meshed. The displayed
domains are air [, substrate [J, superconducting layer B, and silver [l.

Figure 3.20 shows the measured total resistance of config. A without laminate (®) in comparison
with the linear analytic eq. (2.13) (—) and the non-linear eq. (2.17) (—) with eq. (2.8) and the
numerical results (#). Since the current load ratio is so small, the linear and non-linear equation
are identical. At lower magnetic fields the numerical results and the analytic data give similar
results but begin to deviate between 150 mT and 200 mT, with the numerical model giving
higher resistances. The measurement results are initially higher than the simulation, but after

the drop both are very similar.
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Figure 3.20: Results of the numerical model of total resistance R, with silver layer compared to measurement re-
sults of the non-modified superconducting tape in configuration A and the linear and non-linear analytic
equations. Displayed are the results for a frequency of 500 Hz and 1000 Hz.

With the numerical simulation it is possible to calculate the dynamic resistance via the transport
losses. These results are shown in fig. 3.21. Again, the results are compared with the non-linear
equation and the measurement of config. A without laminate. The simulation clearly shows
a non-linear progression and agrees well with the measurement after the drop. It also shows
that the non-linear equation massively underestimates the dynamic resistance in the case of
high magnetic fields and low current loads. Additionally, the results of the simulation with-
out silver is plotted with the same progression as with silver, but with a certain offset higher.
This behavior is apparent when the distribution of the transport current to the individual layers
is considered. Moreover, the distribution in both cases is displayed in fig. 3.22 for a transport
current of 3 A and 1000 Hz as frequency of the external magnetic field. Due to the good conduc-
tivity of silver, the transport current is redistributed from the superconducting layer to the silver
as soon as the dynamic resistance comes into the region of the silver resistance. At 330mT,

the transport current in the silver is higher than in the superconducting layer and carries half
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3.3 Total and Dynamic Resistance

of the transport current. Because of the high resistance, the substrate layer contributes only
little to the current transport and carries a maximum of 2.6 % in the simulation with silver and
6.9 % in the simulation without silver. The transport current in the superconducting layer is
therefore higher without silver and results in the offset in the dynamic resistance.
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Figure 3.21: Results of the numerical model of dynamic resistance Ryy, with and without the silver layer compared

to measurement results of the non-modified superconducting tape in configuration A and the non-linear
analytic equation. Displayed are the results for a frequency of 500 Hz and 1000 Hz.

51



3 Experimental Preliminary Investigations

sc substrate —— silver

1
= 0.8
Ea=

-

g ) 0.6
T = 04
K
2% 02

0 A

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Magnetic field amplitude B, (T)
(a) with silver

1
S g 0.8
2d-

e
S 06
T =
N S
S5 04
Q

£ S
z 8 0.2

0 —n— ]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Magnetic field amplitude B, (T)

(b) without silver

Figure 3.22: Distribution of the transport current to the individual layers of the superconducting tape from the 2D
FEM model. For the case with and without silver layer at 1000 Hz and a transport current of 3 A.

In order to better understand the trend of the measurements, the losses of the individual layers
are examined in more detail. These are displayed in figs. 3.23 and 3.24. Figure 3.23 shows the
total losses Q,,; which combines transport and magnetization losses of each layer at both fre-
quencies. Generally, they increase steadily with the external magnetic field. It can be seen that
the substrate contributes little to the total losses of the superconductor. The losses in the super-
conducting layer increase with a flattening slope and is the largest loss component at 500 Hz
and scale linearly with the frequency. The losses in the silver layer are mainly eddy current
losses which depend quadratically on the magnetic field amplitude and frequency [Mel24]. At
1000 Hz they increase so steep that at around 330 mT they exceed the losses of the supercon-
ducting layer. The removal of the silver layer has little impact on the losses of the remaining
layers. As displayed, the total losses without silver are the sum of substrate and superconduct-

ing losses, whereby the superconducting losses are the dominating factor.
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Figure 3.23: Numerical modeling of losses in different layers of a superconducting tape with and without silver layer
for 500 Hz and 1000 Hz. Transport current is 3 A.

Figure 3.24 divides the total losses into transport losses Q,,, and magnetization losses Qpyg,
i.e. losses caused by the external alternating magnetic field. The losses of the layers are stacked
on top of each other, so that the total transport and magnetization losses are also obtainable.
Only the losses at 1000 Hz are plotted. It can be clearly seen that the majority of the losses
are caused by the magnetic field, since the transport current of 3 A is small. Looking at the
transportation losses, the current distribution from fig. 3.22 is reflected. Both silver and the
superconducting layer, which carry most of the transport current, also generate most of the
transport losses. However, these are several orders of magnitude lower than the magnetization
losses. The distribution of magnetization losses is similar to that of transport losses, and as
the magnetic field increases, the losses in the silver layer increase more and more with the

magnetic field due to the quadratic dependence.

53



3 Experimental Preliminary Investigations

’ substrate [1sc [ silver ‘

0 ]
g E _—
a, 0.2 ——
£ 8-
e /
Qo o il
a <= 0.1 [
- 2 / wll
o
g
3
0
0.05 0.1 0.15 0.2 0.25 0.3 0.35
Magnetic field amplitude B, (T)
(a) transport losses
oy 'T/‘-\ ]
& 1000
g & =
Ly
.g OE —~ /
T 5 500 // e
.D a0 /
%D :‘: //
s g —
0

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Magnetic field amplitude B, (T)

(b) magnetization losses

Figure 3.24: Stacked transport losses and losses caused by the magnetic field of the 2D FEM model divided to the layers
of the superconducting tape. The frequency is 1000 Hz.

In the measurements, the generated losses are dissipated via pool boiling in LN,. How effective
it is depends on the heat flux density ¢ from the superconducting sample to the cooling fluid.
This can be calculated from the total losses and the geometry of the superconducting tape and is
displayed in fig. 3.25 for the investigated numerical models. The two extreme cases are 500 Hz
without silver and 1000 Hz with silver. The former achieves a maximum heat flux density of
1.07 W cm™2 and the latter increases the heat flux density up to 4.55W cm™2.
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Figure 3.25: Heat flux density of the modeled superconducting tapes.

The obtained heat flux density can then be compared to measured boiling curves of LN, from
literature [Mer64] where Hellmann et al. [Hel14, Hel19] have examined different surface fin-
ishes, including polyimide lamination. From this, the excess temperature AT can be derived.
Taking the heat flux density of 3W cm™2 at 1000 Hz and 250 mT of the model with silver, this
would mean a temperature increase of 4K to 5K for an untreated surface and 30K to 40K for
polyimide laminated. This corresponds well with the achieved total resistance in fig. 3.17 and
resistances from the R(T)-behavior in fig. 3.13. Due to the high losses of the superconducting
tape under external magnetic field, the temperature increases by up to 40 K and highly impacts
the achievable total resistance. Most of the losses are generated in the silver and superconduct-
ing layer. Removing the silver layer results in lower heat flux density and therefore the cooling
of polyimide laminated samples is sufficient, leading to similar dynamic resistances compared
to config. A without laminate. However, the dynamic resistance is strongly dependent on the
temperature, which depends on the amount of losses and cooling efficiency. Removing silver

from the superconducting samples leads to higher total resistances under the same conditions.

3.4 Commutation Behavior

In the previous sections a full characterization of one superconducting switching unit is pre-
sented. The magnetic field dependent critical current and the built-up resistance of the switch
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is measured. Additionally, options for increasing the total resistance are presented. These su-
perconducting switches are now connected in parallel to prove the switching functionality and

quantize the commutation behavior of such a circuit.

For the following experiments the test setup in fig. 3.2 is used. This setup allows a parallel con-
nection of two superconducting paths, each equipped with an electromagnet from section 3.1.1
and current transducer, see section 3.1.2. The current is fed in via the outer copper clamp ter-
minals and the voltage drop is measured inside and outside the copper terminals. When con-
necting two superconductors in parallel the current distribution depends solely on the contact
resistance differences of both paths. The superconductor with the lowest contact resistance, i.e.
the one closest to the connected copper terminal, carries most, if not all, of the dc current, since
the superconductor itself has no resistance [Chal1, Wil15, Liu22]. In order to prevent this, the
contact resistance between both branches is removed by only using one 12 mm wide super-
conducting tape which is partially slit along the length. This results in two ideally connected
superconducting branches that are each 6 mm wide. A schematic drawing with the relevant
dimensions is shown in fig. 3.26. Whereas, the slit has a length of 23 cm and is done by laser
structuring. This process ensures minimal damage to the superconducting tape. The voltage
taps are connected directly after the slit with a distance of 23.5 cm and the second pair is con-
nected outside the copper terminals with a distance of 34 cm. As pictured in fig. 3.2, the selected
dimensions ensure that there are no sharp bending radii which could lead to a degradation of
the critical current [Ott16].

current

feed-in 23cm

= 5] =] sc =] Ilme

35cm

Figure 3.26: Schematic drawing of the slit HTS tape. Both 6 mm wide branches are connected without contact resis-
tance. The areas marked in [ are the positions of the current feed-in. Also, the inner M and the outer @
voltage taps are displayed.

After laser structuring, the total critical current is measured to ensure that no severe damage
to the superconductor occurred and both branches are similar in current carrying capacity.
Figure 3.27 shows a schematic drawing of the test setup with the input and output terminals.

Since this is a parallel connection, the total current i, is the sum of the branch currents i; and i,,
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Figure 3.27: Schematic drawing of the test setup for measuring the critical current of the slit superconducting tape.

The results are displayed in fig. 3.28. The top figure shows the expected exponential depen-
dency of electric field E and current I, as already described in section 2.1. In this case, the
measurement (® ) contains a small linear component, which probably comes from the position
of the voltage taps too close to the slit. To determine the critical current by fitting the results
to the power law, a slightly modified equation as noted in eq. (3.5) is required. Compared to
eq. (2.1), this equation adds a linear component with c¢; and an offset parameter ¢ in order to

filter out these components and determine the critical current and the n value:
I n
E(I)=Ec'<1—> +c-I+cy (3.5)
C

The fitted parameters are listed in table 3.4 for the whole tape and each branch, and are displayed
in fig. 3.28. The bottom graph shows the current distribution to both branches dependent on
the total current. As one can see, the current is almost equally distributed to both parallel
branches and both are increasing linearly with the total current. However, at higher currents,
branch #2 is carrying slightly more current than branch #1. At a total current iy of 250 A the
current is divided into i; = 123.9 A in branch #1 and i, = 126.1 A in branch #2. To determine
the critical current of each branch, the same approach as for the whole tape can be utilized,
where the electric field obtained from the measured voltage divided by the length of the slit
(23 cm) and the input parameter is the branch current. The critical currents of the individual
paths are almost identical, they differ by about 2 A and can be found in table 3.4. The linear
component shown in fig. 3.28 can be used to determine the resistance of 14.87 nQ for the inner
voltage taps and 9.07 nQ for the outer voltage taps. These resistances are caused by the position
of the voltage taps that are too close to the copper feed-in terminals and therefore are located
in the current transfer length [Eki0O6, p. 291]. The linear component occurring here is in the

nQ-range and can therefore be neglected.
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Figure 3.28: Critical current measurement of the slit superconducting tape. The graph above shows the voltage drop
per unit length between the inner voltage taps (distance = 23.5 cm) as a function of the total current and
the graph below shows the total current divided to the two branches.

Table 3.4: Parameters of curve fitting to obtain the critical current

Inner voltage taps

I.(A) n c; (VA™Tm™) ¢, (Vm™Y)
Branch #1 130.90 29.06 1.25-1077 —3.12-107°
Branch #2 133.10 28.72 1.25-1077 —3.20-107°
Total 26441 2853 6.22-1078 —3.13-107°

Outer voltage taps

I.(A) n et (VATm™) ¢y (Vm™))
Branch #1 130.87 28.86 7.41-1078 —2.82-107°
Branch #2 133.08 28.38 7.46-1078 —2.90-107°
Total 264.37 2845 3.81-107% —3.03-107°

This test setup provides two parallel superconducting branches that are connected with zero

contact resistance. Additionally, the branches are arranged geometrically identical and the in-

ductance of the branches are therefore the same. The current is distributed equally to both

branches and the setup is suited to investigate commutation processes between two supercon-

ducting paths under different external magnetic fields.
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3.4.1 Single-Sided Triggering

To see whether the current can be influenced or controlled at all with the dynamic resistance,
one of the parallel superconducting branches is equipped with an electromagnet. By switch-
ing the magnetic field on, the current is in theory fully redistributed to the other branch. In
fig. 3.29 a schematic drawing of the test setup with one mounted electromagnet that generates

the magnetic field B1 is displayed.

\ A
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Figure 3.29: Schematic drawing of the parallel test setup equipped with one magnet to show the ability of current
redistribution.

The electromagnet allows the frequency and amplitude to be adjusted as required within the
limits of the power supply. As an example fig. 3.30 shows the results for a frequency of 300 Hz
and a magnetic field amplitude of 84.42 mT at a total current of 50 A. The upper graph shows
the magnet control time sequence and below the total current iy, the current in branch #1 i;,
and the current in branch #2 i, over time. Also, the time period in which the magnet is turned
on is between 1s and 3s. At the beginning, the magnet is off, and the current distribution is
similar in both branches namely 18 A and 32 A. The fact that branch #1 carries less current is
probably due to the magnet, which has a ferromagnetic iron core and is mounted in proxim-
ity to the superconducting tape. This will be investigated in more detail in the next section. At
t = 1sthe magnet is turned on for a duration of 2 s. Thus, the current in branch #1 is decreasing
exponentially until the current is fully redistributed to branch #2. In order to define this com-
mutation, the rise time ¢, and fall time {7 are analyzed. This is defined as the time needed for
the current to change from 10 % to 90 % of its end value. Details on how to obtain the rise and
fall time can be found in section C.1. Here the rise time is 210.2 ms. Since this is an exponential

process, it is more common to give the time constant which is 95.67 ms according to eq. (C.4).
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Figure 3.30: Progression of current in the two parallel branches when the magnet is triggered. The total current is
50 A, and the magnetic field has an amplitude of 82.42 mT at a frequency of 300 Hz.

At t = 3s, the magnet is switched off, however, the current does not return to its original
distribution. The applied dc current is well below the critical current of one branch, therefore
no resistance occurs. This state is intrinsically stable and only changes when it is disturbed

externally, e.g. disconnecting the current source or heating of the superconductor.

Concluding, this test shows that by applying an alternating magnetic field and therefore gen-
erating a dynamic resistance, a current distribution change of two parallel superconducting
branches is possible. The current in the branch with the applied magnetic field can even be

reduced to zero.

3.4.2 Double-Sided Triggering

The circuit of an H-bridge inverter from fig. 1.1 consists of two times two parallel connected
superconducting switches. This is further investigated by extending the previous test setup

with another electromagnet as pictured in fig. 3.31.
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Figure 3.31: Schematic drawing of the parallel test setup equipped with two magnets representing two parallel con-
nected superconducting switches.

The magnets of the switches, each equipped with a separate amplifier, are individually con-
trolled by the four channel waveform generator in an alternating pattern and forces the cur-
rent to redistribute between the superconducting branches. The trigger sequence is displayed
in fig. 3.32 top for both magnets. At first, both magnets are off until 1 s where the magnetic
field B1 is turned on effectively bringing this switch in off-state. At a time of 3 s, magnet B1 is
switched off and B2 switched on. This is the point in time at which the commutation is later ex-
amined more closely and the rise and fall time are determined. After 2 s magnet B2 is switched

off and the initial state is re-established.

Afterward, the influence of the amplitude and frequency of the external magnetic field on the
rise and fall time is investigated by varying both parameters. It is done automatically by a
script, which initially increases the transport current to 50 A and then cycles through various
parameter combinations. In fig. 3.32 the currents over time are presented exemplary for the
set point 100 Hz and 112.56 mT. As expected, the current is redistributing between the two
superconducting switches according to the magnet trigger pattern displayed above. The current
of the switch in off-state is suppressed to zero while the switch in on-state carries the full current
of 50 A. As mentioned before in section 3.4.1, the current commutation between is exponential.
After turning off all magnets, the current distribution stays the same as already observed in
fig. 3.30. This is also the reason why all the current initially flows in branch #1, since the power
supply was not disconnected between parameter set points. The rise time is then evaluated in
the area marked with . For this parameter set, it is 111.71 ms and the time constant 7 is

50.55ms according to eq. (C.4).
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Figure 3.32: Progression of current in the two parallel branches when the magnet is triggered.

Figures 3.33 and 3.34 and table 3.5 show the results of the remaining parameter combinations.
In fig. 3.33a, the magnetic field amplitude B, is varied at a constant frequency of 300 Hz and
in fig. 3.33b, the frequency f is varied at a constant amplitude of 225.12 mT to see the impact
on the commutation time. Both figures display the current i, in branch #2 when magnet B2 is
switched on at 0 ms. Generally, the higher the field amplitude or frequency, the shorter is the
commutation time. The time constant T decreases from 23.12ms to 4.18 ms in fig. 3.33a and
from 15.67 ms to 4.30 ms in fig. 3.33b. Moreover, a fast Fourier transform (FFT) shows that the
current ripple corresponds to the magnetic field frequency. The decrease of the commutation
time with increasing frequency or amplitude, is exponential as displayed in fig. 3.34. Table 3.5
summarizes the results of all amplitude and frequency combinations, showing a wide range
of time constants from 170.14 ms to 2.52 ms. However, the results also show that due to the
exponential decay, much higher magnetic fields and frequencies are required to significantly

reduce the commutation time.
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Figure 3.33: The progress of branch current i, when magnet B2 is switched on for different parameter sets.
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Figure 3.34: Progression of the commutation time dependent on the magnetic field amplitude and frequency.

Table 3.5: Commutation time constants for different magnetic field amplitudes and frequencies for double-sided trig-

gering.
Frequency f (Hz)
7 (ms)

100 150 200 250 300 350 400 450 500

84.42 | 170.14 158.35 149.48 14556 133.60 123.21 12417 93.95 91.53

= 11256 50.55 37.40 30.72 24.68 23.12 19.38 17.25 15.38 13.55
\.E/ 140.70 33.82 23.27 18.93 16.15 13.16 11.49 10.64 9.08 8.57
f 168.84 | 24.54  17.53 13.65 11.80 9.45 9.02 7.65 6.56 6.46
'g 196.98 20.56 13.82 11.72 9.41 8.03 7.19 6.42 5.49 4.93
% 22512 | 15.67 11.88 8.84 7.77 6.50 5.43 5.07 452  4.03
g 253.26 13.60 9.14 6.88 6.15 5.71 4.71 4.29 4.04 3.84
= 28140 11.12 8.02 6.03 5.68 4.74 4.13 3.63 3.31 3.10
'E 309.54 | 10.25 6.51 5.68 4.53 3.92 3.47 3.24 291 2.89
337.68 7.97 6.24 4.33 4.02 4.18 3.31 3.19 2.55 2.52
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In order to link the commutation times with the measured dynamic resistance or total resis-
tance, the equivalent circuit diagram of the test setup is considered which is shown in fig. 3.35.
It consists of two parallel branches, each with a variable resistance that is controlled by the
magnetic field and the self-inductance of a straight rectangular conductor. The inductance de-
pends on the geometry of the superconducting tape and can be approximated with eq. (3.6)
given in [Ros08]

L—Zl[lo 2 1+G] (3.6)

i ¥e l '

where [ is the length of the superconducting tape and G the geometric mean distance. For

rectangular areas, this geometric mean distance is calculated by

2 2
/ 1w h2 1 h? 2w
log G = log Qw)* + h2 — 6( hz) log, [1+ 5 logy/ 1+ ( h2)

Qw)® 0 (Qw)
B L Y
3 h 2w 32w h 12 ’

where 2w and h are the width and height of the rectangular shape. This can also be approx-
imated [Gro09, Pig12] by

G ~0.22352w + h). (3.8)

With the geometric parameters from table 3.2, this gives a self-inductance of approximately
70nH for each parallel branch. The resistance results from the dynamic resistance and the
resistance of the normal conducting layers which is 5.4 mQ at 300 Hz and 140 mT. The time

constant of the RL—circuit which is defined as

T= ﬁ (39)

results in 13.1 ms. This matches well with the data in table 3.5. In order to further decrease the

commutation time, either the inductance has to be lowered or the built-up resistance increased.
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3.5 Summary

Branch #1

Rtut,scl
Lscl

Rtot,ch
Lch

Branch #2

Figure 3.35: Electric equivalent circuit of the experiments with two superconducting branches as displayed in fig. 3.2.

3.5 Summary

In this chapter the relevant parameters of a superconducting switch based on the supercon-
ducting tape SF12100 manufactured by SuperPower have been characterized. The magnetic
field dependent critical current for perpendicular fields defines the upper limit for the possi-
ble current transport of the switch. Since the magnets are switched off in the on-state of the
switch, the critical current in relation to the width is 281.67 A cm™! at zero field. The measured
temperature dependent resistance represents the upper limit for the achievable resistance when
the switch is switched off which is 0.729 mQ cm™! at 77 K. In this case, the normal conducting
layers, especially the silver cap layer, determine the resistance. In section 3.2.3, methods for
increasing the resistance by removing the silver cap layer are presented and an increase by a

factor of 40 has been achieved.

The dynamic and total resistances, dependent on the magnetic field amplitude and frequency,
are then measured for the different tape configurations, by varying the parameters between
500 Hz and 1000 Hz and from 25 mT to 277 mT at 3 A and 20 A transport current [Pha25a]. The
measured dynamic resistances of the different tape configurations are in a similar region since
no modifications to the superconducting layer were made and the normal conducting layers
have marginal impact on the dynamic resistance. However, adding an environmental protection
by polyimide lamination, which also acts as thermal insulation, has a strong influence on the

measured resistance.

To verify the measured results a 2D FEM model of a HTS tape with all conducting layers is
developed and coincides well with the measurement results. Also, it showed that due to the high
ac losses in the superconducting layer and eddy current losses in the silver layer, a significant
temperature increase of up to 40 K under pool boiling conditions in LN, is possible. This is also

reflected in the measured values.
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3 Experimental Preliminary Investigations

Afterward, the behavior of two superconducting switches connected in parallel is investigated.
For that a superconducting tape is partially slit along the length in order to obtain two paral-
lel superconducting branches, each equipped with an electromagnet. This method avoids any
influence of contact resistances between the two switches. By switching the superconducting
switches in an alternating pattern, a full redistribution of transport current from one to the
other branch is achieved. The time it takes to fully redistribute, also called commutation time,
is then examined for a large variety of parameter combinations. As a result, a time constant
of 2.5 ms was achieved here. These commutation times have been further investigated [Pha22,
Pha25b] by modeling a simple RL—-circuit with the self-inductance of a thin straight tape. The
time constants of the RL—circuit correspond to the measured commutation times.
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4  Bridge Inverter Circuit

Following the complete characterization of the superconducting switch and initial investiga-
tions into the switching behavior of two switches connected in parallel in chapter 3, the bridge
inverter presented in chapter 1 can now be designed and assembled. The circuit is displayed
in fig. 4.1.

Uy Lout
S1 S3
viy I3
iin
o—>—o U
Uin i Uout Load
o us
\ 4 l ig
H v

o

Figure 4.1: Equivalent circuit diagram of a H-bridge power inverter with a resistive load.

Ug

Section 4.1 deals with the general circuit and its operation. Furthermore, the three states of
switch pattern are introduced and their sequence and the corresponding input and output
current of the circuit are discussed. In section 4.2, the implementation with superconduct-
ing switches is then explained in more detail, using the same approach to reduce the contact
resistance like in the parallel switching experiments from section 3.4. Section 4.3 presents the
results of the experiments conducted on the fully superconducting bridge inverter. Individual
switching operations are first conducted to show the proper functioning of the circuit. Meth-
ods for further reducing the commutation time are also examined in more detail and finally,
the stability of the circuit at longer running times is investigated by varying the switching fre-
quency. In section 4.4, models for the full bridge inverter are presented. First, a SPICE model

for transients is introduced which can simulate the current distribution between the switches.
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4 Bridge Inverter Circuit

Second, a method for efficiency calculation is derived and scaling laws towards higher cur-
rents and voltages presented. Afterward, the results are applied to a 10 V/10 kA demonstrator
in section 4.5 and various example configurations are calculated. Initial methods for saving
superconductor lengths by using wider HTS tapes or sapphire substrate are also presented.
Additionally, a method for generating long length magnetic field is demonstrated including

experimental investigations.

4.1 Circuit Layout

The H-bridge inverter, also known as single-phase bridge inverter, consists of four switches
S1 to S4 which are arranged according to the schematic in fig. 4.1 as the letter “H” with the
input as the crossbar. Afterward, the switches are controlled in such way that the voltage and
the current is alternating at the output. In this case, the load is assumed to be a resistive load.
The present work utilizes superconducting switches based on the dynamic resistance of HTS
tapes. The off-state of the switch is achieved by applying an alternating external magnetic field
resulting in a dynamic resistance which has already been examined in section 3.3. The on-state
is reached by turning the magnetic field off, therefore the superconducting state with zero dc
resistance is achieved. The three switching states of the four switches that are relevant in the
superconducting bridge circuit are shown in fig. 4.2 including the respective current paths. The

resulting output current with the respective switching states is displayed in fig. 4.3.

Figure 4.2a shows the first state where the magnets of the superconducting switches are turned
off and therefore all switches are in on-state. This is the default state. The input is short-circuited
via the path S1-S3 and S2-S4. Both paths are low resistance, therefore the output current i
is zero. In the second state displayed in fig. 4.2b, switches S1 and S4 are closed and S2 and S3
open. This applies a positive voltage and current across the output. Ideally, the output current
i,y is equal to the input current i;,, since the closed switch is superconductive. This state can
be reversed by opening switches S1 and S4 and closing S2 and S3 as shown in fig. 4.2c. The
output current is therefore the negative value of the input current. By applying a dc current of
i to the input and alternating between state 2 and 3, a square wave current pattern with the

amplitude of iy is generated at the output of the circuit as displayed in fig. 4.3.
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Figure 4.2: Relevant switching states of the H-bridge circuit to achieve an alternating output current.
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Figure 4.3: Progression of the input and output current of an inverter with the different switching states according to

fig. 4.2.
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4 Bridge Inverter Circuit

4.2  Circuit Setup with HTS Tape

Figure 4.4 shows a schematic illustration of how such a circuit can be implemented with high-
temperature superconductors. It shows four HTS tape sections, each equipped with an elec-
tromagnet and arranged to form an H-bridge. If the switches were assembled from individual
superconducting tape sections, there would be contact resistances at points u; to u,, which can
differ greatly in some cases and thus influence the current flow. Therefore, a similar approach

is used as in the setup for investigating the commutation behavior with a slit HTS tape.

Uin
i1
> S1 — S2 ~—p—
U
25 ig us i4 Uy
> s3 VA S— 4 7y 4
iout Uout
[ — J
|
Load

Figure 4.4: Schematic drawing of the H-bridge based on the dynamic resistance of HTS tapes.

The 12 mm wide HTS tape is partially slit along the length as pictured in fig. 4.5 resulting in two
superconducting branches connected without any contact resistance. Each of these branches
contains two superconducting switches which are also connected without contact resistance as
indicated with S1 to S4 in the drawing. The points u; to u, are marked according to the circuit
in figs. 4.1 and 4.4. Moreover, the input terminals at u; and u; and the output terminals at u,
and u, are realized with copper clamp contacts. Detailed parameters of the HTS tape can be
found in table 3.2.

u
m| U = el ! 2 m| Uy |m||12mm
S3 us S4
current | >
feed-in 47 cm
62 cm

Figure 4.5: Schematic drawing of the slit superconducting tape used for the bridge circuit with a total length of 62 cm
and a slit of 47 cm. Detailed parameters of the utilized tape can be found in table 3.2. The areas marked in
[ are the positions of the current feed-in. Also, the inner B and the outer B voltage taps are displayed.
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4.2 Circuit Setup with HTS Tape

Figure 4.6 shows the test setup for measuring the critical current of the slit superconducting
sample. Each superconducting branch is equipped with a current transducer from section 3.1.2.
Furthermore, the critical current is measured across the whole length between the outer copper
terminals where inner and outer voltage taps can be found. The distance of the inner voltage
taps is 48 cm and 60 cm for the outer. The copper terminals in the middle of the test setup are
for the fixation of the superconducting tape in this experiment. The mounting points for the
electromagnets of the four switches from section 3.1.1 can also be seen. The critical current
is measured without and with disconnected electromagnets which later generate the magnetic
field over a length of 2 cm. The measurement results are exemplarily plotted for the case without
mounted magnets in fig. 4.7. On the one hand, the top graph shows the measurement of the
electric field over the total current and displays the expected progression of the power law
with a total critical current of 409.7 A and an n-value of 36.86. On the other hand, the lower
graph displays the current distribution to both parallel branches whereby both currents have a
similar gradient over the entire range. It can also be seen that both graphs do not start at zero
ampere. At a total current of zero ampere, a current of 3.48 A flows in branch #1 and a current
of —3.48 A in branch #2. The measurement shown here is the second of four critical current
measurements that were carried out in succession. The measurement setup is not warmed up
again between tests. A cyclic current is established after the current source from the preceding
test is switched off. Due to the lack of ohmic resistance between the two parallel paths, this

current does not decay.

Current
output

Figure 4.6: Image of the rectifier setup for measuring the critical current. The current is fed in at the two outer copper
terminals. Each parallel path is equipped with a current transducer.
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Figure 4.7: Critical current measurement of the slit superconducting tape for the inverter circuit.

Table 4.1 summarizes all critical current measurements including the results with mounted
electromagnets. The proximity of a ferromagnetic material to the superconductor significantly
influences the current carrying capacity by decreasing it [G6mO08, San10, Str19]. This can also
be observed in this case where the critical current is lowered by approximately 40 % to 249.1 A.
The current distribution also changed slightly with branch #2 now having a marginally higher
critical current. This is likely due to small variations in the positioning of the electromagnets
and therefore different in the air gap lengths. With a minimal critical current of 120 A, the

inverter can be operated with an input current of 50 A with a reasonable safety margin.
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4.2 Circuit Setup with HTS Tape

Table 4.1: Parameters of curve fitting to obtain the critical current of the slit HTS tape for the bridge circuit.

Without magnets
I.(A) n g (VA Im™) ¢ (Vm™})
Branch #1  210.04 3827 1.97-1078 2.47-1077
Branch #2 200.05 3512 2.00-107% 3.60 - 1077
Total 409.65 36.86 9.94-107° 3.14-1077
With magnets
I.(A) n g (VAIm™) ¢y (Vm™)
Branch #1 122.81 2811 7.60-107% 7.04 - 1077
Branch #2 126.57 30.71 7.87-107% 1.56 - 107°
Total 249.14 29.41 3.90-107% 1.16 - 107°

Furthermore, the H-bridge inverter shown in fig. 4.8 is set up. The setup consists of the slit
tape, four electromagnets for the superconducting switches, and four current transducers to
measure the currents i; to iy of each switch according to fig. 4.1. The input source is now
connected to the copper terminals in the middle. Another 12mm wide HTS tape, insulated
with polyimide tape, is connecting the outer output terminals via face-to-face contact with the
slit superconductor acting as a load for the circuit. Voltage taps are placed at both ends of the
slit and near the input terminal. The slit superconductor with the four switches and the load
tape are highlighted according to the colors in fig. 4.1.

Figure 4.8: Image of the fully set up bridge inverter with HTS tape. The major components, i.e. the slit tape with the
four switches and the load tape, are highlighted according to the colors in fig. 4.1.
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The measuring and control instruments are similar to the previous experiments. The electro-
magnets are individually driven by four quadrants power supplies Kepco BOP 72-6 and con-
trolled by an arbitrary waveform generator Tabor WW5064. Additionally, the sampling rate
of the digital data acquisition system NI USB-6281 is set to a sampling rate of 10kS/s for each
channel. Also, the power supply Keysight RP4943A is used as input source. The acquisition

and controlling is done via a Python script.

4.3 Experimental Results

With the bridge inverter setup, presented in section 4.2, first experiments are conducted in
the following.

4.3.1 Direct Current Distribution

The test circuit is submerged in LN,, and only the input power supply is connected to the circuit
in order to measure the current distribution when the input terminals are connected. The elec-
tromagnets are mounted but not connected to the power supply. This corresponds to state 1 in
figs. 4.2a and 4.3. In state 1, all switches are closed and thus short-circuit the input. The currents
of the switches S1-54 are plotted over time in fig. 4.9 where the input current is increased in
2.5 A steps until it reaches the desired current of 50 A. Also, the sign of the currents is defined
by the direction of the current arrow in the equivalent circuit diagram. The total current is di-
vided to the paths S1-S3 and S2-S4, therefore the absolute value of the corresponding currents
is equal |iy| = |i3| and |i| = |i4|- Initially, both parallel paths carry a similar amount of current
up to a total current of 15 A, at which point path S2-S4 starts to carry more current. At 50 A
total current, the current is divided into 24.3 A in path S1-S3 and 25.7 A in S2-S4. This also
means that all the current solely flows in the slit HTS tape and no current flows through the
load. Since there is no contact resistance between both paths, the small difference in current is
most likely due to small geometry differences which impacts the inductance of the path, or a

non-symmetrical feed in the copper terminal.
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Figure 4.9: Progression of the current in the switches in state 1 of the bridge circuit. The input current is increased to
50 A in 2.5 A steps.

4.3.2 Single Switching Test

Next, the four magnets are connected to their power supplies and first basic switching patterns
are conducted to demonstrate the feasibility of a fully superconducting bridge inverter. Plus,
the pattern consists of four consecutive states according to fig. 4.2 in the following order: 1-
2-3-1. The input current is set to a constant dc current of 50 A and as output a current with
a rectangular waveform with an amplitude of 50 A is expected. Furthermore, the same pattern
is repeated as already performed in section 3.4.2, for different combinations of frequencies and

magnetic field amplitudes to see the impact on the commutation time.

Furthermore, the currents in the switches are displayed exemplarily for a magnetic field am-
plitude of 169 mT and a frequency of 1500 Hz in fig. 4.10. The top graph shows the switching
states of the switches over time. Each switch is only switched off and on once. Below, the
current of each switch is displayed. The colors of the line correspond to the colors used in the
equivalent circuit from fig. 4.1. In state 1, all switches are turned on and input current is dis-
tributed slightly unequal, 30 A over S1-S3 and 20 A over S2-S4. At a time of approximately
5's, the switches S2 and S3 are opened forcing the current to commutate to the switches S1 and
S4, which are carrying nearly the 50 A input current, resulting in switching state 2. Then the
switches S1 and S4 are opened and S2 and S3 closed to achieve switching state 3. Again, the in-
put current redistributes to the closed switches suppressing the currents i; and i, to nearly zero.

At approximately 9.5s, all switches are closed again resulting in a slow redistribution into the

75



4 Bridge Inverter Circuit

initial state. To quantize the current commutation behavior, the rise and fall time between state

2 and 3 is analyzed according to section C.1. In this case, the time from 10 % to 90 % is 6.03 ms.
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Figure 4.10: Current distribution of the bridge inverter during the basic switching pattern. The switching states of the
switches (top) and the current of each switch (bottom) are shown. The electromagnets of the switches are

generating a magnetic field amplitude of 169 mT at 1500 Hz.

Figure 4.11 displays the input and output current of the bridge inverter for this example. This is

very similar to the current pattern in fig. 4.3. As already mentioned above, the output current

does not reach an amplitude of 50 A since a residual current is flowing in the switches in off-

state. The so-called leakage currents are approximately 2.6 A in this case. It should be noted

that the leakage current is highly dependent on the ratio of the resistance of the switches in

off-state and the impedance of the load. This will be further investigated in section 4.4.3.
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Figure 4.11: Input and output current during the basic switching pattern from fig. 4.10.

4.3.3 Minimizing Commutation Time

To minimize commutation times, the resistance of the open switch plays a major role, as already
shown in the chapter on commutation between two parallel paths in section 3.4.2. Various
methods of increasing the total resistance generated by an external alternating magnetic field
have already been investigated experimentally in section 3.2.3. The different etching patters are
now applied to the fully superconducting bridge circuit and some tape configurations, which
are displayed in fig. 3.10, are examined in more detail, namely configuration A, the unprocessed
HTS tape, and configuration B, where the silver surrounding is removed in a section of 7 cm.
Configuration A is examined with and without polyimide lamination and config. B with poly-
imide lamination only. The same model of HTS tapes as in the previous chapters is utilized

with the parameters in table 3.2 and the temperature dependent resistance in figs. 3.9 and 3.13.

Figure 4.12 shows the slit HTS tape for the bridge circuit in config. B. Moreover, the silver is
removed in two 7 cm long sections according to fig. 3.10b where the electromagnets will later
be located. The etched sections are then laminated in 50 um thick polyimide foil which acts as
environmental protection. The test setup is the same for all configurations, only the slit tape

is exchanged.

E— | =

47 cm slit

Figure 4.12: Photograph of the slit superconducting tape in configuration B used for the bridge circuit. The silver is
removed in the 7 cm long sections where later the electromagnets are mounted. Displayed is the face side
of the superconducting tape and the ReBCO layer is visible.

77



4 Bridge Inverter Circuit

With the three variants the magnetic field amplitude and frequency of the electromagnets are
varied and the commutation time between state 2 and 3 is investigated. Figure 4.13 displays
exemplarily the current in switch S3 during the commutation for all three configurations for
the set point 138.57 mT and 500 Hz of the magnets. As displayed, the config. B has the fastest
fall time with 20.35 ms followed by configuration A with 22.86 ms. The slowest commutation
takes place at configuration A without laminate with 26.03 ms. It is also clearly visible that the
leakage current differs greatly. The average of the leakage current in this graph ranges from
6.62 A for config. A w/o laminate over 3.10 A for config. A to 97.39 mA for config. B.

config. A w/o laminate
config. A
config. B

Switch current i3 (A)

7.1 7.15 7.2 7.25 7.3 7.35 7.4 7.45 7.5
Time £ (s)

Figure 4.13: Comparison of the commutation behavior of switch S3 in the bridge inverter between different tape con-
figurations. The magnet excitation of the switches is set to 500 Hz and 138.57 mT.

The results of the frequency and amplitude variation are summarized in fig. 4.14, where the
commutation times are plotted for 500 Hz (top) and 1000 Hz (bottom) for the different tape
configurations. At 500 Hz, commutation times range from 28.9 ms to 6 ms, while at 1000 Hz,
they extend from 37.6 ms to 2.32 ms. Configuration A exhibits a gradual decrease in commuta-
tion time with increasing magnetic field amplitude but maintains the highest overall values at
both frequencies. Configurations with polyimide laminate display nearly identical values and
follow a similar decreasing trend. Notably, at high magnetic field strengths, adding polyimide
laminate to the HTS tape results in halving the commutation time. These findings align well
with the measured total resistance data from section 3.3, where the values of config. A and
config. B are remarkably close, mirroring the similarity observed in their commutation times

at both frequencies.

These results show a successful reduction of commutation time by removing the highly con-

ductive silver layer and therefore increasing the total resistance.
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Figure 4.14: Comparison of commutation time for different tape configurations at 500 Hz and 1000 Hz under variation
of the magnetic field amplitude.

4.3.4 Continuous Switching Test

In general, the switches of an inverter perform multiple switching operations per second over an
extended period of time in order to generate the desired waveform at the output. This repeated
switching subjects the superconducting switch based on the dynamic resistance to significant
electrical and thermal loads. To ensure reliable operation, the HTS tape must maintain its

performance without degradation or thermal runaway under these conditions.

The previous experiments were limited to a short-duration test pattern consisting of only single
switching pulses for each switch. In order to investigate the scenario above, a continuous stress
test is conducted. The test duration ¢, is varied between 20s and 120s and the switching
frequency between 1Hz and 40 Hz which result in pulse widths ¢, between 1s and 25 ms.
Additionally, the set point of the electromagnets is altered from 46 mT to 233 mT at two different
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frequencies, 500 Hz and 1000 Hz, to investigate the impact of the external magnetic field on
the stability.

Figure 4.15 (bottom) schematically displays the input and output current of the continuous
stress test with the corresponding switching states of the four superconducting switches S1-S4
(top). A dc current with an amplitude of i, is applied to the input and the desired output is
a square wave with an amplitude of i, and a period T, of 2 - . The switching state of the
bridge circuit is exemplarily numbered for the first three states according to fig. 4.2. The test
duration ¢, is the time in which the switches are actively controlled and the pulse width ¢,
is the interval in which the control signals of the switches are changed. This means that the

switching frequency is twice as high as the frequency of the output current.
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Figure 4.15: Progression of the input and output current of an inverter with the different switching states according
to fig. 4.2.

Figure 4.16 shows the currents in the switches i; to iy over time for various ¢, at a constant
magnet excitation of 1000 Hz and 138 mT. Each graph displays five switching periods of the
continuous test. All show consistent commutation behavior over the length of the test. This was
determined by evaluating the commutation times at different points in the test. The commuta-
tion times are also very close to each other with the same magnetic field control but variable
switching time. The commutation times of the parameters in fig. 4.16 are summarized in ta-
ble 4.2 and their standard deviation is 0.35ms. Despite the fast switching times, especially in
the 25 ms, the cool down time available between successive commutations remains sufficient.

The excess heat in the switches generated by the transport current and the external alternating
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magnetic field is successfully dissipated and thus enables stable operation of the fully supercon-
ducting full-bridge inverter under pool boiling conditions. In addition, at 1000 Hz and 138 mT
the leakage current is only about 0.4 A, corresponding to a square wave current amplitude of
49.6 A at the circuit output.
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Figure 4.16: Current distribution of the switches in the superconducting bridge inverter during continuous stress test.
The electromagnet set point is 1000 Hz and 138 mT while the switching time ¢ is varied.

Table 4.2: Commutation times at a magnetic excitation of 1000 Hz and 138 mT for different switching times as dis-

played in fig. 4.16.

Rise time ¢, (ms) Time constant T (ms)

0.5
0.25
0.1
0.05
0.025

10.79
10.53
11.37
11.30
10.98

4.91
4.80
5.17
5.14
5.00

Particularly with the shorter switching times, it can be seen that the pulse width ¢, is longer
than specified. The FFT analysis of the measurement data at ¢, = 50 ms results in a frequency
of 9.5235 Hz, which corresponds to an average t, of 52.50 ms, so there is a delay of 2.50 ms.
At a pulse width t,,, = 25ms, this results in a frequency of 17.5044 Hz and accordingly means
a switching time of 28.56 ms, i.e. a delay of 3.56 ms. This delay is caused by the addition of

the individual times for processing the trigger command and running the control program on
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a non-real-time operating system. The switching time is handled by the function time.sleep
() in Python 3.12.4 which has a resolution of 100 ns [Pyt]. Afterward, the command is sent
via the software backend virtual instrument software architecture (VISA) (1 ms to 10 ms) [Roh]
and General Purpose Interface Bus (GPIB) (30 us) [NI] to the arbitrary waveform generator
which has a trigger delay in the range of 200 ns [Tab]. The bipolar power supplies have a slew
rate of 0.4 Aps~!, which adds approximately 15 s to get to the maximum output current of
6 A. These delays add up to approximately 2ms to 11 ms which is in range of the measured

systematic delay.

Figure 4.17 shows exemplarily the input and output parameters during the continuous test,
with the magnet parameters 185mT, 1000 Hz, and a pulse width ¢, of 0.1s. As before, the
load is a superconducting tape. In fig. 4.17 (a) the input and output currents are plotted, where
i;, is a constant dc current at 50 A and u,,, as expected a square wave form with an amplitude
of 49.54 A. Therefore, the leakage current in this case is approximately 500 mA. Additionally,
the output current i g, of the simulation model described in section 4.4.1 with an inductance
L. set to zero is displayed. Compared to the measurement results, the simulation shows the
ideal rectangular current curve without commutation time. It can also be seen that the period
duration of the measurement, as explained above, is slightly longer than the specified 0.1s. The
input and output voltage is shown in fig. 4.17 (b). For both, an induced voltage occurs with each
switching operation, which also decreases as the rate of current change reduces. The induced
voltage is always positive for the input voltage with an amplitude of around 13 mV. With the
output voltage, the induced voltage is opposite to the change in current, i.e. approximately
—7 mV when the output current is changing from —50 A to 50 A, and 7mV for 50 A to —50 A.
In steady state, the voltage is zero for both. This behavior is to be expected as the load is a
superconductor and therefore has very low impedance. Therefore, the shape of the voltage is

determined by the self-inductance of the circuit and the load.
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Figure 4.17: Input and output voltage and current in the superconducting bridge inverter during continuous stress
test. The electromagnet set point is 1000 Hz, 185mT, and tg, = 0.1s. Displayed are the input and
output currents (a) and the according voltages (b).

4.4 Simulation Model and Scaling Laws

A simplified simulation model is now being developed to show the relationships between leak-
age currents, load currents and the impedances that occur in the circuit. We now consider the
circuit diagram of the bridge circuit in figs. 4.1 and 4.2 and first find an appropriate model for

each component to reproduce the behavior.

4.4.1 Simulation Model

Superconducting switches based on the dynamic resistance have two states, either closed or
open. When closed, the resistance can be assumed as zero when the transport current is below
the critical current which is the case here. When open, the switch takes on a resistance whose
value depends on the magnetic field amplitude and frequency, see section 3.3. The switch can
therefore be modeled as a resistor that can assume two values depending on the switching
state. Any transient behaviors, which would add an inductance for the finite current slew rate,

are neglected. It is also assumed that all four switches have the same behavior and therefore
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identical values, namely a resistance of 0 Q and in the open state the value R4 Measured

values of the total resistance in section 3.3 reach from 0 mQm™! to 123.5mQ m™1.

As input a power source is utilized, in this case an ideal constant current source to set a fixed
input current i;,,. The load represents a sink for electrical power. Since no transient processes are
considered here either, this is modeled as a simplified resistor with a value of R,,4. Moreover,

voltage drop across the load is determined by the load current and the load resistance

Vout = Rload : iout' (41)

The general equivalent circuit is displayed in section 4.4.1, where R1 to R4 are the respective
equivalent resistances of the switches S1 to S4. The load resistance Ry,,q is calculated with the

output voltage v,,, and the output current iy,

[Y)
Rload = .out . (4.2)

lout

Furthermore, the resistances R1 to R4 have a variable value that is dependent on the switching
state of the switches. When the switch is in on-state, the superconducting tape is supercon-
ducting and therefore the dc resistance is equal to zero. In off-state of the switch, an external
alternating magnetic field with the amplitude of B, and the frequency f is applied to the HTS
tape. This generates the dynamic resistance Ry, in the superconducting layer and results in the
total resistance R,,; in which also the resistances of the normal conducting layers are included.
This property is tape specific and the according resistance values of the tape investigated in
this work can be found in section 3.3. Here the off-state resistance is called R g and is assumed
equal for the four switches.

Figure 4.18: Simplified resistive simulation model of the fully superconducting bridge inverter, neglecting all transient
behaviors.
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This equivalent circuit is then modeled in Simulation Program with Integrated Circuit Empha-
sis (SPICE) to show the general function of the circuit and displayed in section 4.4.1. Hereby,
the input is set to a constant input current source and the output modeled by a constant resis-
tance with the value R ,q. The switch resistances are time-dependent resistances alternating
between R,,, and R in a square waveform, where R1 to R4 have the same waveform. But have
a phase shift of 180° for R2 and R3 similar to fig. 4.15 (top). This is implemented with condi-
tional statements and an additional helper voltage source vk with the specific switch frequency
fsw = 5Hz and an arbitrary sinusoidal waveform. For the resistances R1 and R4, the on-state
resistance is defined via R, when the voltage vh is positive and R when negative, vice versa
for the resistances R2 and R3. However, in the SPICE model R, could not be set to zero due to
convergence issues, therefore it is set to 1 pQ. By adding a self-inductance L. to all the com-
ponents, the real commutation behavior with a finite slew rate can be further investigated. In

this case, L is set to a constant value of 500 nH.

1

out

Lsc Lsc
vh
iy i3 Rload
1p
R1 R3 vh
R=IF(V(vh)>0,{Roff},{Ron}) R=IF(V(vh)<0,{Roff},{Ron}) SINE(0 1 5)
iin -1
]
50A T Uout
1 T %7
R4
R=IF(V(vh)>0,{Roff},{Ron})
ig 2Lsc
v .tran 500m
Lsc Lsc .param Lsc=500n

.param Roff=10m Ron=1p

Figure 4.19: Simulation model of the bridge inverter in SPICE including the simulation parameters.

Figure 4.20 shows the voltages and currents of the simulation for an off-state resistance of
100mQ. The input and output currents are shown in the top and the voltages in the bot-
tom graph. Both show the expected behavior of a fully superconducting H-bridge inverter.
Comparing to the measurement results from fig. 4.17, the simulation has the same qualitative
characteristics. As displayed, the dc input current is set to 50 A while the output current has

a rectangular waveform alternating between the positive and the negative amplitude of 48 A.
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With the voltages, a peak occurs each time the current is switched. In steady state, however,
the voltage is not zero as in the measurement due to the small on-state resistance that must be
applied to the superconductor for reasons of convergence, which also leads to a higher leakage
current. This will be discussed in more detail in the next section.

0HY}—————,—— i |-

Current I (A)

-50

— Uin

out

Voltage v (V)

0 5.1072 01 015 02 025 03 035 04 045 0.5
Time ¢ (s)

Figure 4.20: Simulated input and output voltage and current of the superconducting inverter according to section 4.4.1
with Roff =100 mQ.

In fig. 4.21 the current in switch S1 ij is plotted while varying the ratio between off-state resis-
Ror by changing the off-state resistance R . As clearly visible, the
leakage current and therefore also the output current is highly dependent on the ratio between
these resistances. Only when R is high enough compared to the load resistance, the amount
of leak current flowing to the switches in off-state is small. With smaller ratios the leak current
is getting higher, effectively reducing the output current. Also with higher R ¢ the commuta-
tion takes place faster. This simulation is comparable with the measurement in fig. 4.13 where

tance and load resistance

the off-state resistance is varied by modifying the normal conducting layers.
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Figure 4.21: Comparison of the commutation behavior of switch S1 in the bridge inverter under variation of the off-
state resistance in the SPICE model.

4.4.2 Efficiency Analysis

In stationary operation only states 2 and 3 of the circuit according to fig. 4.2 are relevant. These
cases can be simplified with the above findings as pictured in fig. 4.22a and fig. 4.22b. Switches
in on-state can be replaced with short circuits and the switches in off-state with the off-state
resistance. With the load resistance, this results in three parallel resistances connected to the
current source. Since there is no voltage drop across the superconducting switch in on-state,
the output voltage u,,; is equal to the input voltage i;,. As it is also assumed that all switches
have the same resistance value when switched off, R1 ¢ = R2, = R34 = R4,4 = Ry, the
switch off-state resistances can be combined, and the individual leakage currents added to the
total leakage current, i, = i, + i3 for fig. 4.22a and i), = i; + i, for fig. 4.22b. This simplified

Rogr

o The input

circuit is displayed in fig. 4.22c where the off-state resistance has the value

current i, is divided in

iin = iout + ileak' (43)

The ratio between load current and leakage current is therefore determined solely by the ratio

of the resistances

i 2R
.leak — load . (44)
Lout Roff
This means that if the maximum leakage current iy, target is 0.1 % of the load current iy, the
off-state resistance R of the switches has to be higher than 2000 - R; 4 and a leakage current

of 1% means a resistance of 200 - Ry,q.
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Figure 4.22: Relevant switching states of the H-bridge circuit to achieve an alternating output current.

These relationships can also be used to derive the electrical efficiency 7. Generally, the electric

efficiency is the ratio between output power P, and the input power P;,

P v i

out out " ‘out
Nel = P = PR (45)
in Uin * Llin

Since the resistance in on-state is zero and therefore no voltage drop occurs across the switch in
on-state, the output voltage is equal to the input voltage. This simplifies eq. (4.5) with eqs. (4.3)

and (4.4) to the ratio between output current and input current

Tl = M - lo_ut - ;Rl‘ (4.6)

Uin * lin lin 1 42—

Rog
Equation (4.6) is a proper rational function which is plotted in fig. 4.23 and represents the effi-

. . . . R . .
ciency as a function of the resistance ratio —=. The efficiency goes towards 1 for smaller ratios
off

and to zero for larger ratios. At a ratio of exactly 1, the efficiency is 1/3. An efficiency of 0.99,
on the other hand, is achieved at a ratio of around 5 - 103, This corresponds to an off-state re-

sistance of & 198 - R ,q, Which means that R i must be significantly greater than Rj,,4 in order
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to achieve a high efficiency. However, it must be noted that this consideration of the efficiency
does not include dynamic losses such as the redistribution of the current as switching losses,
and therefore only serves as an initial point of reference. This consideration should serve as a
rough estimate of the functionality and to determine the quantity of superconductors for the

design of a superconducting inverter.

Electric efficiency 7

1073 1072

1073 102 1071 100 10!

Rigad

Resistance ratio
off

Figure 4.23: Electric efficiency of the current inverter dependent on the ratio of off-state resistance and load resistance.
4.4.3 Scaling Laws

If the inverter is to be used for a specific application, the inverter must be adapted to the re-
quired specifications. The output voltage and the output current are usually specified, and
therefore also the output power. In addition, the configuration depends on the properties of

the superconductor used.

In on-state of a switch it is important, that the superconductor can carry the load current with-
out exceeding its working parameters. This can be either done by utilizing wider HTS tapes
with a higher critical current or connecting multiple tapes parallel to reach the required current
capacity. The number of parallel superconductors per switch is determined by the critical cur-
rent of each tape and the design current capacity. However, it is crucial to add a safety margin to
allow over-current situations without damaging the HTS tapes, e.g. setting the working current

to 80 % of the tape’s critical current. The number of parallel tapes Ny, can be calculated by

N, =22 (4.7)
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where i, is the design output current amplitude of the inverter, I, the critical current of each
individual tape, and y the safety factor which determines the operating point of each parallel
tape. In addition, other external influences that can affect the critical current when switched
on must be taken into account, for example the close physical proximity to a ferromagnetic
material, as used for the electromagnets in this work. This ultimately results in the number of

parallel superconductors in one switch.

In order to be able to build up a voltage across the load, the switches are considered in the off-
state. These must build up a certain resistance value in relation to the output load to enable an
effective power flow while constraining the leakage current iy, via the switches in off-state,
see fig. 4.23. The minimum resistance value R i, that the switches must have when switched
off so that the specified maximum leakage current i}, is not exceeded, can be calculated using
eq. (4.4) with Ry ,4 defined as

U
Rload = .out . (48)

lout

However, since several superconductors are now connected in parallel to achieve the required
current carrying capacity, the total resistance of the parallel circuit R, ;,; must reach the min-
imum off-state resistance and is calculated by

1 1 1 1

S S S (49)
Rp,tot Roff,l Roff,Z Roff,npt

with N, parallel connected HTS tapes. Assuming identical tapes and therefore the same resis-

tance R for all parallel tapes the equations simplifies to

R —R _ Roff,npt
off,min — fp,tot — N
pt

(4.10)

where R, is the resistance which each parallel connected tape has to build up in off-state of

the switch to achieve the minimal required off-state resistance R yin-

The resistance in the superconductor is based on the dynamic resistance, see section 3.3, and is
therefore unique for each superconductor model and dependent on the applied external mag-
netic field amplitude and frequency, which need to be obtained beforehand. Based on these
results, the total length of superconductor in active magnetic field, which is needed to build
up the minimal required resistance, can be obtained and multiplied by the number of parallel
strands. This means that the efficiency also influences the required superconductor length due
to the resulting maximum leakage current ij.,,. The higher the efficiency 7., the lower is the

leakage current and the higher is the off-state resistance R i, and, accordingly, the longer
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the HTS tape that is in the magnetic field. The self-inductance of the inverter is determined by
the shape of the HTS tapes. In the case of a design with straight superconducting tapes, the
inductance can be approximated by egs. (3.6) to (3.8).

To summarize, first the current carrying requirement is met by connecting the appropriate
number of HTS in parallel, then the voltage and efficiency constraint is fulfilled by building
up a suitable off-state resistance which is dependent on the tape’s total resistance, length, and

number of parallel HTS tapes.

4.5 10V/10 kA-Demonstrator Design

Using an example application, the design of a fully superconducting inverter is now demon-
strated. This is an application with low voltages and high currents in the 0.1 MVA range, as
could be used for the electrolysis of water, for example, where a cell voltage of around 1.5V is
required [Shi22]. The superconducting inverter is now to be designed so that the output voltage
is 10V at a load current of 10kA. As before, a purely ohmic load is assumed, whose resistance
Rioad is 1 mQ. With the target of a maximum leakage current of 10 A, i.e. 0.1 % of the output
current, the off-state resistance of the utilized superconducting switches has to be 2 Q accord-
ing to eq. (4.4). Consequently, the efficiency is 99.9 % with eq. (4.6). When setting the efficiency
to 99 %, the leakage current is 101 A, which results in a minimum off-state resistance R i, of

approximately 0.2 Q. The parameters are summarized in section 4.5.

Table 4.3: Key requirements for the 10 V/10 kA-demonstrator

Symbol Parameter Value

Ugut output voltage 10V

fout output current 10kA

Nel el. efficiency 99 % and 99.9 %
[leak max. leak current 10A

B, magnetic field amplitude 207 mT

f magnet frequency 1000 Hz

4.5.1 Demonstrator Design with the Investigated HTS Tape

The requirements for the four superconducting switches can be derived from these parameters.
In on-state, each switch needs a current carrying capacity of 10 kA, while in off-state a resis-
tance of at least 1.998 Q is required for 99.9 % efficiency. To simplify matters, a resistance of

2 Q) is assumed. Accordingly, for 99 % efficiency the resistance is 0.2 Q.
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Step 1: Meeting the current specifications

The first condition determines the number of superconductors connected in parallel in the
switch. If the superconducting tape examined here in this work is taken, it has a minimum
critical current of 338 A, see table 3.2. Defining the operation point of the superconductor at
80 % of its critical current and therefore having a safety margin of 20 % means a current carry-
ing capacity of 270.4 A. This leads to 37 parallel connected HTS tapes for each switch to reach
10kA. This applies to both examined efficiencies. It is to be noted that no further reduction of
critical current by the arrangement of the HTS tape is considered [Byk14].

Step 2: Meeting the voltage specifications

The specified output voltage and the maximum leakage current determine the level of resistance
of the switch in off-state. To meet the requirements above, the minimal off-state resistance
Rt min of each switch is 2 Q for 99.9 % efficiency and 0.2 Q for 99 % according to eq. (4.4). To
reach this resistance with 37 HTS tapes connected in parallel, each individual superconductor
requires an off-state resistance R ¢ 0f 74 Q which is built up by the dynamic resistance ef-
fect. Accordingly, in case of 99 %, Rt min is 0.2 Q, and therefore each individual tape needs a

resistance of Ry, = 7.4 Q.

Step 3: Calculating tape length for one switch

Considering the measured total resistance of 119.8 mQ m~! at 207 mT and 1000 Hz for config-
uration C in section 3.3 from fig. 3.17b, the length of each superconducting tape is calculated
to 617.70 m for 7, = 99.9 % to reach the required 74 Q. Summing up the parallel tapes of one
switch would mean a total length of 22.85km in active magnetic field. In case of 7, = 99 %,
the lengths are 10 times shorter due to the ten times lower R, so the total length per switch
is 2.26 km. As can clearly be seen, the current carrying capacity and therefore the number of

parallel tapes has a major influence on the required tape length.

Step 4: Calculating tape length for the whole circuit

Since four switches are needed for the inverter, the total amount of superconductors in the
magnetic field is 91.42 km for 99.9 % efficiency. Additional tape length is needed for the inter-
connection of the four switches, which is assumed as 10 % of the active magnetic field length.
In total, this results in approximately 100.56 km of tape investigated in this work. Assuming a

price for superconductors of 50 €/m, the amount needed for the inverter would cost 5.02 M€.
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For 99 % efficiency, the total tape length is summed up to 10.06 km, one tenth compared to
N = 99.9 %. Likewise, the costs, which are estimated at 500 k€.

4.5.2 Impact of Wider Tapes

As the demonstrator design above shows, a large quantity of superconducting tapes is needed
for a 100 kVA-class inverter with nowadays readily available HTS tapes. One of the main rea-
sons for this is the high number of HTS tapes connected in parallel to achieve the required
current. The number of parallel tapes has an influence on the resistance and therefore also on
the length of each individual HTS tape. Hence, a possible optimization could be to increase
the current carrying capacity of an HTS tape, for example with wider tapes. Prototypes and
research data are already available from different manufacturers with the prospect of 40 mm
to 120 mm wide HTS tape, i.e. ten times the width investigated in other works [Uso17, Har20,
Lee23, Hol25]. In the following, a 48 mm wide HTS tape with the same properties is assumed,
i.e. four times the width and the same design steps as above are conducted for an efficiency of
99.9 %. The results for 99 % efficiency are listed in table 4.6.

Furthermore, it is assumed that the critical current per width remains the same and therefore the
48 mm HTS tape has a critical current that is four times higher than the 12 mm tape of 1352 A.
When the operating point is targeted at 80 % of the critical current, only 10 parallel tapes are
required to reach a current capacity of 10 kA. The lower number of parallel tapes also reduces
the required resistance of each tape R, to 20 Q in order to reach 2 Q off-state resistance of
the switch. A simultaneous increase in the width and increase in the critical current by the same
factor does not lead to any changes in the dynamic resistance Ryy,, according to eq. (2.13). If we
now assume a substrate with a thickness of 25 um, i.e. 25 % of the initial thickness, the normal
conductive resistance R, remains the same when the width is increased and thus also the total
resistance Ry, of 119.8 mQ m~! in off-state. To reach the minimal required off-state resistance
R, ff,min Of the switch, each individual parallel tape needs a length of 166.94 m in active magnetic
field, in total 1.67 km for each switch. Summing up the required amount of HTS tape for all

four switches plus the 10 % of interconnecting tape, this results in 7.35 km of 48 mm wide tape.

To conclude, taking a four times wider tape and therefore having a four times higher critical
current, reduces the amount of superconductor needed from 100.56 km of 12 mm wide tape to
7.35km of 48 mm wide tape. This means a reduction of approximately 92 % of tape length. As
no price information can be found for wider HTS tapes, a price four times higher is assumed
here, this means 200 €/m. Accordingly, the costs in this case amount to 1.47 M€, which is only

about 30 % of the costs of the inverter with a 12 mm tape.
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4.5.3 Impact of Thin Films on Sapphire Substrate

Another interesting option are superconductive ReBCO thin films deposited on a sapphire sub-
strate [Kra03, Deul8, Gaw19a]. The metallic substrate that is normally used is substituted with
a ceramic aluminum oxide (Al,O,) wafer, also called sapphire. The other layers remain similar.
There is a buffer layer between the ReBCO layer and the substrate and a top cap layer is applied
to the superconducting layer; in the case of a thin film on sapphire, this often consists of gold
(Au). The sapphire substrate offers a higher stability with its higher thermal conductivity and
heat capacity compared to conventional substrates. Sapphire as substrate has already been in-
vestigated for use in fault current limiters [Gro99, Deu18, Pop22, Tix23]. In addition, sapphire
has a resistivity of about 1-10'® Q cm at RT and thus can be neglected in the normal conducting
resistance. Figure 4.24 displays an HTS thin film on sapphire substrate and with a Au cap layer
on top manufactured by ceraco [cera]. Comparing silver and gold in figs. B.2 and B.3, gold has
about 1.7 times higher resistivity at 77K than silver. This would also contribute to a higher
resistance. The dimensions are given in the schematic drawing below and the layer thicknesses

and several key parameters are listed in table 4.4.

(a) image

‘ 55mm ‘

‘ 45 mm ‘ _
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(b) drawing

Figure 4.24: Image and drawing of the thin film sample on sapphire substrate for the critical current measurement.
The schematic below shows the pattern of the superconductive thin film layer on the rectangular shaped
substrate.

95



4 Bridge Inverter Circuit

Table 4.4: Parameters of the thin film superconductor on sapphire substrate manufactured by ceraco

Symbol Parameter Value
model M-type
substrate material Al,O, wafer

Rrebeo ReBCO film thickness 330 nm

Rgus substrate film thickness 50 pm

Pputop Au top film thickness 200 nm

T, critical temperature 87.1K

Je critical current density 3.3MA cm™2

I measured critical current 61 A

c

With the width of 5 mm and the only normally conductive gold layer with a thickness of 200 nm,
the result is a normal conducting resistance R, of 4.552Qm™! at 77K from fig. B.3 which is
approximately 100 times higher than for the HTS tape investigated in this work in config. C,
see section 3.2.3. However, the low thickness of the ReBCO layer of 330 nm results in a lower
critical current compared to conventional HTS tapes. Figure 4.25 shows the critical current
measurement of the thin film sample displayed in fig. 4.24. For that, flexible copper current
leads are soldered to both 10 mm wide ends of the sample with InSn solder. The voltage tapes
are clamped at a distance of 2.5 cm in the center of the sample. The I-E—curve is then fitted to
eq. (3.5) with the results I, = 61.00 A, n = 45.20, ¢; = 1.77 - 1078, and ¢y, = —2.95 - 10~7. The
results correspond well with the data provided by the manufacturer giving a slightly higher
critical current density of 3.70 MA cm~2 than listed. In Gawith et al. [Gaw19a] the dynamic
resistance of thin films from the same manufacturer has been investigated on a 10 mm wide
sample showing high built-up resistances of 300 mQ m~! at 50 mT and 8.8 kHz, which is higher
than the theoretical 166 mQ m™! calculated from eq. (2.13).

1074
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Figure 4.25: Critical current measurement of the ReBCO thin film samples on sapphire substrate in fig. 4.24.
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With the data from above, the demonstrator design, based on superconducting thin films on
sapphire substrate, is conducted for the widths 10 mm and 40 mm with the critical currents
100 A and 400 A respectively and an off-state resistance of 300 mQ m~!.

To reach the design current of 10 kA with 10 mm wide thin film, 125 parallel superconductors
are needed with the current capacity of 0.81.. Therefore, each parallel conductor needs a resis-
tance of 250 Q to obtain the required minimum off-state resistance R, ;, of 2 Q. This can be
achieved with 125 times the section of 833 m of thin film in magnetic field, which sums up to
104.17 km per switch. Multiplying by four and adding the 10 % for connecting the tapes totals
to 458.15km. Assuming a price of 500 €/m for 10 mm wide thin film [Tix23], the cost of the
superconductors would be 229.2 M€.

The same is done for 40 mm wide thin film, where current density, cost per width, and dynamic
resistance is the same as for the 10 mm wide thin film. Since the current capacity is higher, only
32 conductors are needed in parallel, adding up to 6.83 km per switch and 30.04 km in total.
This means a reduction of thin film length of approximately 93 % only by increasing the width
by the factor of 4. The cost is also reduced to 60 M€.

The results of all design variants are summarized in table 4.5. The comparison shows that despite
the advantageous higher off-state resistance of the sapphire based thin films, more supercon-
ductor lengths are required. This is due to the lower YBCO layer thickness and the associated
lower critical current, which leads to more conductors connected in parallel. Wider tapes are
also preferable, as these also reduce the number of parallel conductors. As for now, the HTS
tapes are superior to the sapphire thin films in terms of overall length and cost. However, de-
position on sapphire offers the potential to build up higher voltages than the tapes due to the
greater off-state resistances. Disadvantageous are the low ReBCO layer thicknesses, which are
limited due to the different thermal expansion coefficients of ReBCO and sapphire. Increasing
the deposited layer thickness would lead to thermal cracking. Other substrate materials such as
lanthanum alumina (LaAlO;), yttria-stabilized zirconia (YSZ), or magnesium oxide (MgO) have
similar electrical properties to sapphire but allow greater layer thicknesses of up to 3 um. How-
ever, these are considerably more expensive than sapphire. [Phi%6, Sem02, Guo13, Zha19b,
San23, The25, cerb]
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Table 4.5: Summary of 10 V/10 kA demonstrator with different superconductor choices with 99.9 % efficiency.

Parameter SF12100 SF12100 Sapphire Sapphire
width (mm) 12 48 10 40
critical current (A) 338 1352 100 400
off-state resistance (mQ m™!) 119.8 119.8 300 300
number of parallel tapes per switch 37 10 125 32

sc length per switch (km) 22.85 1.67 104.17 6.83
total length (km) 100.56 7.35 458.33 30.04
cost (M€) 5.02 1.47 229.2 60.08

The same calculations have been conducted for an efficiency of 99 %. According to eq. (4.6), the
minimum off-state resistance R ,;, in this case is 0.198 Q, thus 0.2 Q for simplicity is chosen.
The results are given in table 4.6. Compared to the results of 99.9 %, the HTS tape lengths are
consistently ten times smaller, as the leakage current is also assumed to be ten times greater.
This is also reflected in the ten times lower costs, with the conventional 48 mm HTS as the
most cost-effective variant. It should be noted that there are currently already 12 mm wide
superconducting tapes that reach a critical current of over 800 A at 77K and self field [Mol25,
Son25]. These would therefore require far fewer parallel conductors to carry the current and

would therefore also lead to different conductor lengths and costs.

Table 4.6: Summary of 10 V/10 kA demonstrator with different superconductor choices with 99 % efficiency.

Parameter SF12100 SF12100 Sapphire Sapphire
width (mm) 12 48 10 40
critical current (A) 338 1352 100 400
off-state resistance (mQ m™1) 119.8 119.8 300 300
number of parallel tapes per switch 37 10 125 32

sc length per switch (km) 2.26 0.167 10.42 0.683
total length (km) 10.06 0.735 45.83 3.00
cost (M€) 0.50 0.15 22.92 6.01

4.5.4 Generating Long Length Magnetic Fields

As previously shown in this chapter, the various demonstrator designs require magnets that
generate a time-varying magnetic field over long lengths. This is not possible with the magnets
from section 3.1.1, as they only generate the magnetic field in the air gap over a length of 2 cm.
In order to have longer lengths of superconductors in the magnetic field, there are already
various approaches in literature [Jial7b, Jia18, Li19] which incorporate winding or stacking of
HTS tapes. One example is the concentric iron core in [Li18], in which the superconducting

tape is wound around a round iron core in bifilar manner and an air gap is formed with the help
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4.5 10V/10 kA-Demonstrator Design

of an outer iron core. The magnetic field is generated via a copper winding around the inner
iron core. In this case, 3.3 m of 6 mm wide tape was loaded with an alternating magnetic field.
Another method to generate the magnetic field would include a superconducting coil without
an iron core, such as the rectangular disk-up-down assembly (rDUDA) coil [Arn21, Wan23,
dOli24]. These are constructed similarly to Bitter electromagnets [Zhu21] but in a rectangular

shape with HTS tapes by stacking and connecting the tapes.

Figure 4.26 shows the exploded view of such winding with four HTS tapes. The tapes are con-
nected via soldered face-to-face contacts at one end, providing a circular current path around
the c-axis of the tapes. The inner bore of the windings is laser cut into the tape and can be
varied according to the needs. This technology enables the generation of magnetic fields over

a long length, since long lengths of HTS tapes are already commercially available.

. ReBCO side . substrate side

Figure 4.26: Exploded view of the rectangular disk-up-down assembly with the contact area concentrated at the side
of the assembly. Grey marks the HTS layer side and orange the substrate side. This arrangement ensures
low contact resistances with face-to-face solder connections.

In this work, the generation of a magnetic field over a length of 10 cm with 12 mm wide tapes is
investigated, and therefore the HTS tapes are structured according to the drawings in fig. 4.27,
where fig. 4.27a shows the pattern for the inner windings and fig. 4.27b a slightly longer variant
for the top and bottom tape of the stack for connecting the rectangular disk-up-down assembly
to a power supply. The HTS tapes for the inner windings have a length of 200 mm in total
with a rectangular shape of the size 100 mm times 4 mm. This reduces the effective width to
% and thus the critical current. The remaining section of the tape is utilized for soldering the
individual windings with SnPb37 solder. The different lengths are selected so that the contact
area is approximately the same at around 269 mm?. The overlap of the individual tapes from
the inner soldering joints is over a length of 67.4 mm and a width of 12mm and the outer
soldering joints have an overlap over the entire width of 4 mm and a length of 22.4 mm. The

key parameters of the assembly investigated in this work are listed in table 4.7.
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(a) inner winding
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Figure 4.27: Schematic drawing of the segments of the rectangular disk-up-down assembly with all dimensions. The

top shows the structure of the inner tapes and the bottom shows the outer tapes with an additional section
to contact the assembly.

Table 4.7: Key design parameters of the investigated rectangular disk-up-down assembly.

Symbol Parameter Value
SC model SCS12050
number of turns 10
number of joints 9

w, gap width 4mm

Ly gap length 100 mm

) . minimum critical current 100 A

I design coil current 100 A

B, design magnetic field at I.,;  100mT

As HTS tape for the rectangular disk-up-down assembly the model SCS12050 manufactured by
Superpower is used. This provides a small substrate thickness of 50 um and additional copper
stabilizing. The small thickness of the conductor is advantageous as it means that the tapes in
the stack are closer together and a higher magnetic field can be reached. The individual tapes
used were also characterized in advance and only those with a critical current of at least 550 A

were used, as the current carrying capacity is reduced by two-thirds due to the structuring.

First, the entire stack is soldered using a die and a heating plate. Second, individual tapes are
masked with polyimide tape to prevent unwanted soldering and assembled with 50 pm thick

solder foil and flux without pre-tinning of the soldering areas. The polyimide tape also acts
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as turn-to-turn insulation. Third, the entire assembly is soldered under spring pressure and
according to the temperature profile of the solder used. The resulting stack with a total of
ten windings is displayed in fig. 4.28 with a slight discoloration of the copper due to the heat
ingress during soldering.

Figure 4.28: Image of the soldered rectangular disk-up-down assembly stack with ten tapes. The inner window of the
winding with the size of 100 mm X 4 mm is clearly visible.

Afterward, coil is spread out to mount voltage taps on each winding and measure the critical
current of the assembly and contact resistances of the joints. The voltage taps are mounted on
the 10 mm wide side opposite to the solder joints, see fig. 4.27a, and the voltage across each
joint is measured differential. Additionally, the voltage drop across the current lead is acquired
resulting in a total of 10 voltages. Additionally, the test setup is submerged in LN, and the
current step-wise increased until the nonlinear power law, see eq. (2.1), of one HTS tape is

observed to prevent damage to the stack. The current is increased until 103.5 A.

The results are plotted in fig. 4.29. Since the stack consists of 10 HTS tapes, the voltage of 9
solder joints and the total voltage across the current leads are shown. As expected, the voltages
show a linear increase, which is due to the resistive solder connection, whereby the gradient,
and therefore the joint resistance, differs slightly. Only the voltage vg increases in the 80 A to
90 A range to non-linearity and is therefore close to the critical current, while the other voltages
continue to increase linearly. Assuming that the critical current is limited within the 26.74 cm
long section with a width of 4 mm, this results in a critical current of approximately 98 A. The
total voltage v, is the sum of all voltages. The slope is analyzed in the range of 0 A to 80 A
to determine the joint resistance of each tape and the results are listed in table 4.8 with the
corresponding specific contact resistances. The majority of the joint resistances are between
120nQ to 165 nQ , two are better and are below 55 nQ and with joint #9 there is an outlier at
324.8 nQ. Furthermore, resistance of the rectangular disk-up-down assembly is in total 1.25 pQ
with an average joint resistance of 139.1 nQ2. Moreover, the specific contact resistance of each
joint in relation to the area are in a similar range to measured data from literature [Kim13,

Léc15], except for the outlier.
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Figure 4.29: Measured voltages across the joints and the total voltage measured near the current leads dependent on
the applied current. The voltage Ug shows a preliminary non-linear increase while the remaining voltages
show no component associated with the superconductor.

Table 4.8: Evaluated contact resistances from the voltage-current curves in fig. 4.29. Additionally, the specific contact
resistances of each joint are stated.

Joint #1 #2 #3 #4 #5 #6 #7 #8 #9 Total

resistance (nQ2) 1224 36.2 1345 1249 1519 1416 523 163.8 3248 12522

specific contact
. 2 32.9 9.7 36.2 33.6 40.9 38.1 141 441 87.4
resistance (uQ mm?)

To verify the built-up magnetic field of the assembly, the applied current I ; is varied to mag-
netize and demagnetize the coil while measuring the magnetic field B, of the assembly. For that,
the test setup pictured in fig. 4.30 is used where the current leads powering the stack are on the
right side. The rectangular disk-up-down assembly is held compact by polyimide tape and the
Hall effect sensor, which have been already used in section 3.1.1 to measure the curve of the
electromagnets, is fixated in the middle of the 4 mm wide bore of the assembly. Afterward, coil
current is increased up to 100 A and then decreased again, resulting in the magnetization curve
displayed in fig. 4.31 where the measurement points are pictured as marks (® ) and the linear
fit as a line (—). The results show a slight hysteresis between magnetizing and demagnetizing
while having a linear correlation between current and magnetic field. All in all, the assembly
reaches a peak magnetic field of 108.8 mT at a coil current of 100 A. So, the result shows the
expected behavior of an air core coil.
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Figure 4.30: Image of the test setup to measure the generated magnetic field amplitude of the rectangular disk-up-
down assembly with a Hall sensor.
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Figure 4.31: Measured magnetic field of the rectangular disk-up-down assembly dependent on the applied current.
The hysteresis between magnetization and demagnetization is visible.

To verify the measured values of the rectangular disk-up-down assembly, a 2D FEM model is
created in Comsol Multiphysics® to calculate the generated magnetic field. The cross-section
is modeled by two stacks of tapes next to each other. In this specific case, each stack consists of
ten 4 mm wide tapes placed on top of each other. The distance between the two stacks is 4 mm.
For simplification, the thin strip approximation is applied, where the tapes are approximated
by current carrying lines which are placed at a distance of 75 pm from each other. The same
dc current perpendicular to the cross-section is then applied to each tape of one stack via the
surface current density. This is also applied to the second stack, but with a negative sign. The
current density is assumed constant along the edge of the HTS tapes. The magnetic field is
then analyzed on the 12 mm wide line 50 pm below the assembly, whereby the middle of the
line, i.e. at 6 mm, is the approximate position of the Hall sensor. A schematic drawing of the
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simulation model is displayed in fig. 4.32 with the two 4 mm wide stacks and their current flow
direction. Each black line represents an HTS tape and the red line is the location along which
the magnetic field amplitude is calculated.

12 mm
4 mm . 4 mm . 4 mm
Y X) )
75pm |
A
50 pm I
Hall probe

Figure 4.32: Schematic drawing of the rectangular disk-up-down assembly in the 2D FEM simulation. The circles
represent the direction of current flow of each stack and the red line displays the position where the
magnetic field is analyzed and displayed in fig. 4.33.

The results of the simulation are plotted in fig. 4.33 where the magnetic field norm B, is plotted
along the red line from fig. 4.32 for applied currents between 40 A and 100 A. Moreover, the
magnetic field profile is as expected and is highest at the two edges of the bore in the middle
and lowest in the middle of the bore. Values of up to 180 mT at 100 A are reached at the edges.
The magnetic field flattens out again towards the outer edges of the assembly. It can also be
seen that the magnetic field increases linearly with the current. Additionally, the measured
values from fig. 4.31 are displayed as marks at x = 6 mm. These show good agreement with
the simulated results.
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Figure 4.33: Dc magnetic field of the measurement and 2D FEM simulation of the cross-section dependent on the
current in the coil. Displayed is the magnetic field norm parallel to the ab-plane at a distance of 50 ym.

These results show an easily scalable method for generating a local magnetic field in the three-
digit mT range, which is already sufficient for a long length superconducting switch. The su-
perconductor to be used as a switch would be at the position of the red line in fig. 4.32. If higher
fields are required, a sandwich structure with two rectangular disk-up-down assemblies would
be possible. For this, the structure in fig. 4.32 is mirrored at the red line with the supercon-
ductor between two stacks. This would result in a field that is twice as high with the same
applied current. Also, the field peaks at the edges would also decrease, as the x-component of
the field would approach zero along the red line. However, these experiments only included
dc currents. For building up dynamic resistance an alternating magnetic field is required that
needs to be further explored.

4.6 Summary

In this chapter a fully superconducting H-bridge inverter is designed and built by utilizing
the results of the preliminary experimental investigations. Initially, the overall function of the

inverter is presented, including the three switching states of the superconducting switches.

Section 4.2 presents the HTS tape specific design considerations for the circuit. One major
criterion is minimizing contact resistances throughout the entire circuit. This is achieved by

using a similar approach to section 3.4 by structuring the HTS tape with a laser to form the
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required four superconducting switches from a single tape, thereby ensuring superconducting
joints between the switches. Initial experiments show an equal distribution of the total critical
current of 410 A to both branches of the structured tape with 210 A and 200 A.

In section 4.3 the general functionality of a fully superconducting H-bridge inverter is demon-
strated by converting a direct current into a rectangular shaped output current. Additionally,
the transient behavior is investigated by switching between the different states. The methods
for minimizing commutation times in section 3.2.3 are applied, with their effectiveness demon-
strated by achieving commutation times as low as 2.32ms with variation of magnetic field
amplitude and frequency and reducing the leakage current in the switches in off-state to below
100 mA. To demonstrate reliable operation, continuous switching tests were conducted in sec-
tion 4.3.4, with the current of each switch recorded. The test duration were extended up to 2 min
of runtime while varying the pulse width of the trigger signals from 1s to 25 ms without any
change in commutation behavior or instabilities. These results showed that the switches were

able to cool down and stabilize sufficiently during the on-state phases between off-state phases.

A SPICE model is built in section 4.4 to investigate the transient behavior and efficiency of the
inverter. Additionally, scaling laws towards higher voltage and current levels were established.
These were used to conduct a step-by-step design of a demonstrator with 10V and 10kA. The

required superconducting tape length depends on:

Target Current Capacity

The analysis showed that the amount of parallel tapes needed for the required current capacity is
the major contributor to the total length. More parallel tapes mean longer tape lengths exposed
to a magnetic field, which are needed to build up a higher off-state resistance with each tape.

Increasing the current density would reduce the number of required parallel tapes.

Target Efficiency

Also, the efficiency plays a significant role, as it directly impacts the maximum allowable leak-
age current. This determines the required off-state resistance based on the desired output pa-
rameters. For example, reducing the target efficiency from 99.9 % to 99 % results in a tenfold

reduction in tape length.
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Off-state Resistance

The number of parallel tapes and the required off-state resistance, needed to achieve the target
efficiency, determine the necessary length of each superconducting tape in parallel. This length
is governed by the resistance that each tape develops when exposed to a specific alternating
magnetic field. A higher resistance per unit length means less superconducting material is
needed overall. One possible method to increase this resistance is to apply a magnetic field

with a higher amplitude or frequency.

Regarding the demonstrator presented in this work, this corresponds to a required tape length
of 100.56 km to achieve an efficiency of 99.9 %. Reducing the target efficiency to 99.9 %, de-
creases the required length to 10.06 km. To further reduce the tape length, wider tapes were
investigated and a four times wider superconductor is assumed. This would reduce the required
length from 100.56 km to 7.35km.

The implementation of HTS thin films on sapphire substrates was also examined more closely.
These films have the potential to achieve higher total resistances by substituting the other-
wise normal conducting substrate layer with an insulator. However, due to the lower critical
current, more parallel conductors were required and led to an increased total amount of su-

perconducting material.

Lastly, a method to generate long length magnetic fields based on the rectangular disk-up-down
assembly was presented. An assembly with ten HTS tapes was manufactured and tested. The
magnetization curve showed a maximum magnetic field of 109 mT at a current of 100 A. This

method provides easy scalability to towards longer lengths while maintaining a small footprint.
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5 Summary, Conclusion, and Outlook

In this work, a new potential application of high-temperature superconductors is investigated,
and its feasibility is assessed, namely as a switch for power electronics. The main objective is to
design and test a fully superconducting H-bridge inverter as a proof of concept. The switches
in the circuit are based on the unique property of dynamic resistance that occurs when the
superconductor is subjected to an alternating magnetic field. This effect is used to reach the
off-state of the superconducting switch, while in on-state the switch is fully superconducting

without any transport losses.

In chapter 2 an introduction to second generation high-temperature superconductors (HTS)
used in this work is given. The limitation by temperature, magnetic field, and current under
which the material is superconducting is discussed and additionally the behavior when the
limits are exceeded. Moreover, the general layer structure and the function of each individual
layer are described. The three possibilities of building up a resistance in the superconductor,
which are already used for different applications, i.e. flux pump and fault current limiter, are
presented. Furthermore, the method with the external alternating magnetic field in which dy-
namic resistance is generated and used in this work is examined in more detail. Analytical and
numerical models are used to describe the dependency between the relevant variables, such as
critical current I, magnetic field amplitude B, and frequency f. These are compared with each

other and the limits of validity of the individual methods are shown.

In order to fully understand the behavior of a superconducting switch and design an inverter
based on these, preliminary experiments are required and given in chapter 3. The total and
dynamic resistance are measured dependent on the external magnetic field amplitude and fre-
quency for various combinations up to 277 mT and 1000 Hz. Values up to 120mQ m™"! are
achieved for the total resistance R,;. These experimental results are compared with 2D FEM
models. In the end, the measured resistances are higher than the analytical equations suggest.
This is attributed to a thermal component. Both, the measurement results and the modeling,
show that due to high ac losses, a temperature increase of up to 40 K is possible. This becomes
even clearer with an additionally applied environmental protection by means of a polyimide
laminate and results in higher resistances due to the poorer heat transfer. It is also shown that

the total resistance of the switch can be further increased by removing the silver cap layer,
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whereby the conductor is still sufficiently stable and can exceed over 10 times the critical cur-

rent criterion E. of HTS materials. Different etching patterns are investigated.

To investigate the interaction between multiple superconducting switches, a test setup with
two parallel connected switches is built and triggered in an alternating pattern. The current
is completely distributed from one switch to the other, with this process occurring as an ex-
ponential increase or decrease. How quickly the current commutates depends on the dynamic
resistance. The commutation times could be determined via an RL—circuit. A minimum time
constant of 2.5 ms is achieved with excitation at 500 Hz and 337.68 mT.

With the information from previous chapters, a fully superconducting H-bridge inverter is de-
signed and built in chapter 4. The inverter is based on four superconducting switches made
from one slit HTS tape. This makes it possible to minimize the joint resistances between the
switches. The switches are triggered in an alternating way, and it is shown that an dc input
current of 50 A can be converted into an ac current in a rectangular profile which oscillates
between —50 A and 50 A. This demonstrates the basic functionality of such a fully supercon-
ducting inverter. Again, the excitation parameters of the switches are varied to see the impact
on the commutation times, and the methods of increasing the total resistance from chapter 3
are applied. Commutation times as low as 2.32 ms are achieved while suppressing the leakage
current, which flows through the off-state switches, to 97.4 mA. To prove the thermal stability
of the switches, a continuous switching test is conducted by varying the test period and the
trigger pulse widths. The commutation times as an indicator for stability are analyzed over the
whole test duration and shows consistent commutation times. Moreover, the variation of trig-
ger pulse width from 1s to 25 ms while keeping the same magnet excitation parameters leads
to the same commutation times. Thus, pool boiling cooling is sufficient to cool the switches

during the on-states.

A SPICE model is used to analyze the transient response and efficiency of the inverter, estab-
lishing scaling laws for higher voltages and currents. These scaling laws are applied to design
a demonstrator with 10 V/10kA. Such an inverter would require 100.56 km of HTS tape to
achieve 99.9 % efficiency, with the number of parallel tapes as the main contributor to length.
Reducing efficiency to 99 % or using four times wider tapes significantly decreases the required
material down to 735m. Alternative approaches, including HTS thin films on sapphire, are
explored for higher off-state resistance but require more parallel conductors due to the con-

strained HTS layer thickness due to non-matching thermal expansion coefficients.

To magnetize long lengths of superconductors in a higher performance switch, a scalable
method for generating long magnetic fields using, a rectangular disk-up-down assembly with
HTS tapes is demonstrated, achieving a maximum magnetic field of 109 mT at 100 A with

a compact setup.
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In conclusion, this work provides the first steps towards demonstrating the feasibility of fully
superconducting inverters as a new potential application. This involves a series of preliminary
investigations that contribute to the understanding of such a circuit. An inverter is designed
and its functionality demonstrated. Several approaches for scaling up to higher voltages and
currents are also presented and investigated. While the fully superconducting inverter pre-
sented here is only a demonstrator as a proof of concept with a low-ohmic load, the results
provide a foundation for future research and development towards more advanced systems. At

present, the technology is at Technology Readiness Level (TRL) 3 to 4.

It is recommended that future work be focused on optimizing the switch design to further re-
duce losses, leakage currents, and to improve transient behavior by reaching higher off-state
resistances and minimizing the inductance of the circuit. Some approaches have already been
presented in sections 4.5.2 to 4.5.4. As an example, the rectangular disk-up-down assembly
(rDUDA) stack for generating long length magnetic fields is investigated and tested. This
method enables easy scaling to longer magnetic field lengths for higher off-state resistances.
Further improvements to the manufacturing process are necessary. Improving the experimen-
tal testing to include calorimetric and electrical measurements will allow for a more accurate
assessment of AC losses and overall efficiency, including switching losses during commutation
and magnet losses. Additionally, to prove the scalability of the system, it requires simulation
and building larger demonstrators, which could meet the standards of current semiconductor

based inverters.

As demonstrated in section 4.5.2, wider HTS tapes are one possibility to reach higher currents
while maintaining a reasonable amount of superconductors. Advances in HTS materials and
manufacturing may lead to prototypes for common inverter applications in power grids or

industrial power electronics.
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A Current Transducer Electronics

The printed circuit board (PCB) in fig. A.1 is used to drive the closed-loop hall effect current
transducers and converts the primary current to a measurable voltage using the IC DRV411 by
Texas Instruments. Figure A.2 shows the schematic and table A.1 the bill of materials of the PCB.
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Figure A.1: Front and back of the PCB for closed-loop hall effect current sensor.
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A Current Transducer Electronics
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A Current Transducer Electronics

Table A.1: Bill of materials of the current transducer electronics

Reference Description Oty
C1 1 uF, 1206, Ceramic, X7R, 50V, 10 %, Capacitor 1
C2,C4,C5,C6  0.1pF, 1206, Ceramic, X7R, 50V, 10 %, Capacitor 4
C3 0.33 pF, 1206, Ceramic, X7R, 50V, 10 %, Capacitor 1
R3, R4 10kQ, 1206, 0.25W, 1 %, Resistor 2
Ré6 10 Q, 1206, 0.25 W, 0.1 %, Resistor 1
R7,R8 10kQ, 0805, 0.1 W, 0.1 %, Resistor 2
R9, R10 40.2kQ, 0805, 0.1 W, 0.1 %, Resistor 2
R11 470 Q, 1206, 0.25W, 1 %, Resistor 1
R12,R13 200 Q, 0603, 0.1 W, 1 %, Resistor 2
D1 BATS54S, Schottky Diode 1
D2, D3 LTST-C191KSKT, LED green 2
U1 DRV411 1
U2 OPA237UA 1
U3 L7805, Voltage regulator 1
Q1 BD139, NPN 1
Q2 BD140, PNP 1
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B Material Properties

B.1 Resistivities

Resistivities of the materials that appear in HTS tapes.
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Figure B.1: Resistivity of Hastelloy in the temperature range from 4 K to 300 K based on [Lu08].
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B Material Properties

1078

Resistivity p (Q m)

77K, 2.698 -10~° Qm
0 50 100 150 200 250 300
Temperature T (K)

Figure B.2: Recommended resistivity of silver in the temperature range from 4K to 300 K based on [Mat79].
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Figure B.3: Recommended resistivity of gold in the temperature range from 4 K to 300 K based on [Mat79].

B.2 HTS Tape Geometry

SEM images of the superconductor used in this work. Due to the high magnification, the layer
thicknesses of the individual layers can be determined.
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B.3 Liquid Nitrogen
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Figure B.4: SEM of the middle section of a superconducting tape Superpower SF12100 with a magnification of 1200
(a) and 12000 (b).

B.3 Liquid Nitrogen

Boiling curve to determine the excess temperature AT at a given heat flux density g under pool

boiling conditions in LN..
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Figure B.5: Boiling curve and heat flux density of LN, at ambient pressure based on [Mer64].
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C Mathematical Functions

C.1 Exponential Decay and Increase
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Figure C.1: Rise and fall time of an exponential increase and decay.

Assuming an exponential decay or rise

t
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the 10 % to 90 % rise or fall time ¢,/ is proportional to the exponential time constant 7
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