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Abstract

A novel thin film transformer based on double sided YBa,Cu30;_, (YBCO) thin films with high
operating performance, named a high temperature superconducting thin film transformer (HTS-
TFT), is proposed and tested. In this paper, we designed and fabricated four different types of
HTS-TFT based on double sided YBCO thin film and measured their respective operating
parameters (including winding resistance, winding inductance, coupling coefficient, and quality-
factor) at liquid nitrogen temperature (LN,, 77 K). As the comparative experiment to the HTS-
TFT, we also developed the same four types of copper (Cu)-TFT and measured their parameters
at both room temperature (RT, 298 K) and LN,, to evaluate their behavior. It can be found from
the comparative experiments between the HTS-TFTs and Cu-TFTs that the HTS-TFTs (in LN,)
possess better operating parameters than the Cu-TFTs (in LN, and RT) and they operate as
expected in the power conversion tests. The significance of this work is that the HTS-TFTs can
be employed in wireless power transfer systems and other power conversion fields, offering a
performance enhancement to power transmission efficiency.

Keywords: high temperature superconducting thin film transformer, power conversion, double
sided YBa,Cu30,_, (YBCO) thin film

(Some figures may appear in colour only in the online journal)

1. Introduction

Planar magnetic components, such as planar transformers, can
be employed to improve the power density, operating fre-
quency, repeatability, functional integration and low profile of
high frequency converters [1-3]. Meanwhile, the cost, size
and weight of the planar transformer can also be minimized
compared to conventional wire-wound transformers [4-6]. It
can be found from [7] that high efficiency can be achieved by
employing smaller, thinner and mountable magnetic compo-
nents. Generally, copper (Cu) is mainly deployed as the
winding material of the planar transformer [8-10]. If the
surface resistance and current density of the winding material
in the operating frequency range can be enhanced, the
thickness and size of the planar transformer, as well as the
efficiency of the system will be further improved.
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High temperature superconducting (HTS) materials, such
as tapes, bulks, and thin films, have been applied to almost all
electrical and electronic fields (such as transformers, motors,
fault current limiters, filters, etc) [11-15]. Due to the zero
resistivity and higher current density characteristics of the
HTS materials in superconducting states [16], the equipment
fabricated with them has better performance than where
fabricated with normal conductive materials.

It is known that HTS materials in the superconducting
state possess much lower surface resistance compared to nor-
mal conductive materials in the frequency range up to GHz
level [17, 18]. At the same time, their current density in the
superconducting state is also much higher than that of normal
conductive materials [16]. Thus it is possible to fabricate the
windings of planar transformers using HTS materials.

HTS thin films have been widely used in super-
conducting electronic fields [15, 19-21]. Meanwhile, they are
also deployed as the current limiting and switch devices in

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. HTS-TFT employed in power amplifier of the HTS-WPT
system.

power applications [22-24]. Compared to HTS tapes and
bulks, HTS thin films can realize their function by etching the
meander-lines in the surface. Thus the compactness and low
profile of planar transformers fabricated with HTS thin film
can be improved.

In earlier studies, low temperature superconducting thin
films have been employed in microwave fields as thin film
transformers (TFT) to broaden the band-width [25-27]. Since
the emergence of HTS materials, YBa,Cu30,_, (YBCO)
single sided thin film has also been utilized as the thin film
flux transformer in superconducting quantum interference
devices (SQUIDs) to enhance the magnetic field intensity and
it is also deployed as the magnetometer and gradiometer flux
transformer for SQUIDs [28-30]. However, there is no pub-
lished literature that has focused on the design, analysis and
application of double sided YBCO thin films as the TFT in
power converter fields. Due to the structure characteristics of
the double sided YBCO thin film, the primary and secondary
windings of the HTS-TFT can be fabricated using single sided
or double sided thin films, respectively.

With the advent of the all-HTS system and electronic
circuit, there is potential for HTS-TFTs to work with other
HTS devices. For example, the studies of HTS wireless
power transfer systems (HTS-WPTs) have attracted sig-
nificant attention from researchers in recent years [31-33],
and HTS-TFTs have the potential to play the role of power
amplifier in HTS-WPTs (as shown in figure 1), to enhance
the transmission efficiency of the system. In the HTS
application fields that need HTS-TFTs, the cryogenic
refrigeration equipment can be shared and the additional
costs of refrigeration and operation can be avoided. Fur-
thermore, the efficiency of the cryogenic and operating
systems can also be improved compared to adopting con-
ventional planar transformers.

In this paper, a HTS-TFT based on double sided YBCO
thin film is proposed and analyzed for the first time. In con-
trast to the TFT applications of low temperature super-
conducting thin films in microwave fields and YBCO thin
films in SQUID fields, it is the first attempt to design and
analyze double sided YBCO thin film based TFTs in appli-
cations of power conversion. The parameters of the HTS-TFT
in liquid nitrogen temperature (LN,, 77 K), including winding
resistance, winding inductance, coupling coefficient, and
quality-factor (Q-factor), are measured. We also developed
the same four types of Cu-TFT and measured their parameters
in both LN, and room temperature (RT, 298 K) conditions, to

compare the behavior between the HTS-TFT and Cu-TFT. It
can be found from the experiment carried out in our laboratory,
that the operating performance of the HTS-TFT is better than
that of the Cu-TFT. The work in this paper can be conducive to
designing HTS-TFTs with higher work efficiency.

The following part of this paper is the operating para-
meter analysis of the HTS-TFT. Section 3 is the design and
fabrication of the HTS-TFT. Section 4 presents the test results
of the comparative experiments, to investigate the character-
istics comparison between the HTS-TFT and Cu-TFT. At the
end of this paper, the experimental results and conclusions are
analyzed.

2. Operating parameters analysis of the HTS-TFT

The operating parameter analysis of the proposed HTS-TFT
in this paper including the leakage inductance between the
primary and secondary windings and the power conversion
efficiency [34] are analyzed in the following part.

2.1. Leakage inductance

Although most of the magnetic flux generated by the excitation
current can flow along the magnetic path and link the primary
and secondary windings via the iron core, some of it is not
closed by the iron core (it leaks to the air). This part of the
magnetic flux is named the leakage magnetic flux and because
of the existence of it, the coupling effect between the primary
and secondary windings will be weakened. Some energy is
also stored in the leakage inductance, which is given by [35]:

h
Elk:%Zj(; H2 1, - by, - dx (1)

The symbol / denotes the thickness of the winding layer,
I, and b,, denote the length and width of the winding,
respectively. The symbols o and H denote the vacuum per-
meability and magnetic field strength, respectively. This part of
the energy stored in leakage inductance will lead to voltage
spikes and other electromagnetic interference issues, the
operating efficiency of the HTS-TFT will also be reduced [35].

Additionally, the leakage inductance would also cause
signal attenuation in the operating process and lower the
commutation rate of the output terminal [35]. It is obtained as
follows:

l

w
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h+h
Ly = py - '4[13 2

+ ho] )

The symbols 4y, h,, and hy denote the thickness of the
primary winding, secondary winding, and insulator layer,
respectively. The leakage inductance L is related to the
geometry parameters of the HTS-TFT, thus its undesirable
effects can be improved by adjusting the geometry para-
meters. It can also be represented through the coupling
coefficient, as follows:
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Where the symbols k and M are the coupling coefficient and
mutual inductance between the primary and secondary sides.
Symbols Lg and Lp are the inductance of the primary and
secondary windings connected in dotted terminals and syno-
nym terminals, respectively. The coupling coefficient in the
ideal transformer is 1, but due to the existence of the leakage
inductance, its value is not as good as the ideal value. In
practical application, the TFT can achieve the better behavior
with a higher coupling coefficient.

2.2. Power conversion efficiency

The ideal TFT can deliver energy from the primary side to the
secondary side with no energy loss. But, there is inevitable
energy losses in the actual TFT, the power conversion effi-
ciency of the TFT should be improved as much as possible.
As mentioned in the introduction, the surface resistance of the
HTS materials in superconducting state is much smaller than
normal conductive materials in the frequency range up to
GHz level. Thus the winding Joule losses of the HTS-TFT are
much smaller than that of the normal conductive materials
based TFT. The power conversion efficiency of the HTS-TFT
can be deduced by:

n= & x 100% ®))
Py

The symbol 7 denotes the power conversion efficiency,
P, is the input power of the primary winding, P, is the
output power of the secondary winding. P; and P, can be
obtained by:

P1 = ﬂSzN COS ©y + Pp + PC (6)

L
Py = Uxh cos p, = Upy 1—2121\/ COS ¥,

2N
= ﬂUZNIZN COS Y, = ﬁSzN COS (7)
b
B= -~ x 100% (8)
2N

Where the symbols U,, I, are the voltage and current of the
secondary winding, respectively. Symbols U,y, Iy denote the
rated voltage and current of the secondary winding, respec-
tively. The symbols cos ¢, and S, are the power factor and
apparent power of the secondary winding, respectively,
symbol 3 is the load coefficient. Py is the losses in the iron
core, Pc is the Joule losses in winding. By inserting (6), (7)
and (8) into (5), n can be simplified as follows:

BSan cos @,
n =

= )
BSan cos ¢, + Pp + Fc

It is can be seen from (9), that with certain parameters of
the TFT, the smaller the winding Joule losses (P¢) are, the
higher the efficiency is. Meanwhile, the power conversion
efficiency can also be represented by the quality (Q)-factor, as
follows:

ol

Q= R

(10)

The symbols L, and R, are the inductance and resistance
of the primary winding, respectively. Symbol w is the angular
frequency of the HTS-TFT. The Q-factor represents the
energy losses during delivery from the primary side to the
secondary side, and higher Q-factor represents higher power
conversion efficiency. We can see from (10) that there exists
an inversely-proportional relationship between the Q-factor
and R; and the Q-factor can be improved by decreasing R;.
Thus, the power conversion efficiency of the TFT fabricated
with HTS material can be improved.

3. Design and fabrication of HTS-TFT

The configuration of the HTS-TFT is shown in figure 2,
ferrite (PC 40) is employed as the iron core, and the magnetic
circuit is closed with it. The HTS-TFT is fixed on the printed
circuit board (PCB) using polyimide and is inserted into the
ferrites. The HTS-TFT in this paper is based on double sided
YBCO thin film, and the configuration of the thin film is
presented in figure 3. The layout structure of the thin film is
Au-YBCO-Ce0O,-Al,053-CeO,-YBCO-Au and the layers are
symmetrical in reference to the substrate. The diameter and
thickness of the substrate is 50.8 mm and 0.5 mm, respec-
tively. The Au layer is the shunt layer to prevent the hot point
and oxidation issues of YBCO layer, CeO, is the buffer layer
to isolate the substrate and YBCO layer. In order to analyze
the performance of the HTS-TFT, we have designed four
kinds of winding structure, as shown in figure 4. The primary
and secondary windings of the HTS-TFT are generated by
photoetching and the parameters of the windings are shown in
table 1.

As shown in figure 4, the differences between the four
kinds of HTS-TFT are the winding type and distribution. In
Design 1, the primary winding (L;) and secondary winding
(L,) of the HTS-TFT are two sided and symmetrical to the
substrate of the thin film. In Designs 2, 3 and 4, the windings
of the HTS-TFT are in the same side of the thin film. In this
paper, the behavior of the HTS-TFTs are investigated through
the mentioned four designs. The detailed parameters (winding
resistance, winding inductance, coupling coefficient and
Q-factor) of the HTS-TFT are measured and analyzed in the
following part. The comparison between the HTS-TFT and
normal conductive materials (Cu) based TFT (the design
parameters of the Cu-TFTs are same as that of the HTS-TFTs,
the only difference is that the YBCO layers are replaced with
Cu layers) is also analyzed through the experiment carried out
in our laboratory.
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Figure 2. Overview of the HTS-TFT. The ferrite (PC 40) is
employed as the iron core to close the magnetic circuit, PCB and
polyimide are used to support and fix the HTS-TFT. (a) Three-
dimensional view of the HTS-TFT. (b) Geometric parameters of the
HTS-TFT.

4. Contrastive experiments and results analysis

As shown in figure 5, the contrastive experiments were car-
ried out in our laboratory to evaluate the behaviors of the
HTS-TFTs and Cu-TFTs. An inductance capacitance resist-
ance (LCR) meter is used to measure the operating parameters
of the TFT. We measured the parameters of the HTS-TFT in
LN,, as the comparison, the same parameters of the Cu-TFT
were also measured in both LN, and RT conditions. Because
the geometry of the primary and secondary windings are
identical, the mentioned parameters were just measured in the
primary winding. The operating performance was also ana-
lyzed through the contrastive experiments (two-port test net-
work) in the following part.

4.1. Parameters measurement of the HTS-TFT and Cu-TFT

The frequency characteristics of the winding resistance in
HTS-TFTs and Cu-TFTs are presented in figure 6. We can see

CeO:

A.[gOg i
CeO,

Au

Figure 3. Configuration of the double sided YBCO thin film. Al,O3
is the substrate of the thin film, YBCO is the superconducting layer,
Ce0, is the buffer layer, and Au layer is the shunt layer.
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Figure 4. The four different designs of HTS-TFT.

Table 1. Geometric parameters of the HTS-TFT winding.

Group Parameters of primary and secondary windings
Design 1 1.5 mm-wide, 57 cm-long
Design 2 1.5 mm-wide, 33 cm-long
Design 3 1.5 mm-wide, 37 cm-long
Design 4 1.5 mm-wide, 34 cm-long

from figure 6(a) that all four HTS-TFTs have smaller winding
resistances in the measurement frequency range (500 kHz-2
MHz), compared to the same types of Cu-TFTs (at RT). From
figure 6(b), the winding resistance of the Cu-TFTs in LN, are
reduced, but they are still higher than that of the HTS-TFTs.
Additionally, the resistance in the HTS-TFTs can be further
reduced through improving the machining process of the thin
film. Thus the Joule losses in the HTS-TFTs are also much
lower than that in the Cu-TFTs.
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Figure 5. Facilities and overview of the experimental platform.

(a) Four different type designs of HTS-TFT. (b) Four different type
designs of Cu-TFT. (c) Overview of the experimental measurement
platform for HTS-TFT (LN,) and Cu-TFT (RT and LN»).
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Figure 6. Winding resistance frequency characteristics of the HTS-
TFT and Cu-TFT. (a) Winding resistance frequency characteristics
of the HTS-TFT (LN,) and Cu-TFT (RT). Cun (n =1, 2, 3, 4)
denotes the four designs of the Cu-TFT in RT, and HTS» (n = 1, 2,
3, 4) denotes the four corresponding designs of the HTS-TFT. (b)
Winding resistance frequency characteristics of the HTS-TFT (LN,)
and Cu-TFT (LN,). LN,-Cun (n = 1, 2, 3, 4) denotes the four
designs of the Cu-TFT in LN,.

The frequency characteristics of the winding inductance
in the HTS-TFTs and Cu-TFTs, with and without a core, are
presented in figure 7. It can be found from figure 7 that the
winding inductance of the HTT-TFTs are increased evidently
than that of the Cu-TFTs and the inductance is almost con-
stant during the wider frequency range. The winding induc-
tance of the Cu-TFTs in LN, is almost same as its value in
RT. Moreover, the core has an obvious effect on the increase
of the inductance. The design of the HTS-TFTs can increase
the winding inductance effectively.

In addition to increasing the winding inductance of the
TFT, the core can also improve the coupling effect between
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Figure 7. Frequency characteristics of the winding inductance in
HTS-TFT and Cu-TFT. (a) Winding inductance measurement of the
HTS-TFT (LN,) and Cu-TFT (RT). Cun-w-core (n = 1, 2, 3, 4)
denotes the four designs of the Cu-TFT without the core at RT, Cun-
core (n = 1, 2, 3, 4) denotes the four designs of Cu-TFT with the
core at RT, HTSn-w-core (n = 1, 2, 3, 4) denotes the four designs of
HTS-TFT without the core, HTSn-core (n = 1, 2, 3, 4) denotes the
four designs of HTS-TFT with the core. (b) Winding inductance
measurement of the HTS-TFT (LN,) and Cu-TFT (LN,). LN,-Cun-
w-core (n = 1, 2, 3, 4) denotes the four designs of the Cu-TFT
without the core in LN,, LN,-Cun-core (n = 1, 2, 3, 4) denotes the
four designs of Cu-TFT with the core in LN,, respectively.

the primary winding and secondary winding, in other words,
the leakage inductance can also been reduced. According to
(4) and (5), the measurement and calculation of the coupling
coefficient with and without the core are presented in figure 8.
It can be seen from figure 8 that the coupling coefficient in
HTS-TFT and Cu-TFT can be improved evidently by adding
the core. Design 1 of the HTS-TFT with the core has the best
coupling coefficient among the designs. Meanwhile, the
coupling coefficient of the Cu-TFT in both RT and LN,
conditions is almost the same, and it is also not as good as that
of the HTS-TFT. Thus the addition of the core is an effective

r -1 1 r 1. ©v 1.1

——
08 1.0 12 14
Frequency (MHz)

0.4

0.6

Figure 8. Frequency characteristics of the coupling coefficient

between the primary and secondary windings, with and without core.
(a) Coupling coefficient of the HTS-TFT (LN,) and Cu-TFT (RT).
(b) Coupling coefficient of the HTS-TFT (LN,) and Cu-TFT (LN,).

method to reduce the leakage inductance between the primary
and secondary windings of the HTS-TFTs.

As mentioned in section 2, the power conversion effi-
ciency is the vital parameter of a TFT, and it can be reflected
by the Q-factor. The frequency characteristics of the Q-factor
in HTS-TFTs and Cu-TFTs, with core and without cores,
were measured and are presented in figure 9. We find that in
both HTS-TFTs and Cu-TFTs, the Q-factor with the core
improves apparently compared to the conditions without the
core. The Q-factor of the Cu-TFT in LN, has a slight increase
compared to its value at RT, but the Q-factor of all types of
HTS-TFT is higher than the same design of the Cu-TFT, thus,
the power conversion efficiency of the HTS-TFT with cores is
also higher than the Cu-TFTs.
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Table 2. Parameters comparisons of the HTS-TFT with the core.

Parameters Parameters arrange in ascending order

HTS1, HTS2, HTS4, HTS3
HTS1, HTS3, HTS4, HTS2
HTS3, HTS2, HTS4, HTS1
HTS3, HTS4, HTS1, HTS2

Winding resistance
Winding inductance
Coupling coefficient
Q-factor

To compare the HTS-TFTs and Cu-TFTs, the parameters
of each were measured and analyzed (HTS-TFTs are measure
in LN,, Cu-TFTs are measured in both RT and LN, condi-
tions). The winding resistance in the four designs of HTS-
TFT in superconducting state are much lower than that in the
four designs of the Cu-TFT, thus the winding Joule losses in
the HTS-TFT are also lower than the Cu-TFTs. Additionally,
the designs of the HTS-TFTs show significant improvement
in the winding inductance, coupling coefficient and Q-factor,
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Figure 10. Experimental platform for the operating performance of
the HTS-TFT and Cu-TFT. (a) Equivalent electrical circuit. Ry =
10 Q, R, = 10 €, are the sampling resistances. L; and L, are
winding inductance, respectively. (b) Respective test scenarios of
the HTS-TFT (LN,) and Cu-TFT (RT and LN,).

compared to the Cu-TFT. Meanwhile, the core can improve
the winding inductance, coupling coefficient, and Q-factor
significantly in the design of the HTS-TFT. Though the
parameters of the Cu-TFT in LN, are improved compared to
their value at RT, its values are not as good as that in HTS-
TFTs, and its normal operating ambient is RT, therefore the
leakage heat problem in the system can not be avoided. Thus
the HTS-TFTs can be better employed in an all-HTS system
to improve the operating efficiency. In conclusion, compared
to the Cu-TFTs, the operating parameters of the HTS-TFTs
show significant improvements and it is possible for HTS-
TFTs to be utilized as power converters in power transfer
systems to improve their efficiency.

4.2. Operating performance of the HTS-TFT and Cu-TFT

The parameter comparison of the HTS-TFT with the core are
presented in table 2. Through comparing the parameters,
Design 1 of the HTS-TFT has the lowest winding resistance,
highest coupling coefficient and the better Q-factor. We chose
it to test the operating behavior of the HTS-TFT.
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Figure 11. Operating performance of the HTS-TFT and Cu-TFT. Vs
is the voltage of the signal source, Vs is the output voltage of the
HTS-TFT, and V¢, is the output voltage of the Cu-TFT at RT, V,_
L2 is the output voltage of the Cu-TFT in LN,.

To test the operating performance of the HTS-TFT, a
small-scale experiment was carried out, and the equivalent
electrical circuit, as well as the experimental platform are
shown in figure 10. As mentioned, the parameters are almost
constant in the wider frequency range, therefore we chose the
frequency of the signal source to be 1 MHz. The winding
inductances of the HTS-TFT with the core at 1 MHz, are
275 nH and 300 nH respectively. The winding inductances of
the Cu-TFT at 1 MHz at RT and LN,, are 210 nH and 225 nH,
190 nH and 205 nH, respectively. It can be seen from
figure 11 that the terminal voltage of the HTS-TFT is 630 mV
and the signal source is 590 mV. It can be found that the
voltage conversion ratio of HTS-TFT is more consistent with
the winding inductance ratio.

5. Conclusion

In this paper, double sided YBCO thin film based HTS-TFTs
to be employed in the power conversion field were proposed
and tested for the first time. The thickness and size of the
HTS-TFT, as well as the efficiency of the system can be
further improved. Four kinds of HTS-TFT were designed to
analyze the operating performance of the HTS-TFT. Design 1
of the HTS-TFT has the lowest winding resistance, the
highest coupling coefficient and best Q-factor among the four
designs. In order to compare the operating parameters, we
also designed the same four kinds of Cu-TFT and measured
their parameters at both RT and LN, conditions. It can be
found from the comparative experiments that the parameters
of the HTS-TFTs are better than in Cu-TFTs. Through the
analysis of operating performance between the HTS-TFTs
and Cu-TFTs, the HTS-TFTs can operate as expected.
Although some parameters of the Cu-TFTs in LN, have a
slight increase compared to their values at RT, they are still
not as good as the HTS-TFTs. It is effective to illustrate the
advantages of the HTS-TFTs in improving the operating
efficiency. The parameters of the HTS-TFT can be designed

flexibly, and they can be further increased by improving the
material properties and manufacturing process. The applica-
tion of HTS-TFTs in power converter systems and HTS
wireless power transfer systems with different turn ratios
should be investigated in future work.
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