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Abstract

Traction transformers are critical components of Chinese high-speed-trains. We are currently building a single—phase 6.5 MVA
superconducting traction transformer which can achieve targets of less than 3 tons of transformer system weight, better than
99% efficiency, and 43% short-circuit impedance. The proposed transformer consists of four single-phase 25 kV/1.9 kV HTS
windings, operating at 65 K, each of which drives a motor. The design incorporates Roebel cable in the LV windings to cope
with large current and minimize AC loss. We present 2D FEM AC loss modelling results that identify the critical parameters
that contribute to AC loss. We show that the combination of winding length > 1 m, high performance Fujikura wires, and flux
diverters arranged at the end of HV and LV windings, can restrain AC loss in the HTS windings to under 2 kW. We introduce
an open-loop cooling system concept with sub-cooler integrated inside the transformer cryostat that can achieve total system
weight under 3 tons assuming 2.5 kW total heat load and 8 hours of continuous running time. A nominal efficiency of 99.5%
can be achieved for this total heat load. The entire superconducting transformer system can be readily fit in the space allocated

for conventional transformers in the Chinese Fuxing trains.
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1. Introduction

Electrification of transport is a growing trend. Air transportation presents some unique challenges
for electrification and these challenges have driven the demand for faster electric rail transport [1]-[2].
The Chinese CRRC Fuxing high speed train is one example of technology being developed, and tested,
to be able to operate at 600 km/h [1]. There is a demand to both increase speed, and number of
passengers, for these high-speed rail trains. The traction transformer is one of the most critical electrical
devices on high-speed-trains, supplying power to four 625 kW traction motors. Fig. 1 shows the layout
of the traction transformers currently used in Fuxing high-speed trains. The transformer has two
horizontal core legs, each wound with two stacked winding units. Traction transformers must be
compact and light-weight, so the current density in the copper wire is much higher than that of utility
transformers. As a result the efficiency of the traction transformer may be as low as 94%), much lower

than utility transformers, due to high Joule loss in the transformer windings. The windings and core are
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enclosed in an oil tank. The heat generated in the transformer tank is removed by circulating oil through
a cooling unit with 300 kW cooling power using an oil pump. The specified 43% short circuit impedance
of the transformers is high compared to utility transformers, both to limit fault current and to provide
reactance for the traction converter power electronics. The transformer tank is 1792 mm long, 1427 mm
wide, and 735 mm high tank. The available space for the whole transformer system including the
cooling component is 4035 mm long, 2400 mm wide, and 735 mm high. The total weight for the
transformer system is approximately 6 tones. Traditional traction transformers - heavy, inefficient, and
a fire risk - are prime targets for replacement by high temperature superconducting (HTS) transformers,

which can be lighter, more efficient, and a low fire risk.

Transformer
holding frame

Transformer
oil tank

Voltage

.
terminal 300 kW pumped

. oil cooling system
Oil pump

Fig. 1. Layout of traditional 6.5 MVA traction transformer in Fuxing train.

Table 1. List of HTS transformer projects

Year | Country Organization Transformer
1997 | Switzerland ABB 3-phase 630 kVA,
18.72 kV /0.42 kV
1998 | USA Waukesha Electric Power Company Single-phase 1 MVA,
13.8 kV /6.9 kV
2001 | Germany Siemens 1 MVA, 25kV/1.4kV
2003 | Germany Siemens Single phase 100 kVA, 5.5 kV/1.1 kV
2004 | Japan Railway Technical Research Institute 4 MVA,
25kV/1.2kV/0.44kV
2005 | China Chinese Academy of Sciences 3-phase 630 kVA,
10.5kV /0.4 kV
2010 | New Zealand | Victoria University of Wellington 3-phase 1 MVA,
11kV /0.4 kV
2010 | Japan Nagoya University 3-phase 2MVA, 22 kV/6.6 kV
2013 | Japan Kyushu University 3-phase 2 MVA,
66 kV/6.9kV
2014 | Japan Kyushu University single-phase 400 kVA, 6.9 kV/2.3 kV
2016 | Russia Russian Scientific R&D Cable Institute | Single-phase IMVA,
10 kV /0.4 kV
2017 | China Shanghai Jiao Tong University Single-phase 330 kVA, 10.0 kV /0.231 kV
2019 | Switzerland ABB/KIT Single phase 577 kVA, 20 kV/1kV

There has been intensive worldwide development in HTS transformers [3] — [19]. Table 1 lists some
of these projects. They have shown that controlling AC loss in HTS transformer windings is essential
for success. Another important issue is achieving high current in LV windings. Simple vertical stacks
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of HTS wires can help increase current carrying capacity of LV winding turns at the expense of large
AC loss due to unequal current distribution between the conductors composing the stacks [13], [19],
[20]. Parallel connection of multiple LV windings has the same unequal current problem [9]. Two
methods have been proposed to solve this problem: coil level transposition (CLT) [15], and using
continuously transposed Roebel cables [21] —[25]. A Japanese project [15] has demonstrated 1 KArms
for a model HTS winding with 24 parallel conductors using the CLT method, and a NZ group has
demonstrated 1390 Arms in LV windings wound with 15/5 (fifteen 5 mm — wide strands) Roebel cable
in their 1 MVVA 3 phase HTS transformer project [12] — [14].

There have been two examples of HTS traction transformer projects. The Japanese Railway
Technical Research Institute and partners demonstrated a three-phase 60 Hz 25 kV/1.2 kV/0.44 kV 4
MVA traction transformer using BSCCO wires operating at 66 K. The transformer had 7 kW AC loss
at rated power, and the cryocooler was bigger and heavier than the HTS transformer itself [7], [8], [15].
The other demonstration was a 1 MVA 50 Hz 25 kV/1.4 kV single phase traction transformer
manufactured by Siemens using BSCCO Roebel cables for the LV windings. Siemens put their
transformer through various electrical and thermal tests [4] - [6]. However, the transformer system was
not fully adapted to the actual space available for traction transformers on an electric multiple unit train.
In particular, the cooling system was not installed in the transformer space. Moreover, the iron core was
cooled down together with the HTS windings so that the heat from hysteretic loss in the core imposed
a large load on the cryogenic cooling system. To avoid this the core needs to be located outside the
cryostat. The efficiency of the transformer was not stated.

To achieve a high efficiency, light weight, fire-free HTS traction transformer system, an
international collaboration project for developing a single phase 50 Hz 25 kV/1.9 kV 6.5 MVA HTS
traction transformer was established in 2018. The goal of the project is to demonstrate an HTS
transformer which meets the voltage and current specifications in Table 1 and achieve 99% efficiency,
less than 3 tons system weight, with 43% short-circuit impedance. The project is led by Beijing Jiaotong
University in China, partnered with four other Chinese partners and one non-Chinese organization, the
Robinson Research Institute, Victoria University of Wellington.

In this paper, we carried out a feasibility study of a 50 Hz 25 kV/1.9 kV 6.5 MVA HTS traction
transformer system operating at 65 K which can be fully integrated in the Chinese fast train system.
The analysis reveals that accurate AC loss prediction is crucial: the targets for system weight, as well
as efficiency, cannot be met if the AC loss in the transformer windings exceeds 2 kW. Accordingly, we
describe our 2D axisymmetric FEM (finite element method) AC loss simulation results in some detail.
We also present a concept design for the cooling system, weight analysis for the transformer system,
and preliminary layout of the main components of the system. The results demonstrate the feasibility
of HTS traction transformers for Chinese high-speed train system, clearly show the advantages over
previously demonstrated HTS traction transformer projects by Siemens and Japanese Railway

Technical Research Institute. The contents are arranged in the following order. In chapter 2, the
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numerical modelling method implementing H formulation is described. In chapter 3, AC loss
simulation results are shown. We explored the influence of the transformer winding length (defined in
Fig. 2), wire in-field I. performance, and flux diverters on AC loss in the transformer windings. In
chapter 4, an open-loop cooling system concept in the transformer is described. In chapter 5, total
system weight is estimated and arrangement of each system component in standard transformer space

for traditional traction transformers is described.

2. Numerical method for transformer winding

We chose a basic design for the 50 Hz 25 kV/1.9 kV 6.5 MVVA HTS transformer operating at 65 K,
where the transformer has four winding units and one leg has two winding units around it as depicted
in Fig. 2. Each unit comprises one HV winding, and one LV winding, respectively. All the winding
assemblies will be housed in two individual vacuum insulated horizontal cryostats and will be cooled
by sub-cooled liquid nitrogen in an open-loop cryocooling system described in chapter 5. An alternative
design could place all four winding units on one leg of the core. In this case, we could have only one
cryostat which could reduce the weight and cryostat cost. However, AC loss simulation results showed
this design has much larger AC loss in the windings and much longer core length which makes the
arrangement of the transformer components difficult. Therefore, this option has been excluded. In order
to handle a current of 846.0 Arms (1196.4 Apeak) and minimize AC loss in the LV windings, we use
continuously transposed 8/5 Roebel cable (eight 5-mm-wide strands). The current in the HV winding
is 257 Arms, with the windings for each unit, symmetrically connected in parallel, carrying only 64.3
Arms or 90.9 Apeak current. Therefore, a single 4 mm-wide REBCO superconductor wire will suffice
for the HV current. As with previous transformer AC loss modelling [12], [25] we do not consider the

iron core in the simulation.

Fm————————
HV LV %// Unit

| .

| Disc #1

|

|

| End disc

=

I ————|

Fig. 2. Schematic of 6.5 MVA traction transformer containing four units each consisting of HV and LV windings. Winding
length is defined as L.

Numerical calculation for the transformer was carried out in a 2D axisymmetric model, using H

formulation [26] — [30]. A homogenization method [30] was implemented in the modelling. The
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numerical method is the same as a previous work on the 1-MVA HTS transformer, and more details
can be found in the previous publication [25].

Radial and axial magnetic field components H = [H,, H,]" are directly solved. Taking into account
the symmetry of the transformer windings only a quarter model of a unit was simulated. Schematics of
a cross-section of HV and LV winding in one unit only are considered as shown in Fig. 3.

Superconducting windings are surrounded by air domain. Current flows in the ¢ direction.

@
Air domain
r i

ror=0

Fig. 3. Schematic of 2D axisymmetric model for 6.5 MVA transformer. (Only a quarter model was simulated.)

The relationship between local electric field E, and local current density J,, is expressed as,
Ey =, )
where p is the resistivity of the material. In the air domain, p is treated as a constant; while in the
superconducting domain, p is derived from the E-J power law,

(n-1)

Ey, =E|J,/IcB| "(Up/lc(B)) 3]

and expressed as

(n-1)

p=E,/lp =Ell,/]c(B)|" ~(1/].(B)) ®)

where power index n = 25, E; = 10* VV/m was used in the work. J(B) is the critical current density
dependence on applied magnetic field, which can be derived from the measured 1¢(B) results divided by
the cross-section area, S of the superconductor. We adopted a modified Kim model [31] for the J.(B)

behavior in the calculation,

]c(B) = 160(1 + (kZBpara2 + Bperpz)/BOZ)_aS_l (4)

where I is self-field critical current, Bo, k and o were used as fitting parameters by comparing fitted
I¢(B) curves with measured data under applied magnetic fields. Here, Bperp is the radial magnetic field
Br and Bpara is the axial magnetic field B,.

From Ampere’s law, we can derive the current density in ¢ direction along conductor length,

Jo = 0H,/0z — OH,/0r (5)
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Faraday’s law is written as
VXE=—0B/ot = —uyu, 0H/ot (6)

where o is vacuum permeability and | is relative permeability. Here, i, = 1 everywhere.

Governing equations can be derived from (1) — (6), as

OH, 0H,
on, 1° (TP (5 =% ))
Holly - =0
Oy 0y
0H, 1a<rp(az 67"))_0
\Hokr "5 + r or B

3. Simulation results and discussion
A. Selection of winding length

In Fig. 2, the HV and LV windings carry opposite current and the axial magnetic field is the strongest
in the gap between the HV and LV windings as depicted by the red line in the figure. From Ampere’s
law, we have: § H dl = NI, where H is magnetic field, | is length of the integration loop, NI is the
Ampere-turn of the LV winding.

Assuming the magnetic field along the external portion of the loop (dashed line) is negligible, the
axial magnetic field component, B, can be derived from B, ~ uyNI/L which shows that B, can be
reduced by increasing the axial winding length, L. Because the continuity of magnetic field, the radical
magnetic field component, B, near the end of the LV winding should become smaller with increasing
winding length L too. The principle should hold true for HV winding. If this is true, the AC loss in
transformer windings with longer winding length should be smaller, because the AC loss in the coil
windings is dominated by the B, components in the end windings [12], [25], [32] — [34].

In order to explore the dependence of AC loss in the transformer windings, AC loss simulation was
carried out on four transformer winding designs with different winding length shown in Table 3. The
winding lengths are 0.38 m, 0.6 m, 1 m, and 1.5 m, designated as L038, L06, L1, and L15, respectively.
More detailed design parameters are given in Table 2. The HV windings comprise stacks of double
pancake coils and the LV windings are multi-layer solenoid windings. Each 8/5 Roebel cable turn was
simulated as two parallel stacks each with four conductors with the same current in each conductor [35].
Even though the solenoid layer winding is helical, the 3D shape of the winding was simplified and we
regarded them as disc windings in our simulation. Therefore, two disc windings in the LV winding are

equivalent to one turn of Roebel cable.
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Table 2. Specifications of winding design with different winding length

L0338 | LO6 L1 L15
Winding length L (m) 038 | 0.6 1 15
Number of turns in each HV winding disc 38 24 14 9
Number of discs stacked to make the HV winding per unit 42 68 116 | 174
Number of layers of 8-strand Roebel cable in LV winding 8 5 3 2
Number of turns in one layer in LV winding 15 24 40 60
Number of total turns per unit in HV winding 1596 | 1632 | 1624 | 1566
Number of total turns per unit in LV winding 120 | 120 | 120 | 120
Inner diameter of HV winding (mm) 348 | 381 | 437 | 495
Inner diameter of LV winding (mm) 285 | 285 | 285 | 285
Axial gap between the two units on each leg of the core (mm) | 20 20 20 20
Short-circuit impedance (%) 43 43 43 43

To demonstrate the effect of the winding length on AC loss, we modelled the transformer windings
with different winding lengths wound with the same wires. We fit (4) to the measured I(B) data of a
high-performance Fujikura wire sample (shown later in Fig. 8) to obtain fit parameters I = 1140A/cm
at 65 K, Bo=100 mT, k=0.71 and o = 0.23.

—— 1038
-0O- 106
AL

00 L | s | L | s | n | N 1 N [l
0 8 16 24 32 40 48 56

Disc index
Fig. 4. Magnetic field distribution along inner diameter of LV winding discs for transformers with various winding lengths. a)

B. component values along the central axial line between the HV and LV. b) Br component along the inner diameter of the LV
windings.

Fig. 4(a) shows the B, component values along the central axial line between the HV and LV
windings (see Fig. 2) in L38, L06, L1, and L15 plotted as a function of the turn index of the LV winding.
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As shown in the figure, B, values were significantly reduced by increasing the winding length. The B,
values of L38, L06, L1, and L15are 0.95T, 0.6 T, 0.35 T, and 0.20 T, respectively, in the central part
of the winding unit.

Fig. 4(b) shows the B, component along the inner diameter of the LV windings in L38, L06, L1, and
L15 transformers. In all LV windings, the B, component is small in the central turns. B, component in
the end turns of the transformers, decreases with increasing the winding length. The asymmetry of the
Br and B, amplitude at the top and bottom turns of the transformer windings results from cancellation
of the radial magnetic field components and addition of axial components near the gap between the
upper and bottom units.

Fig. 5 shows the calculated AC losses for the transformer, i.e. the summed loss of the four winding
units, with various winding lengths. AC loss decreases with increasing winding length. This is
consistent with the reduction of the radial magnetic field component in the end part of the transformer
windings with winding length. One might argue that large winding length is not preferable, because
longer winding length means a longer, heavier iron core. However, shorter windings length have larger
AC loss resulting in greater total system weight as discussed in chapter 5. Although the winding with
1.5 m length has lowest AC loss, we select 1 m winding length for the transformer design because a
transformer with longer winding is difficult to arrange transversely to the direction of travel, making

system integration difficult.
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Fig. 5. Calculated AC loss in the transformer with winding lengths of 0.38 m, 0.60 m, 1 m, and 1.5 m, respectively. The
winding current is normalized by the rated current of the HV and LV windings.

The AC loss in each disc at rated current in the HV and LV windings for different winding lengths
is plotted as a function of disc index in Figs. 6(a) and 6(b), respectively. It should be noted that “disc”
in Fig. 6(b) means Roebel disc. In both HV and LV windings, AC loss in the end discs is much bigger
than in central discs. The larger AC loss is due to the concentration of the radial magnetic field
component at the winding ends, and small AC loss in the central discs is due to cancellation of radial
magnetic field in the middle discs [29]. The AC loss in the end part of both HV and LV windings

increases significantly with decreasing winding length. AC loss values in the outer end disc are bigger
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than the inner end disc for all transformer designs. This is due to the proximity of the upper and lower

winding units resulting in cancellation of the radial field at the inner winding ends. In the following

figure, more detailed current density distributions for the windings are shown to elucidate the AC loss

results.
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Fig. 6. Loss density distribution in transformer windings with various winding length. a) HV winding. b) LV winding.
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Fig. 7. Comparison of J/Jc distribution in transformer winding with different winding lengths. a) HV winding. b) LV winding.

Disc in b) means Roebel disc.
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Fig. 7 shows the J/J. distribution and magnetic field distribution of top discs of HV and LV
windings with various winding lengths at rated current. In all discs in Fig. 7, there is current flowing in
the reverse direction to the coil current in order to shield the radial magnetic field components in the
discs [28]. Magnetic field has fully penetrated the superconductors where |J/J¢| > 1. The region where
|J/Jc| > 1 is the biggest in L038 and the least in L15.

B. Impact of wire 1¢(B) performance

AC loss calculations were performed using three different characteristics for wire I¢(B) at 65 K chosen
to study the impact of different aspects of wire performance on the AC loss of the transformer. 1¢(B) for
wire #1 was the same data used earlier to select the optimal winding length, measured on a sample of
high-quality wire supplied by Fujikura Ltd. I¢(B) for wire #2 is the same characteristic as wire #1, but
scaled down by 20% such that the self-field I at 65 K is reduced from 1140 A/cm to 912 A/cm to reflect
the performance of wire available at the time in the quantity required for the transformer windings. 1¢(B)
for wire #3 is based on the measured in-field performance of a sample supplied by SUNAM Co. Ltd.,
but scaled down by 30% to match the self-field I. of wire #2. If wire #2 is regarded as a benchmark,
wire #1 explores the effect of higher self-field Ic, while wire #3 explores the effect of greater angular

anisotropy in I¢(B) compared to the relatively isotropic Fujikura wire.

Table 3. Fitting parameters of different wires

Wire #1 Wire #2 Wire #3
Manufacturer Fujikura | Fujikura (scaled) | SUNAM (scaled)
Ico at 65K (A/cm) 1140 912 915
Bo (MT) 100 100 102
a 0.23 0.23 0.43
k 0.71 0.71 0.244

Fig. 8 shows the I¢(B) of the three wires in perpendicular and parallel magnetic fields. Curves fitted
using (4) are also plotted, with the fitting parameters used in the AC loss calculations listed in Table 3.
The anisotropy of I¢(B) for wire #3 is apparent in Fig. 8; in 500 mT perpendicular field, its critical field
it is 20% higher than wire #2.
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Fig. 8. Field dependence of the critical current at 65 K of different wires (a) in perpendicular magnetic field, and (b) in
parallel magnetic field.

Fig. 9 compares the AC loss values in L1_43% transformers wound with wire #1, wire #2 and wire
#3. At rated current, wire #1 has 8% lower AC loss than the benchmark wire #2, while wire #3 has 19%
higher loss. The result shows that the AC loss in the windings depends strongly on the critical current
in perpendicular magnetic field. Windings made with wire #3 have higher loss than those with wire #2
despite having the same self-field Ic and higher Ic(B) in parallel field. In contrast, self-field I. has less
impact: the AC loss for windings with wire #1 is only 8% less than with wire #2 even though the self-
field Ic is 25% higher.

6 T T T T T T ‘
L —1+— Wire #1 " 4
- - Wire #2
4 — A Wire #3 o -

Loss in
transformer windings (kW)

L1_43% |

100 1000 2000
ILV, peak (A)

Fig. 9. AC losses in 1 m-long 6.5 MVA transformer winding wound with wires #1, #2, and # 3.

Fig. 10 further explains the AC loss behavior shown in Fig. 9 using J/J. distribution in the top of
the transformer windings wound with wire #1, wire #2, and wire #3 at rated current. The area where

|J/J¢| > 1 is the biggest in the transformer wound with wire #3 and the smallest in the transformer wound
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with wire #1. We also observe shielding current induced by the radial magnetic field component in the
end discs of the HV and LV windings. The simulation results illustrate the importance of I¢ in
perpendicular (i.e. radial) field for determining flux penetration in the end turns of the windings, and
hence AC loss.

(@) JIJ,in HV (b) JIJ, in LV
Disc 1
Disc 1 r
Disc 2 0.5
. T 0
Disc 3
"~ Disc -0.5
wire #1 #2  #3 ‘wire #1 #2 #3

Fig. 10. Comparison of calculated J/Jc distribution in the outer end turns of the transformer windings using wires with different
critical current characteristic. a) HV winding. b) LV winding. Disc in b) means Roebel disc.

C. Selection of flux diverter

Even best performing L1_43% transformer design wound with wire #1 has AC loss of 3.79 kW as
shown in Fig. 9, much bigger than our target value of 2 KW. Previous reports have shown that AC loss
in HTS coil windings can be lowered by arranging flux diverters in the end of the coil windings [37],
[38]. In this section we model the effect of adding flux diverters to the L1_43% transformer design to
see if the AC los can be reduced to meet the target.

Fig. 11 shows schematically the arrangement of flux diverters near the outer ends of the HV and
LV windings. The cross-section of flux diverters for the HV winding is denoted using Hep, nv and Wep,
v, and the cross-section of flux diverters for the LV winding is denoted using Hep, Lv, Wep, Lv. We is the
distance the flux diverter overhangs both the inner and outer radius of the HV or LV winding. g is the
gap between the end of HV/LV windings and the flux diverters. A practical design needs to take into
account electrical insulation: the flux diverters and the outer ends of the windings can both be earthed.
The inner ends of the top and bottom windings will then be at rated AC voltage, making it problematic
to position flux diverters here. In any case, they are not so beneficial between the windings because the

radial field component is partially cancelled due to the proximity of the top and bottom windings.
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>
Fig. 11. Schematic of dimensions for flux diverters at end part of windings. For a better vision, the figure was not drawn to

scale. (only quarter model)

Table 4. Dimensions of flux diverters

Symbol | FD1 | FD2 | FD3 | FD4 | FD5 | FD6 | FD7
We (mm) 1 | 5 | 8 | 8| 8 |8 8

g (mm) 05 | 05 | 05| 05| 05| 05 | 05

Wep, vv(mm) | 6.2 | 14.2 | 202 | 20.2 | 202 | 202 | 20.2

Hro, mv(mm) | 6.2 | 6.2 | 6.2 | 202 | 202 | 202 | 20.2

Wep,ov(mm) | 3.8 | 11.8 | 17.8 | 178 | 17.8 | 17.8 | 178

Hro, v(mm) | 3.8 | 38 | 3.8 | 178 | 17.8 | 17.8 | 178

Hr 100 | 100 | 100 | 50 | 100 | 150 | w(B)
200 | |
L ~— Ur(H) i
150 |- -
= =150 L
5 s
E 100
[)]
n- j/ l'\_\
g 50 | —~ S -
s /"// T \\\
E Lir = 50 -
0 \ | s |
-0.08 -0.05 0.00 0.05 0.08

Applied magnetic field, B, (T)

Fig. 12. Comparison of constant relative magnetic permeability, pr and field-dependent relative magnetic permeability
BZ

characteristic, ur(B) of FD7. Here, ur(B) curve could be fitted as y,, = 25 + 160e™ 0.000578 .

Seven flux diverters listed in Table 4 were designed to explore their influence on AC loss. FD1,
FD2, and FD3 have different W, values ranging from 1 mm to 8 mm with a constant . value of 100.
FD4, FD5, and FD6 have different constant p, values varying between 50 and 150 with fixed flux
diverters dimensions. FD7 has field-dependent p.(B) using data for sintered NiFe alloy material with a

saturation flux density of 1.5 T [36]. Fig. 12 summarizes |, values used in this study.
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Fig. 13 shows the AC loss results as a function of W, in L1_43% transformers using FD1, FD2, and
FD3. AC loss in the transformers is significantly decreased using flux diverters: all AC loss in the
transformer is substantially decreased. This implies that the flux diverter geometry and positioning plays
an important role in AC loss reduction. With FD3, the AC loss in the L1_43% transformer becomes
slightly less than the 2 kW AC loss target for this project.

s 5 o | Lo

= Without flux diverter

n 4 =

e
£35 | FD1 .
@ £ i
8% 3 FD2 |
0o | FD3 i
2B o

S 2 7

[2)

E wr =100 -

= 1 1 | | | I | |

0 2 4 6 8 10
W, (mm)

Fig. 13. AC loss in transformer windings with flux diverters installed at the end of windings plotted as a function of We.

(b) B,in LV

N

No FD FD1 FD2 FD3

Fig. 14. Distribution of Br and magnetic flux in 6.5 MVA transformer designed with different flux diverters (a) HV winding
(b) LV winding. Disc in (b) means Roebel disc.

Figs. 14(a) and 13(b) show the B distribution and magnetic stream lines around the top discs of the
HV and LV windings of the transformers with and without flux diverters. Both the
amplitude of Br and the area filled with large B are the larger in the transformer windings without flux
diverters compared with those with flux diverters. Furthermore, the magnetic field is more

perpendicular in the discs in the transformer windings without flux diverters. With increasing We,
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magnetic field around the discs becomes more axial (parallel) and the area filled with high amplitude
Br decreases. On the other hand, we can see more concentration of magnetic field inside the flux

diverters with increasing We.

4 | |

Without flux diverter W = 8 mm

Hr =50 Ur =100 Hr =150 ‘Ur(H)

oF % 5

1 | | | |
FD4 FD5 FD6 FD7

AC loss in
transformer windings (kW)

Fig. 15. Comparison of AC loss in transformer windings when installed with flux diverters with different relative
permeability.

In Fig. 15, AC loss values for L1_43% transformers using flux diverters with various i values at
rated current are compared. The difference in the AC loss values using the flux diverters is negligible
which shows that the AC loss in the transformers is not sensitive to p values. It is worth noting that
that flux diverters have their own hysteresis and eddy current loss. More work needs to be done to find
more efficient shapes for the flux diverters to optimize the trade-off between AC loss reduction and

hysteretic and eddy current loss in the diverters.

4. Concept design of cooling system

The basic specification for the cooling system is for 2.5 kW of cooling power at 65 — 67 K (2.0 kW
of AC loss and 0.5 kW current lead and cryostat heat leak). Our plan is to have two epoxy fiber glass
composite cryostats, one for each pair of windings units on each leg of the transformer core.
Construction of a single cryostat to cool both legs of the transformer might be more thermally efficient
but is seen as a high-risk technical challenge.

A fundamental decision for cooling system design is the choice between a closed-loop cooling
system using an on-board cryocooler and an open-loop system using pumped cooling from an on-board
liquid nitrogen storage tank. The closed-loop system is seen as attractive because it would avoid the
need for liquid nitrogen filling facilities at rail terminuses. On the other hand, cryocoolers with the
required cooling power are expensive and require more maintenance compared to a storage vessel and
vacuum pumps. In any case, there are at present no suitable cryocoolers commercially available that
can fit in the limited vertical space available, so the choice has been made to use an open-loop system.
In terms of cooling power and operating temperature the requirements for the traction transformer are

similar to those for the Ampacity cable cooling system [39]. That system included a sub-cooler and
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liquid nitrogen circulation pump. For the traction transformer, we need to cool a compact winding rather
than a long cable. We can therefore avoid the weight and complexity of a separate sub-cooler and
circulation pumps by bringing the sub-cooler inside the cryostat as shown in Fig. 16, as was done for a
recent fault current limiting transformer demonstration [40]. Natural convection is used to transfer heat

from the windings to the sub-cooler/heat exchanger.

HTS winding Cryostat
P

===<> Vacuum pump
§ Subcooler
e

Fig. 16. Schematic of proposed open-loop cooling system using a subcooler / heat exchanger immersed in the sub-cooled

liquid nitrogen in each cryostat.

5. Estimation of total weight and system component arrangement

The target weight for the HTS transformer system is 3 tons, about half the weight of the conventional
transformer system. The system weight is the sum of a fixed component for the transformer and
cryostats, a second component that depends on the cooling power required, and a third component that
depends on the product of cooling power and running time, i.e. the amount of stored liquid nitrogen to

be carried on-board.

AM. AM
Mot = Mfixed + Pcooling ( i;mps + tryn(1+ ) ﬁ) 9)

The pump mass dependence on cooling power (AM pumps)/AP is estimated to be 92 kg/kW based on

specifications for suitable claw pumps. Assuming storage dewar pressure of 3 bars, the rate of liquid
nitrogen consumption per unit cooling power at 65 K (AM (n2)/APAt is estimated to be 20.5 kg/kWh
from standard specific entropy values. The running time of the transformer cooling system is t run,
assumed to be in the range 4 to 8 hours. The ratio of the mass of the empty storage vessel to that of its
contents is given by a and can be estimated from M gewar = 400V?3, consistent with manufacturers’
specifications, where the liquid nitrogen volume V is in m?, and mass in kg.

Table 5 lists the details of the iron core design for the HTS traction transformer. Table 6 shows an
estimate of the weight of the system and its component parts for required cooling power of 2.5 and 5
kW and for running times of 5 and 8 hours. At 2.5 kW cooling power the total system weighs under
3000 kg even for 8 hours running time. At 5 kW cooling power the weight exceeds the target even for
the shorter running time. At 8 hours running time the 5 kW system is almost 800 kg heavier than the
system with 2.5 kW cooling power. These estimates underline the importance of minimizing AC loss

to keep within system weight constraints. If we assume a cooling penalty of 12.65 kW input power per
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kW of cooling calculated [34] for liquid nitrogen supplied by a large air separation unit, including
energy expended in transport, we estimate the efficiency of the traction transformer to be 99.5%. If we
assume an efficient on-board cryocooler with cooling penalty of 16 (Stirling Cryogenics SPC-4), the

efficiency of the transformer will be somewhat lower at 99.3%.

Table 5. Iro core dimension

Core extension length (mm) 1720
Core diameter (mm) 225

Core arms center-to-center (mm) | 516
Core window height (mm) 1270
Core window width (mm) 291
Core extension width (mm) 741

Table 6. Estimation of system weight

Running time (hours) 5 5 8 8
Cooling power (kW) 25 5 25 5
LN storage vessel (kg) | 186 | 296 | 255 | 404
LN in storage (kg) 256 | 513 | 410 | 820
Pumps (kg) 230 | 460 | 230 | 460
Cryostats (kg) 171 | 171 | 171 | 171
LN in cryostats (kg) 452 | 452 | 452 | 452
Wire, formers, etc (kg) | 96 96 96 96
Core (kg) 1223 | 1223 | 1223 | 1223
Total for system (kg) | 2622 | 3220 | 2847 | 3639

Fig. 17 shows a possible arrangement of system components in the 4.036 m x 2.4 m x 0.735 m
space for conventional traction transformers. If we constrain core length to 1.8 m, cryostat height to
0.7 m, cryostat length to 1.2 m, cryostat width to 1.4 m, and pump length to 1.0 m, it is possible to

arrange all the transformer components in the available space.

2.4m

Fig. 17. Suggested arrangement of transformer components in the 4.036 m x 2.4 m x 0.735 m standard transformer space.
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6. Conclusions

An HTS traction transformer project for Chinese Fuxing high-speed trains has been running since
2018. Our target within this project is to develop a low fire-hazard HTS transformer with 99%
efficiency, less than 3 tons system weight, and 43% short-circuit impedance.

AC loss in HTS traction transformer windings decreases with increasing the winding length of a
winding unit.

AC loss in transformer windings depends strongly on the critical current in perpendicular magnetic
field, while depends less on self-field critical current values.

Flux diverters arranged in the end of the HTS windings substantially reduce perpendicular
magnetic field component in the end windings, and significantly reduce AC loss values in HTS traction
transformers.

With the combination of 1 m transformer winding length, high performance Fujikura wires, and
flux diverters arranged at the outer end of HV and LV windings, we could restrain AC loss in the HTS
windings within 2 kW.

An open-loop cooling system design with sub-cooler integrated within the transformer cryostats
can achieve total system weight within 3 tons assuming 2.5 kW total heat load for HTS windings and 8
hours of continuous running time.

An efficiency of 99.5% can be achieved assuming a total heat load of 2.5 kW and using the cooling
penalty for liquid nitrogen supplied from a large air separation unit. All transformer system components
can be integrated in the standard space for conventional transformers in Chinese Fuxing high-speed
trains.

In comparison to the Japanese 4 MVA HTS traction transformer having too great AC loss and
hence too heavy cooling system and the Siemens 1 MVA traction transformer which failed to
demonstrate integrated cooling system in the traction transformer space. Our 6.5 MVA transformer
design shows significant advantages in system weight, efficiency, and system integration for the
allocated space for traditional transformers. Our work for first time showed the feasibility of HTS

technology and potential in rapidly expanding Chinese high-speed Fuxing train system.
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Appendix: Main specifications of the Fuxing train traction transformer

Table A lists the main speficiations of the conventional traction transformer.
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Table A. Main specifications of the Fuxing train traction transformer

HV winding | LV winding
Frequency (Hz) 50
Rated capacity (kKVA) 6433 4 x 1608
Rated voltage (V) 25000 4 x 1900
Rated current (A) 257 4 x 846
Short circuit impedance (%) 43
Efficiency (%) 95
Weight (kg) 5920
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