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Thermal problems in HTS transformer due to inrush current

Abstract. With switching on a superconducting transformer to the energetic network, a unidirectional current of high amplitude may appear. Maximal
values of the current impulses following shortly one after the other may be several times higher than the critical current values for the superconductor
used for making the transformer's windings. Because of the resistive area propagation overheating of the superconducting tape occurs and that
might lead to switching the transformer off working. In the present article the results for transformer HTS of 10 kVA power were presented.

Streszczenie. Wigczeniu transformatora nadprzewodnikowego do sieci energetycznej moze towarzyszyc¢ prad jednokierunkowy o duzej amplitudzie.
Wartosci maksymalne nastepujgcych krotko po sobie impulséw prgdu mogg przekracza¢ wielokrotnie prad krytyczny nadprzewodnika, z ktérego
wykonano uzwojenia transformatora. W skutek propagacji strefy rezystywnej dochodzi do przegrzania tasmy nadprzewodzacej, co moze skutkowacé
wytgczeniem transformatora z eksploatacji. W artykule przedstawiono wyniki badan transformatora HTS o mocy 10 kVA. (Problemy cieplne w

transformatorze HTS spowodowane przepfywem pradu wigczania)
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Introduction

In certain conditions, with switching the transformer onto
the energetic network a high value unidirectional current will
flow in the windings [1]. Its first impulse may be 40 times
higher than the transformer's rated current. The following
impulses are attenuated by the transformer's windings
resistance and the powering circuit's resistance [2].
Depending on the transformer's power, this current's
duration may be equal to from several to more than ten
thousand periods of the feeding voltage.

Inrush current, in the transformer's power circuit, causes
a series of disadvantageous phenomena [3]. In
superconducting transformers (HTS) the flow of this current
may cause loss of the superconductive windings state as a
result of exceeding critical superconductor values: density
of the current, field intensity, temperature.

Due to the heterogeneous structure of the
superconductor, the weakest area in the windings becomes
the origin of resistive area. In the place of that area's
occurring, the inrush current flows through the stabilizer
generating heat by power losses on its resistance,
according to the Jouel's law. The resistive area propagation
onto neighboring regions of the superconductor depends on
the heat spread speed in the tape, cooling system efficiency
and the inrush current wave's shape.

The windings overheating threatens with the
superconductor's failure and the transformer's switching off
of working [4][5]. Continuing degradation of a second
generation superconductor is observed at the temperature
of over 600K. Keeping windings at cryogenic temperature is
one of the most complex issues in the HTS transformers
exploitation [6][7].

Object of research

The trials were executed on a one phase HTS
transformer of 10kVA power. The core was done as wound
and cut with metal sheet PN ET52-27 of induction B=1.75 T
with H=10 A/cm and loss of P=0.8 W/kg at B=1T and f=50
Hz. The transformer's primary and secondary voltage
windings were made of superconducting tape Super Power
SCS4050 (RE)BCO of effective value of critical current of
80 A in temperature of 77K in self field. The tape's bulk was
0.1 mm, the width 4 mm. The windings were isolated by
wrapping the superconducting tape with kapton. The
windings geometry was shown in the Figure 1. The
transformer's windings are being cooled by liquid nitrogen to
reach the temperature of 77K. The transformer's core works

at room temperature. The rated parameters were given in
the Table 1.
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Fig. 1. The geometry of superconducting transformer
Table 1. The rating of the transformer
Power 10 kVA
Frequency 50 Hz
Voltage HV/LV 230 V/115V
Current HV/LV 44 A/88 A
Induction 16T
No load current 3.1A
Short-circuit voltage 0.9%

Measurement

Measurements were taken in the system presented in
Figure 2. The current's flow was registered indirectly, by
measuring the voltage drop on the shunt 60A, 60mV and
exactness class 0.5. The data acquisition was realized with
measuring card  National Instruments USB-6212 , using
application written at LabVIEW. Switching the transformer
on was done with a thyristor system switching the
transformer on at the moment of passing of the power
network's voltage the zero value.
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Fig. 2. The measuring system
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ig. 3. The inrush current of HTS transformer

©ozoo

fo, Iz Is
178 o
{'\ fo=dms Lg=3ms f[3=13ms
150 L
/ ' \L Em=Tms [pn=2Tms
126
100 I’
B
= I, =304
75

a0 I 1 rl

I
!
Tp=ddk i

25

[
—

-5

\ A 2
Y RN N

ks

Fig. 4. The initial pulses of inrush current

In Figure 3 we presented registered inrush current flows
i(t) and voltage u,,(t) measured at the HTS transformer's
primary windings. Since the transformer's switching on, the
voltage changes sinusoidally. The highest measured peak
value of the TrHTS transformer's inrush current is 178 A.

Table 2. The parameters inrush currents

The maximum inrush current 178 A
The decay time 350 ms
The decay time to the critical current value of 9
7ms

80 A
The decay time to the critical current value of

67 ms
44 A
Attenuates unidirectional current after 180 ms 14.2 times
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HTS transformers inrush current decay time is longer as
compared with transformers with copper windings [8][9].
The examined transformer's registered unidirectional
current decay time was 350 ms.

The sufficient condition of going of the superconducting
tape into resistive state is exceeding the value of
superconductor's critical current. Exceeding critical current
value of tape SCS 4050 (1.=80 A) occurs after t,=4 ms (Fig.
4) as measured since switching the transformer onto the
power network. The time t, in which the exceeding occurs is
5 ms. In this period it is expected that the tape loses its
superconductive properties and its temperature grows.

The circuit with HTS transformer showed rapid
attenuation of unidirectional impulses down to current
values lower than the superconductor's critical current. The
first impulse's amplitude exceeds the critical current (80 A)
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of the superconducting tape SCS4050 (Fig. 4) by 98 A and
the transformer's rated current (44 A) by 134 A. The second
impulse coming after 0.02 s is comparable to the critical
current value (80 A) and the peak value of the third impulse
(50 A) (after 0.04 s) is by 30 A lower than the tape's critical
current value.

Endurance of the SCS4050 tape for thermal failure
depends on distribution of the current's density in each layer
at resistive condition. The construction of the tape are
shown in Table 3.

Table 3. Layer structure of tape SCS4050

Layer Material Thickness
1 Copper 20 pum
2 Silver 2 um
3 (RE)BCO 1 um
4 The Buffer layer 1 um
5 Hastelloy C-276 50 um
6 Silver 1,8 um
7 Copper 20 um

Based on the resistivity of the individual materials, you
can calculate the percentage of the current dispersed into
individual layers. Assuming the materials are homogeneous
the tape's structure was pictured by parallel connections
between resistances representing each layer (Fig. 5) [10].
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Fig. 5. Equivalent circuit of SCS4050 tape

In the superconducting state all the current flows
through superconductor. Calculations show, that in resistive
state of the SCS4050 tape, at temperature of 77K, 89% of
current flows through Cu layer, 9.4% through the Ag layer
and 1.5% through the Hastelloy layer. With temperature
growth, the resistance of layers materials changes. In
addition, the reflow of current changes. At 293K we get
88.7%, 9.5%, 1.5% respectively.

The main conductor at the resistive state is copper. At
moment t, (Fig. 4) when the inrush current reaches its
maximal value, a current of 158 A flows through the copper
layer and that gives the momentary current density of 987
A/mm2 (Tab. 4). This value is 318 times higher than the
maximal acceptable value of current density for copper in
the air (3.1 A/mm?. A higher momentary density is
observed for the silver layer. At moment t,, it is 1112 Almm?.

Return of the HTS transformer's winding to its
superconducting state happens when three conditions
occur simultaneously: (1) intensity of the outer magnetic
field is lower than its critical value; (2) the inrush current
maximal value is lower than the critical value; (3)
superconductor's temperature is lower than the critical
temperature.

The first condition, because of great critical values of the
2G superconductors' field intensity, is met for the entire
inrush current lasting time. The second condition is met for

the time t,=18 ms (Fig. 4) between consequent impulses of
the unidirectional component. By this time the cooling
process of the superconductor to cryogenic temperature
takes place. If the third condition is met depends on the
cooling system efficiency in tome t,. The cooling intensity
strongly depends on temperatures difference between liquid
nitrogen and the cooled surface. In case of the smallest
heat currents and the smallest temperatures differences the
heat is transferred due to natural convection. With raise in
superconducting tape's temperature vacuolar boiling of the
cryogenic liquid occurs until in the peripheral layer the gas
form of nitrogen appears. This worsens conditions for
transformer's windings cooling and lowers isolation
durability against breakthrough.

Table 4. The instantaneous current density in layers for time fty
resistive superconducting state)

T Cu Ag C-276 (RE)BCO
77K | 990 A/mm? | 1100 A/mm? | 13 Almm? | 44 A/mm?
293K | 986 Amm? | 1112 Almm? | 13 A/mm? | 135 A/mm?

The third condition is hard to measure by simply
measuring the temperature. The tape's temperature can be
estimated by electrical rates measuring. The medial
resistivity of the SCS4050 tape in normal state is
interesting, estimated for different temperatures. It can be
calculated from the equation:

where: p, S; — resistivity and cross sectional area of the i-th
material of the superconducting tape, S — total cross-
sectional area of the superconducting tape. Knowing the
characteristic  p=f(T) the superconducting tape's
temperature can be established by measuring electrical
rates.

The medial resistivity of the SCS4050 tape at 77K,
calculated from the (2) equation is:

3) Pecs (17K)=0,43-10 Om

The resistivity at 293K known from the direct

measurements is:
4) Pocs (293K) =4,44-10"° Qm

That gives the conclusion, that change in SCS4050
tape's temperature by 216K, results in more than 10 times'
raise in medial resistivity. During lasting of inrush current
that kind of raise in resistance have not been noted along
the whole of the winding (55 cm). Because the current at
time t, exceeds critical current it can be expected, that a
hard to spot, local loss of superconductivity occurs.

The examined HTS transformer went through numerous
switching on trials. Despite exceeding the critical value by
inrush current and a great exceed in acceptable current
density for the copper stabilizer no failure of the SCS 4050
tape have been noted.

Conclusions

The methods in designing conventional transformers,
with copper or aluminum windings, do not take into account
the inrush current phenomenon. This experiment showed
that the phenomenon may cause problems in switching on
the superconducting transformer. The single unidirectional
current impulse of great momentary density observed
during switching on a transformer HTS of 10 kVA power,
exceeding critical current, may lead to thermal damage in
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superconducting windings. The experiment showed, that it
is difficult to establish the maximal temperature value and
spot its appearing in the windings.

The loss of HTS transformer's superconducting state
(with raise in windings temperature in safe limits) may limit
negative impact of inrush current. Raise in circuit resistance
due to raise in windings resistance lowers the inrush
current's amplitude and its duration [11][12].

HTS transformers should be designed in the way that
they stans certain inrush current for a certain period of time
without exceeding the acceptable temperature for the
transformer's superconducting windings. There are no
respective norms for the time being.

The research was conducted in scope of the project
"Analysis of inrush current phenomenon and the
phenomena related in superconducting transformers”. The
project was financed with means of National Science
Center given  with  the  decision  no. DEC-
2012/05/D/ST8/02384

The superconducting transformer was constructed in
scope of research project no: N510526439, "Elaborating
the model design for 1-phase superconducting transformer
with windings made of HTS tape of 2nd generation".
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