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Transformers represent one of the oldest and most mature elements in a power transmission and distribution
network. The new superconducting transformers are smaller and lighter than conventional ones and they have lower
power losses, too. Also, the new 2G superconducting tapes with high resistivity in the normal state allow to build
transformers with high short-circuit strength. The short-circuit current limiting feature of the superconducting
transformer, which is the most important benefit of replacing conventional windings by superconducting ones,
provides protection and significantly reduces the wear and tear of circuit breakers and other substation power
equipment. This paper describes the design and experimental investigations results of a model of a 1-phase,
8.8 kVA superconducting transformer with windings made of 2G HTS tape. A special regard is given to the ability
of the device’s superconducting winding to limit the short-circuit current, in particular its equivalent resistance in
normal state at a temperature of 77 K (i.e. resistance of the resistive layers of the HTS tape just after transition
to the non-superconducting state).
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1. Introduction

Due to its construction conventional transformers are
particularly exposed to the dynamic and thermal effects
of short-circuit currents [1]. The first peak of short-
circuit current, called surge current (cig. 1), causes the
dynamic forces that could destroy the transformer wind-
ing during the first 5 ms of short-circuit duration (cig. 2).
On the other hand, long-term flow of the steady-state
short-circuit current through the winding can cause over-
heating of the windings (cig. 1). So it is important to
limit surge current in less than 5 ms. Against thermal
failure protects well know protection equipments. But
this is not possible to limit the first peak of surge current
with conventional current limiters.

Fig. 1. Wave forms of transformers short-circuit cur-
rents.
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Fig. 2. Dynamic effects of short-circuit current [1].

2. Superconducting transformers

The resistance of superconducting transformers to
short-circuit, which is the result of the fault current self-
limitation effect of superconducting windings, is the most
important benefit of replacing the conventional wind-
ings with the superconducting ones [2–4]. After tran-
sition of the superconducting transformer to the resistive
state, the increase of the total winding resistance, which
depends on the resistivity of the used superconducting
tape, causes, compared to its impedance in the super-
conducting state, a few to several hundred fold increase
in the impedance of the transformer (cig. 3). A properly
designed and built superconducting transformer reduces
first peak of short-circuit current — surge current, in
time lower that 5 ms thus secures the transformer from
dynamic and thermal failure [3]. Also a low short-circuit
voltage causes the voltage fluctuation at changes of power
network load to be smaller.
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Fig. 3. Limitation of short-circuit current.

3. 2G HTS tapes for transformers windings

In the layer structure of the 2G tape where the super-
conductor layer is approximately 1% of the total thick-
ness of the tape, it is possible to modify the tape struc-
ture in order to obtain the required technical and op-
erating parameters for the HTS transformer [3]. This
ensures a reliable and repeatable reduction of the fault
current in the power grid by a 2G HTS transformer. Ta-
ble I presents a comparison of 2G tapes made by two
different manufacturers: American Superconductor and
SuperPower Inc.

TABLE I

Parameters of 2G HTS tapes [5].

Parameter 344C 344S Sc12050 SCS12050 SCS4050
width/thickness
(average), [mm]

4.4/0.2 4.33/0.29 12/0.055 12/0.095 4/0.095

critical current
Ic (average), [A]

60÷90 70÷90 200÷300 250 90

critical current
density Jc, [ A

mm2 ]
102 136 454 220 230

tape equivalent
resistance R′ [ Ω

m
]

0.0033 0.255 0.105 0.0036 0.0108

The resistance of 2G HTS tape in the normal state is
equal to the equivalent resistance of connected in parallel
resistances of the layers (substrate and stabilizers) of the
tape, and these depend on the resistivity of the layers
materials, their thickness and the percentage in the entire
cross-section of the tape [3].

4. Design of the HTS transformer

In Laboratory of Superconducting Technologies in
Lublin there was designed and built the single-phase
model of a 8.8 kVA HTS transformer [6], presented in
cig. 4. This transformer consists of three windings: two

Fig. 4. Model of a single-phase 8.8 kVA HTS trans-
former.

Fig. 5. Windings of the HTS transformer and their
configuration.

TABLE II

Specification of the model of HTS transformer

Electrical parameters

frequency 50 Hz
voltage: primary/secondary 220/110 V

rated current of primary/secondary winding 40/80 A
turn ratio 2

Magnetic core dimensions

iron core limb cross section, [m2] 0.0049
iron core yoke cross section, [m2] 0.0049

height/length of iron core window, [m] 0.23/0.07
rated magnetic induction B, [T] 1.53

Windings dimensions [m]

δ = 0.01 δ = 0.001

a1, 0.001 0.001
a2, 0.001 0.001
b1, 0.0765 0.0675
b2, 0.0655 0.0655
r1, 0.0775 0.0685
r2, 0.0665 0.0665
Lw, 0.132 0.132
Dav, 0.142 0.132

layers mprim/msec 4/2 4/2
length of HTS tapes, HV/LV, 64/27 57/27



518 G. Wojtasiewicz

HV (high voltage) windings and one LV (low voltage)
winding (cig. 5).

One of the HV windings is wound directly on the LV
winding while the other one is wound on a separate bob-
bin. In this way, we can determine the impact of the
winding’s air gap δ on the performance of the HTS trans-
former and its short-circuit current limiting features, as
the values of short-circuit reactance XF depend on the
value of δ. All the windings are placed in a non-metallic
cryostat with liquid nitrogen, while the iron core is situ-
ated at a room temperature. Table II presents the speci-
fications of the HTS transformer with two air gap width
values.

All the superconducting windings are made of Super-
Power SCS4050 tape with critical current Ic = 115 A.
The rated currents of transformers windings (Table II)
are lower that Ic rms = 82 A. The equivalent resistance
of the SCS4050 tape is about 0.0108 Ωm.

The calculated values of the primary and the secondary
windings resistance, for δ = 0.01 m, are given in Table III.
The values of the short-circuit impedance and the short-
circuit voltage for δ = 0.01 m are presented in Table IV.

TABLE III

Calculated total windings resis-
tance [Ω] (77 K, δ = 0.01 m)

HV winding 0.702
LV winding 0.300

TABLE IV

Short-circuit impedance and short-circuit voltage of the
transformer model (δ = 0.01 m).

HV winding Xf [Ω] Rf [Ω] Zf [Ω] u [%]
I 0.250 0.00 0.250 4.54
II 0.250 1.90 1.910 34.8

TABLE V

Surge current and steady-state short-circuit current
(δ = 0.01 m).

HV winding u [%] Ifmax [A] If , [A] If/I1n

I 4.54 1246 881 22
II 34.8 163 115 2.9

cor the superconducting transformers, these values are
given in the superconducting (I) and the normal (II)
state. In the superconducting state the short-circuit
impedance, and thus the short-circuit voltage, depends
only on the value of the short-circuit reactance. Ta-
ble V presents the values of the limited surge current
and steady-state short-circuit current for the transformer
windings with δ = 0.01 m.

When the fault current exceeds the value of the criti-
cal current of the tape and there is no transition to the
normal state, the short-circuit currents would reach the
value limited only by the short-circuit impedance of the

superconducting windings in the superconducting state
— I.

In fact, the transition of the superconducting windings
to the normal state increases their resistance which limits
the short-circuit currents to the value resulting from the
short-circuit impedance of the superconducting windings
in the normal state — II.

5. Experimental examination

Experimental studies included the determination of
short-circuit characteristics and short-circuit tests, us-
ing the parameters of the HTS tape, in order to verify
the ability of the superconducting winding to limit the
short-circuit current [6, 7]. The examinations were car-
ried out for a HTS transformer with two values of air
gap width, compared with a conventional (copper) trans-
former of the same nominal power. The core dimension,
air gap width δ, winding height Lw, as well as the num-
ber of turns of HV and LV windings are the same in both
transformers. The values of short-circuit reactance, Xf ,
short-circuit voltage, u%, and steady-state fault current
If of the Cu transformer are: 0.45 Ω, 8.5% and 833 A, re-
spectively. Short-circuit characteristics and short circuit
tests were carried out in an experimental setup presented
in cig. 6.

Fig. 6. Experimental setup for the transformer short-
circuit tests.

The primary winding is supplied with a voltage reg-
ulator coupled with the power source via a separating
transformer. Loaded secondary winding is shorted by a
short-circuit system. The shunt resistor is 1 mV/1 A. All
the measurements are realized with a PC DAQ Card and
the LabView Software. The short-circuit characteristic
presented in cig. 7 was determined for a current range up
to the rated current of the primary winding, for shorted
secondary winding (S1 and S2 closed).

cor the rated current of 40 A, the values of the short-
circuit voltage u% of HTS transformer, with two values
of δ, as well as Cu transformer correspond very well to
the values provided by theoretical calculations using the
winding dimensions. Values of short-circuit reactance
Xfcorresponding to the measured values of u% are: 0.28,
0.06, and 0.47 Ω, respectively.

At the same heights of the windings and the same
widths of the air gap, both short-circuit impedance and
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Fig. 7. Short-circuit characteristic (primary winding
supplied).

short-circuit voltage are higher in the Cu transformer
than in the HTS transformer during the superconduct-
ing state. In this case, this difference is approximately
56% and it is caused only by the difference in the thick-
ness of Cu and HTS windings because the impact of the
Cu transformer windings resistance on the value of short-
circuit impedance is small and in the case of the HTS
transformer windings it does not occur.

The difference in short-circuit voltage between the
HTS transformers with two values of δ arises from fact
that the leakage inductance of the windings with δ =
0.001 m is much lower than that inductance of winding
with δ = 0.01 m.

Short-circuit tests were carried out in an experimental
setup loaded and shorted by a short-circuit system (S1

— closed, S2 — open). The short-circuit test results are
represented by the wave forms in cig. 8 for the windings
with δ = 0.01 m. The short-circuit duration was 0.05 s.
Since the HTS transformer limits the fault current as a
result of an increase of the HTS windings resistance, the
short-circuit reactance of the transformer can be small.
However, it is impossible to completely eliminate the
short circuit reactance because there will always be an
air-gap between the windings, so there will be a leakage
inductance. Still, the contribution of short-circuit reac-
tance to the limitation of the fault current, especially
of its first peak, is significant because the steepness of
the fault current ramp in the first quarter of its period
is much greater than that resulting from the sinusoidal
wave of the rated current. Fault current limitation (in-
crease of short-circuit reactance) occurs even before the
fault current reaches the critical current of HTS winding,
thus the limitation is more effective.

cigure 9 shows the increase in resistance of the pri-
mary and the secondary windings after a short-circuit.
The values of the resistances at the first peak of the
short-circuit current reached the values given in Table III.
During the short-circuit duration, the resistance of the
secondary (LV) winding reaches a value of 0.41 Ω, while
the resistance of the primary winding (HV) sharply de-
creases. This indicates that the primary external wind-
ing will return to the superconductive state faster since
it is cooled more effectively than the secondary internal

Fig. 8. Wave forms of primary voltage and current —
δ = 0.01 m.

winding, as evidenced from the temperature distribution
in both windings shown in cig. 10.

Fig. 9. Resistance of HTS transformer windings during
short-circuit duration.

Fig. 10. Temperature distribution of HTS transformer
windings during the short-circuit duration.

6. Conclusions

Using the new 2G HTS tapes with proper values of re-
sistivity in the resistive state at a temperature of 77 K,
it is possible to build short-circuit resistance HTS trans-
formers with small value of short-circuit voltage u% since
the increase of short-circuit impedance Zf in the resis-
tive state is sufficient to limit the fault current. After
the transition of the superconducting windings to the re-
sistive state, the occurrence of the windings resistance
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causes a significant increase in the impedance of the
transformer compared to its impedance in the supercon-
ducting state. The SCS4050 2G tape is suitable for this
task. The contribution of short-circuit reactance to the
limitation of the fault current, especially of its first peak,
is significant because the steepness of the fault current
ramp in the first quarter of its period is much greater
than that resulting from the sinusoidal wave of the rated
current.

References

[1] J. Kapinos, Zeszyty Problemowe — Maszyny Elek-
tryczne 88, 201 (2010) (in Polish).

[2] H. Yamaguchi, T. Kataoka, IEEE Trans. Appl. Su-
percond. 18, 668 (2008).

[3] T. Janowski, G. Wojtasiewicz, IEEE Trans. Appl.
Supercond. 22, 5500804 (2012).

[4] M.A.A. Rahman, T.T. Lie, K. Prasad, IEEE Conf.
Publ. 54, 6145066 (2011).

[5] Technical data from: SuperPower Inc and American
Superconductor web sites.

[6] G. Wojtasiewicz, T. Janowski, S. Kozak, J. Kozak,
M. Majka, B. Kondratowicz-Kucewicz, IEEE Trans.
Appl. Supercond. 23, 5500505 (2013).

[7] A. Berger, M. Noe, A. Kudymow, IEEE Trans. Appl.
Supercond. 21, 1384 (2011).

http://www.komel.katowice.pl/ZRODLA/FULL/88/ref_36.pdf
http://www.komel.katowice.pl/ZRODLA/FULL/88/ref_36.pdf
http://dx.doi.org/10.1109/TASC.2008.921258
http://dx.doi.org/10.1109/TASC.2008.921258
http://dx.doi.org/10.1109/TASC.2011.2174570
http://dx.doi.org/10.1109/TASC.2011.2174570
http://dx.doi.org/10.1109/ASEMD.2011.6145066
http://dx.doi.org/10.1109/ASEMD.2011.6145066
http://superpower-inc.com
http://amsc.com/
http://amsc.com/
http://dx.doi.org/10.1109/TASC.2012.2234315
http://dx.doi.org/10.1109/TASC.2012.2234315
http://dx.doi.org/10.1109/TASC.2010.2088098
http://dx.doi.org/10.1109/TASC.2010.2088098

