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Abstract. During the past decade, a number of high temperature superconducting (HTS) transformer prototypes have 
been designed, and the majority of them are full-core transformers and air-core transformers. However, in this study, 
we proposed a new type of HTS transformer, where the iron core is different in that the limbs and connecting yokes 
are absent. To investigate the performance of this type of HTS transformer, we design and fabricate a single-phase 
HTS partial core transformer prototype using the secondary generation (2G) HTS GdBCO wires. The iron core is at 
room temperature, and the windings are immersed in liquid Nitrogen. The structures of primary and secondary 
windings are three layers connected in series and nine double pancakes connected in parallel, respectively. 
Fundamental characteristics are obtained by standard short-circuit, no-load and load tests in liquid Nitrogen 
temperature of 77 K. In addition, an equivalent circuit of the HTS transformer is proposed to analyze the 
characteristic of the transformer. The calculated values based on the equivalent circuit are consistent with that of 
experiment. The detailed results about the design of the HTS partial-core transformer, the experiment, and the 
equivalent circuit are presented and discussed in this study. 

1 Introduction 

With the development of production technology of high 
temperature superconducting (HTS) tapes, HTS 
techniques have been applied to build electric power 
devices. As an important part of these devices, HTS 
transformer is expected to be one of the most promising 
application. It has several advantages, such as lower 
weight, smaller volume, higher efficiency and no fire risk. 
In [1], the HTS transformer fabricated by the authors has 
high efficiency of 99.4% at rating power 1 MVA and 
high performances for over-current of short circuit and 
lighting impulse voltage. However, the problem of high 
current, AC loss and the ability of superconductor limit 
its practical application and reduce its lifetime. 

During the past decades, a number of HTS 
transformers have been designed [2]-[9]. There are three 
types of HTS transformers using different structures, full-
core, air-core and partial-core transformers are included. 
Most of the fabricated HTS transformers are full-core 
transformers, and it is a typical and practical structure. 
HTS air-core transformer has several disadvantages due 
to its air magnetic circuit, and a large amount of wires are 
needed to generate the proper magnetization current, 
which is not economical and has negative influence on its 
AC loss. 

In the paper, we proposed a new type of HTS 
transformer, where the iron core is different in that the 
limbs and connecting yokes are absent. Details of the 
design of the HTS partial-core transformer including 
winding, core and Dewar are given. The results of the 
experiment and fundamental characteristics are also 
presented in the paper. In addition, an equivalent circuit 
of the HTS transformer is proposed to analyze the 
characteristic of the transformer. 

2 Transformer design 

The design of the HTS transformer includes its winding 
design, core design, Dewar design and assembly design. 
All the design involved computer modeling and empirical 
experimentation. Finite element simulation was used in 
the computer modeling.  

2.1 Winding design 

The HTS transformer was designed with two different 
kinds of windings using secondary generation (2G) HTS 
GdBCO wires. The primary windings are three layers 
connected in series, while the secondary windings are 
nine double pancakes connected in parallel, as shown in 
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Fig.1. 

 

Figure 1. Cross-section view of partial-core transformer. 

Fig.2 shows the photographs of primary windings and 
the double pancakes. The critical current of the wire is 
150 A at 77K in a self field. However, the alternating 
magnetic fields present in the transformer resulted in a 
reduction in critical current. The critical current of 
primary windings became 100A at 77K, while that of 
double pancakes coils reduced to 140A at 77k on average. 

 
(a)                                   (b) 

Figure 2. Photographs of the transformer windings. (a) Primary 
windings; (b) double pancakes. 

The HTS wire was insulated turn to turn by using 
kapton. The thickness of kapton tape is 50 μm. The AC 
breakdown voltage of kapton was 118.6 kVmm-1 tested 
at a liquid nitrogen temperature of 77K, which is enough 
for windings in the transformer. Table 1 lists the 
specifications of the tapes and windings. 

Table 1. Specifications of HTS tapes and windings. 

GdBCO 
tape 

Width 4.2 mm 
Thickness (without 

insulation) 
0.24 mm 

Thickness (with insulation) 0.34 mm 
Critical current 150 A, at 77K 

Primary 
windings 

Inner radius 41 mm 
Outer radius 43 mm 

Bobbin material epoxy resin 
Number of turns 180 (45 / layer) 

Insulation Kapton tape 

Secondary 
windings 

 (per 
double 

pancake) 

Inner radius 45 mm 
Outer radius 50 mm 

Bobbin material G10 
Number of turns 

Numbers of pancake 
18 (9 / pancake) 

9 
Insulation Kapton tape 

2.2 Core design 

The core is a cylindrical central core. Its length is 225 
mm and its diameter is 60 mm. It is made of several 
laminations of 0.3 mm silicon steel. The laminations were 
cut to different widths to provide a circular shape. Table 
II lists its specifications. 

Table 2. Specifications of iron core 

Iron core 

Length 225 mm 
Radius 30 mm 

Material Silicon steel 
Thickness of lamination 0.3 mm 

2.3 Dewar design 

The Dewar consists of two parts, inner vessel and out 
vessel. The inner vessel is exposed to room temperature 
to put iron core and the outer vessel is an annular shape 
for containment of liquid nitrogen, as shown in Fig.3. The 
material of Dewar is G10, the same as that of the double 
pancake. It had been proved that G10 is a cold-tolerant 
material, so it is suitable to be used to manufacture LN2 
container. To reduce the heat leak from side wall of 
Dewar, heating preservation cotton was used to cover the 
side wall. Table III lists the specifications of Dewar. 

 

Figure 3. Photographs of the Dewar. 

3 Field-circuit coupled model 

To estimate the characteristics of the HTS transformer, a 
field-circuit coupled model was built using a finite 
element analysis software COMSOL Multiphysics. Apart 
from the geometry model of the transformer, Magnetic 
Field physics interface was used to simulate the magnetic 
field of the transformer, while an external circuit was 
connected to the windings using Electrical Circuit 
physics interface. A Time-Dependent study was used to 
calculate all relevant numerical values of transformer 
characteristics, including voltage, current, magnetic flux 
density and so on. 

Fig.4 Field-circuit coupled model for HTS 
transformer simulation: (a) equivalent circuit model; (b) 
3D model of HTS transformer built by COMSOL 
Multiphysics. 
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Figure 4. Field-circuit coupled model for HTS transformer 
simulation: (a) equivalent circuit model; (b) 3D model of HTS 
transformer built by COMSOL Multiphysics. 

 
Fig.4 (a) shows the equivalent circuit model of the 

transformer and Fig.4 (b) shows the 3D model of HTS 
transformer built by COMSOL Multiphysics. In the 3D 
simulation model, the double pancakes are simplified to 
pancakes to benefit the calculation speed and each 
pancake are extremely uniform except the position. The 
governing equation of windings is expressed as (1), while 
that of iron core is expressed as (2). 

               (1) 

                   (2) 
where  is vacuum magnetic permeability, r is relative 
permeability,  is electrical conductivity, Je is the surface 
current density, N is the turn number, Icir is the current of 
windings and ecoil is the direction of current.  

According to the equivalent circuit model, the circuit 
equation for the primary and secondary windings can be 
expressed as (3). 

                         (3) 

where 

 

R1 is the primary resistance of the current lead, I1 is 
the primary current, r1 is resistance of primary windings, 
e1 is the primary induced voltage, is and rs are the branch 
current and resistances of secondary windings 
(s=2,3,...,n), R2 is the secondary resistance of the current 
lead, I2 is the secondary current and Zl is the load. 
Because the windings are made of high temperature 
superconducting tapes, r1 and rs are equal to 0.  

The characteristics of the HTS transformer can be 
obtained by the simulation, such as open circuit test, load 
test and short circuit test, which would be compared to 
the experimental results in the following part. 

4 Experimental results 

All the experiments are made at temperature of liquid 
nitrogen at 77K, while the iron core is at room 
temperature.  

4.1 Open circuit test 

Open circuit test is carried out to determined the no-load 
exciting current and no-load loss of the HTS transformer. 
Experimental results of the no-load exciting current and 
no-load loss are shown in Fig.5, as well as the simulation 
result. 

Open circuit test
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Figure 5. Experimental and calculated results of open circuit 
test. (a) I1, U2 and Z changing with U1; (b) No-load loss and 
difference between I1 and U2. 
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As shown in Fig.5, I1 increases with U1 linearly, 
while the no-load loss rises proportionally with the square 
of I1. When U1 is 61 V, the exciting current is 31 A, no-
load loss is 3.3 W. Apart from it, the experimental results 
and calculated results shows good consistency.  

4.2 Load test 

Load test is carried out to determined the HTS 
transformer's load characteristics and the distribution of 
current in the double pancakes. In the load test, 60-V, 50-
Hz AC voltage was applied to the primary windings. 

Load Test
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Figure 6. Experimental and calculated results of load test. (a) 
Load characteristics; (b) Distribution of current in double 
pancakes. 

As shown in Fig.6 (a), with the increase of I2, U2 has 
a slightly decline. It indicates the load is resistive, which 
is correspond to the fact. The experimental and calculated 
results are also consistent. Fig.6 (b) shows the 
distribution of current in nine double pancakes. The 
number of the double pancakes was determined by their 
positions. No.1 represents its top-most position, while 
No.9 represents its lowest position. The experimental and 
calculated results show differences in the test. The 
calculated result shows high symmetry in the distribution 
of current in each double pancakes. Because the leakage 
reactance between branches are uneven, the distribution 
of branch current is inhomogeneous. No.1 and No.9 
double pancakes have the highest current. From No.2 to 
No.5 double pancakes, the current in each double 
pancakes increases from 20 A to 40 A, which is much 
smaller than that in No.1 and No.9 double pancakes, as 
well as that from No.8 to No.5 double pancakes. The 
experimental result shows a similar result as the 
calculated one, but there are some differences between 

the two results. The currents in No.1 and No.9 double 
pancakes are smaller than that of calculated result, though 
they are still larger than other double pancakes. 
Meanwhile, the symmetry of the current distribution is 
not obvious as the calculated result. As known, the tapes 
are resistant free at temperature of 77 K, but the solder in 
weld part is not. The resistant of solder may have an 
important influence on the current distribution. Because 
the welding conditions are different, the distribution of 
current is affected.  

4.3 Short circuit test 

The short circuit test was operated with the HTS 
transformer's secondary windings shorted. A power 
transformer was adjusted to a target voltage with its 
switch open, whose secondary windings were connected 
to the HTS transformer's primary windings. When the 
switch was closed, a 5-cycle fault was simulated and the 
voltage and current of HTS transformer windings were 
measured. After the 5-cycle fault, the switch was opened 
automatically. 
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Figure 7. Experimental and calculated I1 and I2 changing with 
U1. 

As shown in Fig.7, with the increase of U1, I1 and I2 
increase linearly. It indicated that the HTS windings were 
at a superconducting state during the test time. When the 
primary voltage was 61 V, the primary and secondary 
current were 41 A and 225 A respectively. 

5 Equivalent circuit 

 

Figure 8. Equivalent circuit of HTS transformer, referred to the 
primary winding 

Fig.8. shows the equivalent circuit of the HTS 
transformer referred to the primary winding. R1 and R2 
are the resistances of current leads of primary and 
secondary winding respectively. Z1' and Z2' are 
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impedances of primary and secondary windings. They are 
different from the common winding impedances as the 
equivalent resistances of loss are included. Rm and Xm 
are excitation resistance and reactance, respectively. 

6 Conclusion 

The paper presents the design and test of the HTS 
transformer with a cylindrical central iron core, made of 
GdBCO tapes. The cylindrical central iron core was a 
slug of laminated silicon steel. A Dewar was designed to 
contain the liquid nitrogen to provide the operation 
temperature for high temperature superconducting 
windings. Apart from these, the equivalent circuit with 
core loss was proposed, as well as the 3D field-circuit 
coupled model.  

A serial electrical tests were performed on the 
transformer, such as open circuit test, short circuit test, 
load test, current distribution in double pancakes and 
critical current, and the results are consistent with the 
calculation ones. Although the no-load loss and voltage 
regulation percentage are qualified, as well as the ability 
of short current limiting , it has several problems indeed. 
Large exciting current and the irregular current 
distribution in secondary windings are the obvious 
problems. The vibration of the transformer at high 
voltage level is a tough problem , too. According to the 
result, the full core HTS transformer may be a better 
choice for transformer design, despite of a larger volume 
and heavier weight. 
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