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Equivalent electromagnetic and circuit model for HTS current
leads

Streszczenie. Nowoczesne przepusty pradowe urzadzen nadprzewodnikowych budowane sg z nadprzewodnikéw wysokotemperaturowych.
W artykule zaproponowany zostat model obwodowo-polowy, ktéry postuzy do analizy funkcjonowania przepustéw na bazie nadprzewodnika
BSCCO. Model bazuje na fizycznych wiasciwo$ciach i zachowaniu nadprzewodnikéw wysokotemperaturowych. (Obwodowo-polowy model
przepustow pradowych wykonanych z nadprzewodnikéw wysokotemperaturowych)

Abstract. Modern current leads for superconducting devices are build of high temperature superconductors. An equivalent electromagnetic and
circuit model that describes the behaviour of a HTS superconducting lead was proposed. The model is based on the physical structure and

behaviour of HTS superconductors. First purpose of this model was the numerical analysis of the superconducting current lead built of BSCCO.

Stowa kluczowe: nadprzewodniki wysokotemperaturowe, model obwodowo-polowy, analiza FEM.
Keywords: circuit model, FEM analysis, high temperature superconductors.

Introduction

High temperature superconductors operates at various
conditions depending on the application solution. HTS parts
are cooled with cryocooler or using cryogenic liquid. When
designing the HTS current leads it is very important that
they have to lead a very high current with minimal heat
supply to the target superconducting device. These two
conditions are opposed to each other, larger diameter of the
current lead causes an increased flow of current as well as
greater amount of heat. The energy losses in practical
superconductor are very small under suitable working
conditions [11]. However during the quench process the
amount of energy in HTS parts rapidly increases. The circuit
model of HTS superconductor will improve the processes
analysis during the transient states.

High temperature superconducting current leads

Current leads are used for energy transfer between
superconducting devices and power supplying system. In
such cryogenic application, it is necessary to pass electrical
current form a power source at room temperature to a
particular device at cryogenic temperatures. These current
can range from a few milli-Amperes for instrumentation to
10 000 Amperes for high magnetic field superconducting
magnets. The design of cryogenic power leads must
attempt to minimize the refrigeration/liquefaction system
capacity required for stable operation [1-2],[12].

Considering the fact that cryocoolerls in low
temperatures, near 3 or 4 Kelvins, have very bad efficiency
it is very important to restrict additional energy generated by
parts of superconducting device.

Most of HTS current leads are prepared as ceramic
tubes made of YBCO or BSCCO superconductors (Fig. 1).

Fig.1. HTS current lead

With HTS development current leads gain new compact
design and better capabilities. HTS superconducting current
leads architecture usually comprises of HTS tube with silver
ends (for better connection) and/or shield made of metal or
plastic (Fig. 1 and Fig. 2).

Fig.2. Current leads made of BSCCO tubes [5]

Basing on the practical construction of the current leads
produced by CAN Superconductors the equivalent model
was prepared. Current lead of type CSL-12/160.2 was
modelled with respect of its dimensions and physical
properties. (Table 1).

Table 1. Parameters of the sample BSCCO leads [5]

Dimensions Critical
current (A)
Type Outer | Length | Cross | Silver | 77K | 64 K
dia. mm section | contact
mm mm? | length
mm
CSL-12/160.1 12 160 34 12 150 | 300
CSL-12/160.2 12 160 34 12 250 | 500
CSL-12/160.3 12 160 34 12 370 | 740

Usually current leads made of HTS superconductors
own the mechanical support which is often made of metal or
reinforced plastic (Fig. 3).
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Fig.3. Cross section of the CSL-12/160.2 current lead
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The manufacturer supplies additional information on
influence of the magnetic field on the critical current and
heat leakage of the current lead. The critical current versus
magnetic flux is shown in Figure 4.
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Fig.4. Critical current dependency on the magnetic field in CSL-
12/160.2 current lead [3],[5]

The influence of the temperature on the heat leak and
the heat leak of the pair of current leads are presented in
table 2.

The values of conductive heat leak are given for cooling
without vapour; in case of the vapour cooling the values are
substantially lower.

Table 2. The conductive heat leak in chosen CSL HTS current
leads [5]

Conductive heat leak per pair

Type 77K-4K 64 K-4K
CSL-12/160.1,.2 0.07 W 0.05 W
CSL-12/120.1,.2,.3 0.10 W 0.07 W
CSL-18/80.1,.2,.3 0.4 W 0.3W

Equivalent electromagnetic and circuit model

The model of HTS current lead was build using FEM
package. Geometry of the two dimensional model and
generated mesh are shown in Figure 5.

Fig.5. FEM model of the HTS lead with marked analysis AB line

In the model the assumption of no influence of the
mechanical support on electromagnetic field was made.
Support of HTS current lead is usually made of a material
with magnetic permeability close to 1 and high electrical
resistivity. Electromagnetic field model was connected with
simple electrical circuit. Using the same geometry model
the steady state as also as transient state problems can be
analysed. Electric circuit consists of voltage source,
resistance, HTS current lead and coil as an energy receiver
(Fig. 6).
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Fig.6. Electrical circuit with HTS lead

The value of the power supply was set to pass current
through a HTS lead with value equal to critical current
(/=250 A in temperature 77K). This provided conditions
similar to working critical conditions of current lead. In this
study the response of the HTS current lead on critical
current in self magnetic field was investigated.

Additionally, in the circuit model the resistances of wires
and connections, as well as electromagnet were included.

Moreover, on the base of described above 2D model,
the 3D model using FLUX3D software was proposed. The
3D model consists of HTS current lead, the vacuum as the
surroundings and a cube reflecting boundary conditions at
infinity (Fig. 7). Construction of the 3D model allows you to
analyze the physical phenomena in the current lead in the
vicinity of other field generated by the devices such as for
example superconducting coil or superconducting
transformer.

Fig.7. The 3D model of HTS current lead

The properties of modelled HTS current lead was set in
this way, that the superconducting state was achieved (lead
resistance almost 0 and relative magnetic permeability less
than 1). Magnetic properties of BSCCO was modelled in a
two different ways. One as constant relative magnetic
permeability equal 0.1 and the second with the non-linear
B-H curve shown in Figure 8.
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Fig.8. B-H curve of BSCCO superconducting material

The magnetic hysteresis phenomena in HTS
superconductors is further discussed in literature and in
other works of the author [4],[7-8].

The 3D model was also coupled with circuit model
described above.

The 2D problem is formulated as a partial differential
equation for the complex amplitude of vector magnetic
potential 4.
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(1) B=VxA

The flux density B is assumed to have x and y
components, while the vector of electric current density J
and the vector potential 4 are orthogonal to it. Only 1,-J.
and 1,-4. in planar are not equal to zero. Then simply J and
A can be denoted. The equation for planar case is

@ oL of oA\ u-y,
ox\ u, ox ) Oy\ u, Oy

where: electric conductivity ¢ and components of magnetic
permeability tensor u, and u, are constants within each
block of the model. Source current density J, is assumed to
be constant within each model block in planar case.

Total current in a conductor can be considered as a
combination of a source current produced by the external
voltage and an eddy current induced by the oscillating
magnetic field

(3) j:jO +jeddy

Because the field simulation is coupled with electric
circuit, the branch equation for a conductor is:

2) I= Q—imjAdS
R S

where: U is the voltage difference between the two
terminals of the solid conductor, and R is the DC resistance
of the conductor.

The described formulation ignores displacement current
density term in the Ampere's Law. Because the frequency is
low and equal 50 Hz the displacement current density is not
significant until the operating frequency approaches the
MHz values [9],[10].

Results of calculations

The influence of the relative magnetic permeability value
of HTS current lead on self magnetic field was investigated.
At the Figure 9 the difference in flux density distribution
along the AB line for two different relative magnetic
permeability models is presented.
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Fig.9. Distribution of the magnetic flux density along the analysis
AB line for s=const (red line) and for y=f(H) (blue line)
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The highest values of magnetic flux density were
obtained for nonlinear u, given by the BH curve shown in
Fig. 9. Comparing the highest value of the self field flux
(B=5.5 mT) with the dependency of the outer magnetic field
on the critical current value (Fig. 4) we can assume that the
calculated value is close to that given by the manufacturer.

Therefore for further investigation the nonlinear
magnetic permeability model was assumed.

Fig.10. Distribution of the magnetic flux density around the HTS
lead

The results of numerical calculations of flux density
distribution are shown at Figure 10. The distribution of flux
density in the model illustrate that the self magnetic field,
derived from lead current flow, does not penetrate the inner
parts of HTS current lead.

The voltage and current waveforms in the modelled
circuit were observed and shown in Figure 11.
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Fig.11. Current and voltage waveforms in HTS current lead

There is a phase shift between the current and voltage
because of the inductive receiver and the shapes of
waveforms are adequate to the input function. Therefore it
can be concluded that developed model allows to observe
waveforms of voltage and current in the circuit.
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Taking into consideration the relationship between the
critical current and magnetic field it can be seen in the
Figure 12 that the HTS lead self magnetic field begins play
a role at larger currents flowing through a current lead.
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Fig.12. Relations between the self magnetic field versus flowing
current and outer magnetic field versus critical current in the HTS
lead

The results of calculations in 3D model are presented

beneath. The magnetic flux density versus length along
transversal symmetry axis is shown in Figure 13.
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Fig.13. Magnetic flux density versus length along transversal
symmetry axis in 3D model of HTS lead

The highest values of magnetic flux can be observed at
the surface of HTS current lead.

The distribution of eddy currents in the HTS current lead
model has also been designated (Fig. 14).
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Fig.14. Eddy currents distribution in the 3D model of the HTS
current lead

Conclusions

Physical properties of HTS superconductors vary in a
wide ranges and their relation to the temperature, current
and magnetic field is very difficult for implementation in
coupled model representation.

Hysteresis losses are the main part of AC losses in high
temperature superconductors.

Combining the electromagnetic model with electrical
circuit give better realizability of coupled electromagnetic
and electric models. Developed model enable the
observation of voltage and current waveforms.

The influence of the magnetic field on the critical current
of the HTS current leads is very high.

The proposed model can significantly facilitate the
design of HTS current leads.
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