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HTSC Transformers with Localized Magnetic Field
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SUMMARY
The construction of energy efficient electric power equipment using high-temperature superconductivity (HTSC) is one of the priority research and development directions in electric power engineering. This is true for power transformers as important elements of power supply systems.

In the windings of HTSC transformer with dense arrangement of superconducting turns and layers, magnetic induction in the magnetic leakage flux path between the primary and secondary windings is generated by total ampere-turns of the windings and attains a high level. As this takes place, in the windings themselves each turn is affected not only by the magnetic field generated by the current in the turn, but also by the magnetic field generated by currents in adjacent turns of the winding. Also, the edge effect occurs, and, as a result, there is an excess increase in the current density on the edges of cylindrical windings. All this results in increased loss in transformer windings, reduction in the current-carrying capacity of the windings, and reduction in the transformer efficiency.
Such an effect of deterioration of superconducting transformer parameters that considerably degrades their cost/performance ratio is more important to be prevented in HTSC transformers than in low-temperature superconducting (LTSC) ones, because a HTSC winding material has appreciably lower current-carrying capacity in the magnetic fields as compared to a LTSC material.
In the Krzhizhanovsky Power Engineering Institute in order to eliminate these drawbacks there have been developed, constructed, and tested laboratory scale prototypes of core type and toroidally wound superconducting transformers with the localized magnetic field operating with pulsed magnetic field, and transformers of electrical machine-type exploiting rotating magnetic field, including transformers with the core made of amorphous electrical steel. 

The essential difference between the superconducting transformers that have been developed and similar conventional superconducting transformers is that each turn of windings of the transformer is located in its self-magnetic field, which is generated by the current in the turn and is localized in its vicinity. The effect of the external magnetic field generated by currents in the other turns of the windings of the transformer is minimal; and in this case the influence of the self-magnetic field of a turn on other turns of windings of the transformer is negligible. Therefore, superconducting windings of the transformer are located in their self-magnetic field, which is equal to a magnetic field of one turn taken separately.

In accordance with the design superconducting windings of the transformer are wound loosely with a predetermined pitch.
The principles of design of multistranded superconducting wires with the localized magnetic field have been substantiated theoretically. Such wires can find application in superconducting electric power equipment.
In the Krzhizhanovsky Power Engineering Institute there was designed, manufactured, and tested a prototype single-phase 10 kVA HTSC transformer with rated voltages 1,0/0,04 kV, with the magnetic core made of amorphous electrical steel. It was found that no-load losses were reduced by a factor of about 5, and short-circuit losses by a factor of about 50 as compared to the losses in conventional transformers having the same power rating.
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The application of high-temperature superconducting (HTSC) technologies for construction of energy efficient power transformers is the fundamentally new method of improving their cost/performance ratio.

As compared to conventional power transformers, HTSC transformers offer considerable advantages:  an increase in the current-carrying capacity due to an increase in the current density in windings by several orders of magnitude; reduction in load loss (short-circuit loss) by 90% and no-load loss by 80% (when a magnetic core made of amorphous electrical steel is used), which increases the efficiency of a transformer; reduction in the weight and dimensional characteristics by a factor of 2-3; a possibility of fault current limitation; reduction in reactance; reduction in the fire and man-made environmental hazards; extension of the service life; facilitation of transport; reduction in the noise level [1–3].

Since 1997, the prototype HTSC transformers of various designs and power ratings were manufactured, have passed, and still are passing tests in electricity supply networks in industrially developed countries, such as USA, Germany, Japan, China, Korea, India, etc. [1, 3, 4].

In HTSC transformers with the dense arrangement of superconducting turns and layers, magnetic induction in the magnetic leakage flux path between the primary and secondary windings is generated by total ampere-turns of the windings and attains a high level. As this takes place, in the windings themselves each turn is affected not only by the magnetic field generated by the current in the turn, but also by the magnetic field generated by currents in adjacent turns of the winding. Also, the strong edge effect occurs, and, as a result, there are strong distortions of the fringe magnetic field and an excess increase in the current density on the edges of cylindrical windings. All this results in increased loss in transformer windings, reduction in the current-carrying capacity of the windings, and reduction in the transformer efficiency.

It would be more important in HTSC transformers than in low-temperature superconducting (LTSC) ones to eliminate such an effect of deterioration of superconducting transformer parameters that considerably degrades their cost/performance ratio, because a HTSC winding material has appreciably lower current-carrying capacity in the magnetic fields as compared to a LTSC material.

To eliminate these drawbacks, in the Krzhizhanovsky Power Engineering Institute there have been developed, constructed, and tested laboratory scale prototypes of core type and toroidally wound superconducting transformers with the localized magnetic field operating with pulsed magnetic field, and transformers of electrical machine-type exploiting rotating magnetic field [2, 3].

The significant difference between the superconducting transformers that have been developed and similar conventional superconducting transformers is that each turn of windings of the transformer is located in its self-magnetic field, which is generated by the current in the turn and is localized in its vicinity. The effect of the external magnetic field generated by currents in the other turns of the windings of the transformer is minimal; and in this case the influence of the self-magnetic field of a turn on other turns of windings of the transformer is virtually nonexistent. Therefore, superconducting windings of the transformer are located in their self-magnetic field, which is equal to a magnetic field of one turn taken separately.

The above-mentioned technical result of maximum attenuation of the electromagnetic coupling between the turns is achieved due the fact that superconducting windings of the transformer are wound loosely with the distance (pitch) ratio t between them [3]:
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where  b  is the distance between the longitudinal axes of adjacent turns
of the superconducting winding;
d  is the diameter of the superconducting wire of the winding;
W  is the total number of turns in the superconducting winding;
n1, n2  is the number of layers in the superconducting winding along 
its width and height respectively;
a  is the radial spacing between the superconducting windings.

The current-carrying capacity of such superconducting transformers is maximal, while energy losses and the consumption of electric power and coolant associated with these losses are minimal.

Superconducting windings of most HTSC transformers are made of first-generation HTSC wires (1G-HTSC) manufactured on an industrial scale in the USA, Japan, Germany, and China.

At the same time an alternative technology is being developed – second-generation HTSC wires (2G-HTSC), and substantial progress in research and development of HTSC wires of this generation is evident. It is unlikely that in the foreseeable future only one of the two generations of HTSC wires will be used in all types of power equipment. Further research is necessarily to be carried out in the field of development of manufacturing technologies for the first- and second-generation HTSC wires and related power equipment.   

As of now, HTSC wires are made in the form of tapes. Low values of critical current in external magnetic field and the relatively small number of HTSC strands in the wire preclude making HTSC tape wires designed for high-ampere currents. The work is underway on designing HTSC round wires in which the magnetic field is symmetrical about the wire axis, and this creates favorable conditions for even distribution of the current density over the cross section and obtaining the maximum current-carrying capacity of such an HTSC wire [5, 6].

There is electromagnetic coupling between the superconducting strands (1G-HTSC) arranged densely over the cross section of the wire, and this coupling is due to currents passing through these strands, which results in a decrease in critical values of the current density and deterioration of the current-carrying capacity of an HTSC wire. The maximum current-carrying capacity of HTSC wires with minimum energy losses in them can be achieved in the case when superconducting current-carrying strands are in their self-magnetic field generated by the currents that are passing through them, in the absence of external magnetic fields generated by the currents in other superconducting strands of the wire.

In this case the value of magnetic induction on the surface of the multistranded HTSC wire is equal to the value of magnetic induction of one superconducting strand of the wire taken separately.

Such multistranded superconducting wires with the localized magnetic field have been developed in the Krzhizhanovsky Power Engineering Institute [7–9].

The special feature of localized multistranded superconducting wires (LMSCWs) is the non-uniformity of the magnetic field due to the discrete distribution of the current density over the wire cross-section. Around the LMSCWs the external magnetic field generated by external currents is negligible as compared to the magnetic field generated by the current passing through the wire. Energy of the magnetic field of the LMSCWs generated by the current is minimal.

The LMSCWs with low values of inductivity and high transport currents can find application in superconducting electric power equipment: power windings of DC and AC electrical rotating machines, superconducting transformers, superconducting cables for DC and AC power transmission lines, superconducting fault current limiters, non-linear elements of cryotrons, etc.

The use of the LMSCWs as a winding material for a superconducting transformer makes it possible, on dense winding of its turns, to attenuate to the utmost the magnetic coupling between them, and this considerably increases the critical current, makes the most use of superconductor material, reduces energy loss in superconducting windings, and improves the weight and dimensional characteristics of a superconducting transformer.

Figure 1 shows the cross section of the tape LMSCW that has been developed and intended for use in HTSC transformers as a winding material [9].

The rectangular HTSC wire 1 with the outer insulating sheath 2 contains in the matrix 3 made of stabilizing material HTSC current-carrying elements 4 with the circular cross section arranged in one plane. The HTSC current-carrying elements are arranged over the width of the wire at such distance between the longitudinal axes of adjacent current-carrying elements that each current-carrying element is in its self-magnetic field, which is localized in its vicinity and generated by the transport current passing through it.

The mutual effect of magnetic fields of current-carrying elements of the wire is virtually reduced to a minimum. The width of the HTSC wire is found from the relationship:
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the distance between the longitudinal axes of adjacent current-carrying elements of the HTSC wire is:
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where  d  is the diameter of a current-carrying element;
N  is the number of HTSC current-carrying elements of the wire.


The relative distance between the superconducting current-carrying elements of the LMSCWs is determined as:
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and for the variant of the design of the LMSCW shown in Fig. 1, t ( 5.
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Fig. 1. Cross section of the localized multistranded tape superconducting wire (LMSCW).

Fig. 2 shows the distribution of magnetic induction over the cross section of the tape LMSCW, while Fig. 3 demonstrates the schematic arrangement of cylindrical windings in the HTSC transformer, made of this wire. 

The distinctive feature of a HTSC transformer with the windings made of the LMSCWs is that this transformer has densely wound turns and layers, which increases the power rating of the HTSC transformer as compared to that of a transformer with loosely wound turns and layers, made to localize the leakage magnetic field with the same dimensions and size of a transformer.

The localization of the leakage magnetic field in a HTSC transformer is attained when primary and secondary windings with the single-layer arrangement are made of thin round or tape wires with alternating current-carrying layers forming the magnetic leakage flux paths.
Figure 4a shows schematically the primary 1 and the secondary 2 windings of a superconducting transformer with the single-layer arrangement and with alternating layers made of round wire.  The magnetic core of the transformer is shown by hatching.
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Fig. 2. The distribution of magnetic induction
over the cross-section of the tape LMSCW.
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Fig. 3. The arrangement of cylindrical windings
made of the LMSCW in a HTSC transformer
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Fig. 4. HTSC windings of a transformer made of the round wire (a) and of the tape wire (b) in the case of single leakage flux path arrangement, and the distribution of the magnetic field

In the case of single leakage flux path arrangement of windings made of superconducting round wire the number of turns is:
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where  ℓ  is the length of a layer;
d  is the diameter of the superconducting wire.

The distribution of the magnetic induction (Fig. 4) has a trapezoid shape.

The maximum value of magnetic induction [3] is:
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where: μ0  is the permeability constant;
j  is the current density in the superconducting wire.

The current in the superconducting wire
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The leakage magnetic field in the path between the windings of Δ in width is uniform. Energy stored in the magnetic field is:
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where V  is the volume of the magnetic leakage path.

According to (8), in order for the current to be increased, it is necessary to increase the diameter of the superconducting wire.  With the predetermined magnetic induction Вкs the current in the superconducting wire will increase in proportion to its diameter d, rather than the square of its diameter d2, as takes place in conventional wires made of copper or aluminum:
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Figure 4b shows schematically the primary 1 and the secondary 2 windings of a superconducting transformer with the single-layer arrangement and with alternating layers made of superconducting tape wire. The distribution of the magnetic induction is the same as in the case of the windings made of round wire.

When the arrangement of windings made of superconducting tape wire is of single leakage flux path, the number of turns decreases as compared to that in the winding made of round wire.
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where b  is the width of a superconducting tape.

The current in the tape superconducting wire is:
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where a is the thickness of the superconducting tape.

The current density in the superconducting tape wire:
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The current in the superconducting tape wire can be increased in proportion to the width of the superconducting tape
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while maintaining the high current density in accordance with expression (13).

An increase of the current in a transformer without reducing its density can be attained by the use of superconducting windings with several alternating current-carrying layers made on the basis of either round or tape superconducting wires.

Figures 5a and 5b show superconducting windings of a transformer consisting of four alternating current layers, which form four leakage flux paths, and the distribution of the magnetic induction in them.


The single-layer primary 1 and the secondary 2 superconducting windings of the transformer are made of thin superconducting round or tape wires with high current densities.  Each layer of the windings has its own localized leakage magnetic field.


Fig. 5a shows the variant of the unipolar distribution of the magnetic induction, while Fig. 5b illustrates the variant of the bipolar distribution.
[image: image20.emf]
Fig. 5. Alternating HTSC windings of a transformer in the case of four leakage flux paths arrangement. Unipolar (a) and bipolar (b) distribution of magnetic induction.

In the case when the superconducting windings are made with the bipolar distribution of the magnetic induction, less insulating material will be needed.

The primary and secondary superconducting windings of the transformer are made of the same superconducting wires (round or tape ones). The required transformation ratio is provided by means of series and parallel connections of individual groups of turns (sections) and layers.

The use of amorphous electrical steel with its high permeability (μ > 300000) as a material for the magnetic core will make it possible, apart from reduction in magnetic losses (by a factor of 5 or 6), to considerably reduce the magnetizing (excitation) current in a superconducting transformer.

In the Krzhizhanovsky Power Engineering Institute there was designed and manufactured a prototype single-phase 10 kVA HTSC transformer with rated voltages 1.0/0.04 kV, with the magnetic core made of amorphous electrical steel. The windings of the prototype transformer are made of the second generation HTSC wires (Fig. 6). Dimensions of the transformer were 1 × 1 × 0.8 m (Fig. 7). The magnetic core consists of two U-shaped cores with laced joints within its upper yokes. Cores are made of consolidated strips composed of an amorphous ribbon of 0.025 mm in thickness and 140 mm in width. The transformer has been tested under no-load and short-circuit conditions. It was found that no-load losses were reduced by a factor of about 5, and short-circuit losses by a factor of about 50 as compared to the losses in conventional transformers having the same power rating.
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Fig. 6. Low-voltage winding of the 
10 kVA prototype HTSC transformer
Fig. 7. The prototype HTSC transformer
Conclusions. The development of HTSC transformers with the localized magnetic field in which the superconducting wire is located in self-magnetic field may become a promising direction of work on designing energy efficient HTSC power transformers.


Multistranded HTSC wires with the localized magnetic field and with an optimal arrangement of the current-carrying elements will make it possible to provide maximum use of superconducting properties of HTSC wires, and, due to an increase in the current-carrying capacity and reduction in energy losses, they will increase both the power rating and the efficiency of conventional HTSC transformers.


Tests performed on the prototype single-phase HTSC transformer with the localized leakage magnetic field and with the magnetic core made of amorphous electrical steel demonstrated significant reduction in no-load losses (by a factor of about 5) and short-circuit losses (by a factor of about 50) as compared to the losses in conventional transformers having the same power rating.


HTSC transformers with single-layer multi-leakage path concentric windings made of thin round or tape HTSC wires with alternating current-carrying layers will make it possible to both increase the current-carrying capacity of HTSC transformers as well as improve their cost/performance ratio.
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