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LEAKAGE REACTANCE PLATE FOR POWER TRANSFORMER

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to U.S. Utility Application Ser. No. 16/125,138 filed on

September 7, 2018, which is incorporated herein by reference in its entirety.

BACKGROUND
[0002] The present disclosure relates generally to power transformers. Electric current
flowing through a winding of a power transformer generates main flux and leakage flux. While
leakage flux causes a voltage drop across a transformer winding, power transformers are often
designed to produce a certain level of leakage flux in order to prevent current spikes during a
power failure. In some applications, such as substations where multiple power transformers are
coupled in parallel, a power transformer must have a certain leakage flux value. Existing power
transformer designs suffer from a number of shortcomings and disadvantages. There remain
unmet needs including decoupling the leakage reactance parameter from coil and core design,
reducing transformer design time, increasing grid reliability, and reducing transformer
construction time. For instance, power transformers are often custom designed for particular
applications due to specific power requirements such as voltage ratings, power ratings, and
leakage reactance. Significant changes to the coil and core design are often made to satisty
leakage reactance requirements. Custom designs require custom manufacturing, causing a lead
time to increase to as much as two years. A shorter lead time would increase the resiliency of the
power grid. There is a significant need for the unique apparatuses, methods, systems and

techniques disclosed herein.
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DISCLOSURE OF ILLUSTRATIVE EMBODIMENTS
[0003] For the purposes of clearly, concisely and exactly describing non-limiting
exemplary embodiments of the disclosure, the manner and process of making and using the
same, and to enable the practice, making and use of the same, reference will now be made to
certain exemplary embodiments, including those illustrated in the figures, and specific language
will be used to describe the same. It shall nevertheless be understood that no limitation of the
scope of the present disclosure is thereby created, and that the present disclosure includes and
protects such alterations, modifications, and further applications of the exemplary embodiments

as would occur to one skilled in the art with the benefit of the present disclosure.

SUMMARY
[0004] Exemplary embodiments include unique systems, methods, techniques and
apparatuses for power transformers. Further embodiments, forms, objects, features, advantages,

aspects and benefits of the disclosure shall become apparent from the following description and

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] Fig. 11s a vertical cross section illustrating an exemplary power transformer.
[0006] Fig. 2 is a graph illustrating the relationship between plate dimensions and

leakage inductance of the exemplary power transformer in Fig. 1.
[0007] Fig. 3 is a vertical cross section illustrating another exemplary power transformer.
[0008] Fig. 4 is a graph illustrating the relationship between plate dimensions and

leakage inductance of the exemplary power transformer in Fig. 3.

[0009] Figs. 5-7 are horizontal cross sections illustrating exemplary three-phase power
transformers.
[0010] Fig. 8 illustrates an exemplary two-phase power transformer.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0011] With reference to Fig. 1, there is illustrated a vertical cross section of an
exemplary power transformer 100. It shall be appreciated that power transformer 100 may be
implemented in a variety of applications, including utility grids having power transmission
networks or power distribution networks, and electrical machine drives, to name but a few
examples. In certain embodiments, power transformer 100 is incorporated into a utility grid or
other power distribution system and is structured to receive AC power having a frequency
between 45 Hz and 65 Hz. Although power transformer 100 is illustrated as a single-phase
transformer, an exemplary power transformer may be structured as a multiphase power
transformer, such as a three-phase power transformer.
[0012] In the illustrated embodiment, power transformer 100 includes a core 110 having
an upper yoke 113, a lower yoke 115, and a plurality of limbs 111a, 111b. In other embodiments,
core 110 includes additional limbs coupled between upper yoke 113 and lower yoke 115. Core
110 is comprised of ferromagnetic materials, such as iron or electrical steel. In certain
embodiments, core 110 may be constructed using a stack of laminations.
[0013] Power transformer 100 includes a low voltage winding 120, also known as a coil,
wound, or wrapped, around limb 111a. Transformer 100 also includes a high voltage winding
130 wound around core 110 and coaxially wound around winding 120. Each winding has a
winding height 107 of 800 mm and is separated from winding 120 by an air gap 150. Power
transformer 100 is structured to receive AC power at winding 120, step up the voltage of the
received power, and output AC power from winding 130 with the stepped up voltage. Power
transformer 100 is also structured to receive AC power at winding 130, step down the voltage of
the received AC power, and output AC power from winding 120 with a stepped down voltage.
Power transformer 100 is structured such that the voltages across low voltage winding 120 and
high voltage winding 130 are both within a range between 100 V and 1200 kV.
[0014] It shall be appreciated that the configuration of the core and windings of power
transformer 100 are illustrated for the purposes of explanation. An exemplary power transformer
may include a core of a different configuration or different number of low voltage windings or
high voltage windings. For example, some embodiments may include a second low voltage

windings wound around high voltage winding 130.
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[0015] When power flows through winding 120 and winding 130, power transformer 100
is structured to generate a main flux 101 through core 110 and leakage fluxes 103, 105 through
the air surrounding windings 120 and 130. Main flux 101 links winding 120 with 130 while
leakage flux 103 only links winding 120 and leakage flux 105 only links winding 130. Since
windings 120 and 130 are tightly coupled, the magnitude of main flux 101 is greater than the
magnitude of leakage fluxes 103 and 105. The inductance associated with leakage fluxes 103 and
105 is known as leakage inductance, or leakage reactance.

[0016] Leakage reactance is a key consideration when designing transformers. For
example, power transformers coupled in parallel must have matching leakage reactance
parameters to limit current circulating between the power transformers. Leakage reactance limits
a current spike caused by a fault condition in a power network, protecting the power transformer
and other power network components from damage or destruction. The design of the coils and
cores of a power transformer affects the leakage reactance of the transformer. Since leakage
reactance requirements are often unique for each application, coils and cores must often be
customized and redesigned for one application.

[0017] Power transformer 100 includes a leakage reactance plate 140 structured to
increase the leakage reactance of power transformer 100 without modifying the design of the
coils or core. By satisfying the leakage reactance requirements without redesigning the coils and
core, power transformer 100 may be used in a wide range of applications by only modifying
dimensions of plate 140. Plate 140 is structured so as to not require auxiliary windings, power
electronics or other controllers in order to regulate leakage reactance of power transformer 100.
Plate 140 is also structured to not affect the mutual inductance between windings 120 and 130 by
more than .5%, where the relative permeability of the plate is greater than 1 and less than 75. In
certain embodiments, the relative permeability of plate 140 is in a range of values greater than 1
and less than 25. A leakage reactance plate having a permeability greater than 75 would require
undesirable plate dimensions, such as a brittle plate with a thickness too small to withstand
manufacturing stresses. In certain embodiments, plate 140 is structured so as to include a
resistivity greater than 0.1x10° ohm-Cm, such as a plate including nickel ferrites.

[0018] Plate 140 is located within air gap 150 between winding 120 and winding 130, the
air gap having a first end 151 and a second end 153. In the illustrated embodiment, plate 140

extends the entire winding height 107 and entirely surrounds winding 120. In other
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embodiments, transformer 100 includes one or more plates within air gap 150 arranged between
the first end 151 and second end 153. For example, transformer 100 may include a first plate
located proximate to first end 151 and a second plate proximate to second end 153. Such an
embodiment may be used where limiting short circuit current is the primary objective, as the
leakage field has a lower magnitude at the ends of the windings, reducing the susceptibility to
saturation.

[0019] Plate 140 is comprised of a polymeric composite, such as an elastomer, with a
ferromagnetic filler. For example, the elastomer may include ferromagnetic powder, flakes,
filaments, or coated fibers. The ferromagnetic filler may be comprised of nickel, iron, or a
ferromagnetic alloy such as Metglass, nickel-iron, or nickel-zinc, to name but a few examples.
The volume fraction of the ferromagnetic filler in the elastomer is in a range of .2 to .7. For
example, the ferromagnetic filler may be iron powder having a volume fraction of .5 or a nickel-
iron powder having a volume fraction of 4.

[0020] The composition of plate 140 is structured to produce a relative permeability
greater than 1 and less than 25. Changing the dimensions and permeability of plate 140 allows
the transformer leakage reactance to be varied over a range with no need to modify the design of
the core and coils and no need to operate power electronics to control leakage reactance. The use
of the composition described above allows the dimensions of the plate 140 to be such that plate
140 can be located within the air gap between windings 120 and 130. It shall be appreciated
that any or all of the foregoing features of power transformer 100 may also be present in the
other power transformers disclosed herein.

[0021] With reference to Fig. 2 there is a graph 200 illustrating leakage reactance in
exemplary power transformer 100. Graph 200 includes a plurality of surfaces 210, 220, and 230
representing leakage reactance for exemplary leakage reactance plates over a range of
dimensions including a plate thickness between 2.5 mm to 15 mm and plate height between 100-
800 mm. Each surface represents one embodiment of plate 140 with a different relative
permeability. Surface 210 represents leakage reactance of plate 140 with a permeability of 5.
Surface 220 represents leakage reactance of plate 140 with a relative permeability of 10. Surface
230 represents leakage reactance of plate 140 with a permeability of 15. The illustrated leakage
reactance values are normalized against a base case of a plate 140 with a relative permeability of

1.
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[0022] According to these results, plate 140 with a relative permeability of 5 allows the
same coil and core design to have a leakage reactance in a range of 1-2 times the original leakage
reactance of the coil and core design without plate 140. If the relative permeability of plate 140 is
increased to 15, leakage reactance can be selected over a range of 1-5 times the original leakage
reactance. For example, if power transformer 100 has a coil and core design with an original
leakage reactance of 4.0%, plate 140 with a relative permeability of 15 would allow transformer
100 to be designed with a leakage reactance between 4.0% and 20.0%.

[0023] With reference to Fig. 3 there is illustrated an exemplary power transformer 300
including a core 310, a low voltage winding 320, a high voltage winding 330, and a leakage
reactance system 340. Leakage reactance system 340 includes a plate 341 located within the air
gap 350 between windings 320 and 330, a plate 343 located within winding 320, and a plate 345
located within winding 330. It shall be appreciated that plates 341, 343, and 345 have features
analogous to the features of plate 140 in Fig. 1.

[0024] Low voltage winding 320 includes a winding portion 321 wound around core 310
and a winding portion 323 wound coaxially around plate 343 and winding portion 321. High
voltage winding 330 includes a winding portion 331 wound coaxially around plate 341 and low
voltage winding 320, and a winding portion 333 wound around plate 345. In the illustrated
embodiment, the plates of leakage reactance system 340 have uniform heights and thicknesses.
In other embodiments, each of the plates may have a different height, thickness, or relative
permeability. It shall be appreciated that any or all of the foregoing features of transformer 300
may also be present in the other power transformers disclosed herein.

[0025] With reference to Fig. 4 there is a graph 400 illustrating leakage reactance in
exemplary power transformer 300. Graph 400 includes a plurality of surfaces 410, 420, and 430
representing leakage reactance for exemplary leakage reactance systems 340 over a range of
dimensions including uniform plate thickness between 2.5 mm to 15 mm and uniform plate
heights between 100-800 mm. Each surface represents one embodiment of plate 140 with a
different relative permeability. Surface 410 represents leakage reactance of plate 140 with a
permeability of 5. Surface 420 represents leakage reactance of plate 140 with a relative
permeability of 10. Surface 430 represents leakage reactance of plate 140 with a permeability of
15. The illustrated leakage reactance values are normalized against a base case of a plate 140

with a relative permeability of 1.
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[0026] According to these results, leakage reactance system 340 can be used in an
exemplary transformer for a wider range of leakage reactances compared to plate 140 in Fig. 1.
System 340 with a relative permeability of 5 allows the same coil and core design to have a
leakage reactance in a range of 1-3 times the original leakage reactance of the coil and core
design without plate 140. If the relative permeability of the plates in system 340 is increased to
15, leakage reactance can be selected over a range of 1-7 times the original leakage reactance.
[0027] With reference to Fig. 5 there is illustrated a horizontal cross section of an
exemplary three-phase power transformer 500 including a core having an upper yoke 513
coupled to limbs S11a-c. A first low voltage winding 520a is wound around core limb 511a. A
first high voltage winding 530a is wound around winding 520a, separated by an air gap. A
second low voltage winding 520b is wound around core limb 511b. A second high voltage
winding 530b is wound around winding 520b, separated by an air gap. A third low voltage
winding 520c¢ is wound around core limb 511¢. A third high voltage winding 530c¢ is wound
around winding 520c¢, separated by an air gap.

[0028] Transformer 500 includes three leakage reactance plates 540a-c each located in
the air gap between one low voltage winding and one high voltage winding. Each plate is
structured as a hollow tube fully surrounding the low voltage winding.

[0029] With reference to Fig. 6 there is illustrated a horizontal cross section of an
exemplary three-phase power transformer 600 including a core having an upper yoke 613
coupled to limbs 611a-c. A first low voltage winding 620a is wound around core limb 611a. A
first high voltage winding 630a is wound around winding 620a, separated by an air gap. A
second low voltage winding 620b is wound around core limb 611b. A second high voltage
winding 630b is wound around winding 620b, separated by an air gap. A third low voltage
winding 620c¢ is wound around core limb 611¢. A third high voltage winding 630c¢ is wound
around winding 620c¢, separated by an air gap.

[0030] Transformer 600 includes a leakage reactance system 640 including a plurality of
plates between each low voltage winding and high voltage winding, each plate having an arc
length 645. Plates 641a and 643a are located between winding 620a and 630a in a portion of the
air gap where the footprint of upper yoke 613 does not overlap either plate. Plates 641b and 643b
are located between winding 620b and 630b in a portion of the air gap where the footprint of

upper yoke 613 does not overlap either plate. Plates 641c and 643c are located between winding
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620c and 630c in a portion of the air gap where the footprint of upper yoke 613 does not overlap
either plate. By placing each plate of system 640 outside the footprint of upper yoke 613, system
640 is structured to reduce the necessary size of the core while causing an increase in the leakage
reactance equal to the increase of leakage reactance caused by the continuous plate of Fig. 5.
[0031] With reference to Fig. 7 there is illustrated a horizontal cross section of an
exemplary three-phase power transformer 700 including a core having an upper yoke 713
coupled to limbs 711a-c. A first low voltage winding 720a is wound around core limb 711a. A
first high voltage winding 730a is wound around winding 720a, separated by an air gap. A
second low voltage winding 720b is wound around core limb 711b. A second high voltage
winding 730b is wound around winding 720b, separated by an air gap. A third low voltage
winding 720c¢ is wound around core limb 711¢. A third high voltage winding 730c¢ is wound
around winding 720c¢, separated by an air gap.

[0032] Transformer 700 includes a leakage reactance system 740 including a plurality of
plates formed into a plurality of spacers, such as spacers 741a-c. Each spacer is located between
the low voltage winding and high voltage winding of one phase of transformer 700.

[0033] With reference to Fig. 8 there is illustrated an exemplary two-phase transformer
800 including a core 810. The first phase of the transformer includes a low voltage winding 820a
wound around core 810 and a high voltage winding 830a wound coaxially around low voltage
winding 820a, separated by an air gap. Located within the portions of the air gap outside of the
footprint of core 810 relative to a horizontal cross section of transformer 800 is a leakage
reactance system including plate 841a.

[0034] The second phase of the transformer includes a low voltage winding 820b wound
around core 810 and a high voltage winding 830b wound coaxially around low voltage winding
820a, separated by an air gap. Located within the portions of the air gap outside of the footprint
of core 810 relative to a horizontal cross section of transformer 800 is a leakage reactance system
including plates 841b and 843b.

[0035] Further written description of a number of exemplary embodiments shall now be
provided. One embodiment is a transformer comprising a core; a first winding wound around the
core; a second winding coaxially wound around the first winding so as to surround the first
winding and forming an air gap between the first winding and the second winding; and a plate

having a relative permeability greater than 1 and less than 75 and inserted into the air gap.
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[0036] In certain forms of the foregoing transformer, the plate includes an elastomer
including a volume ratio of a ferromagnetic element between .2 and .7. In certain forms, the
ferromagnetic element includes nickel powder, nickel flakes, or nickel filament. In certain forms,
the ferromagnetic element includes iron powder, iron flakes, or iron filament. In certain forms,
the plate is structured as a hollow tube surrounding the first winding. In certain forms, the
transformer includes a plurality of radial supports located within the air gap, wherein the plate
comprises one of the radial supports. In certain forms, the core includes a first limb and a second
limb, wherein the transformer includes a third winding wound around the second limb, a fourth
winding coaxially wound around the first winding so as to surround the third winding and
forming a second air gap between the third winding and fourth winding; and a second plate
having a relative permeability greater than 1 and less than 25 structured to be inserted into the
second air gap. In certain forms, the transformer includes a third plate having a relative
permeability greater than 1 and less than 25 structured to be inserted into the first air gap and a
fourth plate having a relative permeability greater than 1 and less than 25 structured to be
inserted into the second air gap, wherein the first plate and the third plate are positioned opposite
of each other in the first air gap, and wherein the second plate and the fourth plate are positioned
opposite of each other in the second air gap. In certain forms, an arc length of each of the first
plate, the second plate, the third plate, and the fourth plate is less than 90 degrees. In certain
forms, the transformer comprises a second plate having a relative permeability greater than 1 and
less than 25 inserted into the first winding and a third plate having a relative permeability greater
than 1 and less than 25 inserted into the second winding.

[0037] Another exemplary embodiment is a method for constructing a power transformer
comprising wrapping a first winding around a limb of a core; coaxially wrapping a second
winding around the first winding such that an air gap is formed between the first winding and the
second winding; forming a plurality of interchangeable plates each having a relative permeability
greater than 1 and less than 75 and each structured to be placed in the air gap between the first
winding and the second winding so as to increase a leakage reactance of the power transformer;
selecting one plate of the plurality of interchangeable plates to be inserted into the air gap based
on a desired leakage reactance value; and inserting the selected plate into the air gap.

[0038] In certain forms of the foregoing method, wrapping the first winding around the

limb of the core includes wrapping a first portion of the first winding around the limb, placing a
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second plate having a relative permeability greater than 1 and less than 25 proximate to the first
portion, and wrapping a second portion of the first winding around the second plate and the first
portion of the first winding. In certain forms, wrapping the second winding around the first
winding and first plate includes wrapping a first portion of the second winding around the first
winding and plate, placing a third plate having a relative permeability greater than 1 and less
than 25 proximate to the first portion of the second winding, and wrapping a second portion of
the second winding around the third plate and the first portion of the second winding. In certain
forms, the first plate, second plate, and third plate each include a volume ratio of a ferromagnetic
element between .2 and .7. In certain forms, the ferromagnetic element includes nickel. In certain
forms, the plate is formed into a hollow tube and placing the plate includes surrounding a portion
of the first winding with the plate. In certain forms, the method comprises placing a second plate
having a relative permeability greater than 1 and less than 25 proximate between the first
winding and second winding such that the second plate is located in the air gap opposite of the
first plate. In certain forms, the first plate and the second plate are each curved plates with an arc
length of less than 90 degrees. In certain forms, the method comprises placing a second plate
having a relative permeability greater than 1 and less than 25 proximate between the first
winding and second winding such that the second plate is located in the air gap, wrapping a third
winding around a second limb of the core; coaxially wrapping a fourth winding around the third
winding such that a second air gap is formed between the first winding and second winding;
placing a third plate having a relative permeability greater than 1 and less than 25 proximate
between the third winding and fourth winding such that the second plate is located in the second
air gap; and placing a fourth plate having a relative permeability greater than 1 and less than 25
proximate between the third winding and fourth winding such that the second plate is located in
the second air gap. In certain forms, the core includes an upper yoke oriented horizontally and
perpendicular to both the first limb and the second limb, and wherein the footprint of the upper
yoke relative to a horizontal cross section of the first plate and second plate does not overlap the
first plate and the second plate.

[0039] While the present disclosure has been illustrated and described in detail in the
drawings and foregoing description, the same is to be considered as illustrative and not
restrictive in character, it being understood that only certain exemplary embodiments have been

shown and described, and that all changes and modifications that come within the spirit of the
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present disclosure are desired to be protected. It should be understood that while the use of

2% 2%

words such as “preferable,” “preferably,” “preferred” or “more preferred” utilized in the
description above indicate that the feature so described may be more desirable, it nonetheless
may not be necessary, and embodiments lacking the same may be contemplated as within the
scope of the present disclosure, the scope being defined by the claims that follow. In reading the
claims, it is intended that when words such as “a,” “an,” “at least one,” or “at least one portion”
are used there is no intention to limit the claim to only one item unless specifically stated to the
contrary in the claim. The term “of” may connote an association with, or a connection to,
another item, as well as a belonging to, or a connection with, the other item as informed by the

2%

context in which it is used. The terms “coupled to,” “coupled with” and the like include indirect
connection and coupling, and further include but do not require a direct coupling or connection
unless expressly indicated to the contrary. When the language “at least a portion” and/or “a
portion” is used, the item can include a portion and/or the entire item unless specifically stated to

the contrary.

11
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CLAIMS
What is claimed is:
1. A transformer comprising:
a core;

a first winding wound around the core;

a second winding coaxially wound around the first winding so as to surround the first
winding and forming an air gap between the first winding and the second winding; and

a plate having a relative permeability greater than 1 and less than 75 and inserted into the

air gap.

2. The transformer of claim 1 wherein the plate includes an elastomer including a volume

ratio of a ferromagnetic element between .2 and .7.

3. The transformer of claim 2 wherein the ferromagnetic element includes nickel powder,

nickel flakes, or nickel filament.

4. The transformer of claim 2 wherein the ferromagnetic element includes iron powder, iron

flakes, or iron filament.

5. The transformer of claim 1 wherein the plate is structured as a hollow tube surrounding
the first winding.
6. The transformer of claim 1 wherein the transformer includes a plurality of radial supports

located within the air gap, wherein the plate comprises one of the radial supports.

7. The transformer of claim 1 wherein the core includes a first limb and a second limb,
wherein the transformer includes a third winding wound around the second limb, a fourth
winding coaxially wound around the first winding so as to surround the third winding and
forming a second air gap between the third winding and fourth winding; and a second plate
having a relative permeability greater than 1 and less than 25 structured to be inserted into the

second air gap.

12
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8. The transformer of claim 7 including a third plate having a relative permeability greater
than 1 and less than 25 structured to be inserted into the first air gap and a fourth plate having a
relative permeability greater than 1 and less than 25 structured to be inserted into the second air
gap, wherein the first plate and the third plate are positioned opposite of each other in the first air
gap, and wherein the second plate and the fourth plate are positioned opposite of each other in

the second air gap.

9. The transformer of claim 8 wherein an arc length of each of the first plate, the second

plate, the third plate, and the fourth plate is less than 90 degrees.

10. The transformer of claim 1 comprising a second plate having a relative permeability
greater than 1 and less than 25 inserted into the first winding and a third plate having a relative

permeability greater than 1 and less than 25 inserted into the second winding.

11. A method for constructing a power transformer comprising:

wrapping a first winding around a limb of a core;

coaxially wrapping a second winding around the first winding such that an air gap is
formed between the first winding and the second winding;

forming a plurality of interchangeable plates each having a relative permeability greater
than 1 and less than 75 and each structured to be placed in the air gap between the first winding
and the second winding so as to increase a leakage reactance of the power transformer;

selecting one plate of the plurality of interchangeable plates to be inserted into the air gap
based on a desired leakage reactance value; and

inserting the selected plate into the air gap.

12.  The method of claim 11 wherein wrapping the first winding around the limb of the core
includes wrapping a first portion of the first winding around the limb, placing a second plate
having a relative permeability greater than 1 and less than 25 proximate to the first portion, and
wrapping a second portion of the first winding around the second plate and the first portion of

the first winding.

13
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13.  The method of claim 12 wherein wrapping the second winding around the first winding
and first plate includes wrapping a first portion of the second winding around the first winding
and plate, placing a third plate having a relative permeability greater than 1 and less than 25
proximate to the first portion of the second winding, and wrapping a second portion of the

second winding around the third plate and the first portion of the second winding.

14. The method of claim 13 wherein the first plate, second plate, and third plate each include

a volume ratio of a ferromagnetic element between .2 and .7.

15. The method of claim 13 wherein the ferromagnetic element includes nickel.

16. The method of claim 11 wherein the plate is formed into a hollow tube and placing the

plate includes surrounding a portion of the first winding with the plate.

17. The method of claim 11 comprising placing a second plate having a relative permeability
greater than 1 and less than 25 proximate between the first winding and second winding such that

the second plate is located in the air gap opposite of the first plate.

18. The method of claim 17 wherein the first plate and the second plate are each curved

plates with an arc length of less than 90 degrees.

19. The method of claim 11 comprising:

placing a second plate having a relative permeability greater than 1 and less than 25
proximate between the first winding and second winding such that the second plate is located in
the air gap;

wrapping a third winding around a second limb of the core;

coaxially wrapping a fourth winding around the third winding such that a second air gap

is formed between the first winding and second winding;
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placing a third plate having a relative permeability greater than 1 and less than 25
proximate between the third winding and fourth winding such that the second plate is located in
the second air gap; and

placing a fourth plate having a relative permeability greater than 1 and less than 25
proximate between the third winding and fourth winding such that the second plate is located in

the second air gap.

20.  The method of claim 19 wherein the core includes an upper yoke oriented horizontally
and perpendicular to both the first limb and the second limb, and wherein the footprint of the
upper yoke relative to a horizontal cross section of the first plate and second plate does not

overlap the first plate and the second plate.
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