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(54) Transformer with ferromagnetic foil windings

(57)  The proposed transformer includes windings
made of a multi-layer ferromagnetic foil tape having an
even number m of ferromagnetic layers, coated by inter-
layerinsulation. The winding’s upper ends are connected
through a first yoke, the winding’s bottom ends are con-
nected through a second yoke. Each winding -is wrapped
by a short-circuited coil, and -contains a component for
transposition of layers connected in a break at the middle
of tape. The insulation’s thickness is determined by a

ratio of d; > upy, pic™ / (Enp, pic - M), where upy, 4 is a
maximum peak voltage between adjacent winding turns,
En2. pic is @ maximum electric field strength of the insu-
lation. The insulation uses either ferroelectric material
Fe,03, or multi-layered material with an intensive antif-
erromagnetic interaction formed as a plurality of pairs of
alternating layers of Cu-Fe with a ratio of thicknesses of
Cu and Fe ranged from 5:1 to 10:1.
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Description
FIELD OF THE INVENTION

[0001] The invention relates to electrical engineering,
and namely to electromagnetic transformers.

BACKGROUND OF THE INVENTION

[0002] There is known a method for obtaining of the
ferromagnetic state in antiferromagnetic-semiconductor
multi-ferroics (ferroelectrics) by the influence of an elec-
tric field directed perpendicular to a predetermined layer
(alayer under consideration) of these materials (see Ref-
erences [1], [2], [3], [4], [5], and [6] herein below). In the
presence of positive charge on an insulated planar elec-
trode which is arranged parallel to the predetermined lay-
er and acts as a source of the electric field; this field
displaces conductivity electrons in the layer, and there-
fore their concentration in the thin volumes of this layer
(which are more proximal to the source of the field) in-
creases in relation to the concentration at the initial state,
and decreases in the remaining volumes. When the
charge of the field source is negative, then the concen-
tration of conductivity electrons decreases in the proximal
volumes and increases in other volumes.

[0003] The adjustment ranges of this electrical field’s
intensity allows obtaining a concentration of conductivity
electrons in the samples and its gradient, which are suf-
ficient for magnetic spin collectivization, but with incom-
plete closure of the magnetic flux inside of their groups
(see References [7], [8]). This leads to a higher hierar-
chical grouping (into ferromagnetic domains), consisting
of prior smaller association, but also characterized by
having a nonzero value of the magnetic moments sum.
Therefore, these groups will be similarly associated to-
gether into a grouping with the next hierarchical size,
having a total magnetic moment different from zero (see
Reference[9]). The process of self-assembly of sequenc-
es of the magnetic groups with hierarchically growing di-
mensions will be completed only with a full closure of the
magnetic flux in the largest group, the size of which can
reach up to the size of the sample of ferromagnetic ma-
terial.

[0004] It should be noted that the increase in the di-
mension of these groups significantly reduces their rigid-
ity factor (see Reference [10]), therefore the largest
groups, even at small changes of the applied magnetic
field, will transform into groups having similar dimensions
but with a changed value of the total magnetic flux, which
may be directed only in accordance with the direction of
the external magnetic field.

[0005] Asequence of structure re-buildings of the mag-
netic hierarchical groupings of conductivity electrons is
derived in a certain value range from the external mag-
netizing field, and consists of groupings types, each of
which is stable along a very short segment of this range,
and while other influences on the material are constant
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(i.e. the Barkhausen steps), which are described by
densely populated energy levels of the conductivity elec-
trons at such states of the material.

[0006] Moreover, the adjacent states differ in a small
portion of the transition energy (see Reference [11]). This
energy difference between such conditionally stable
states decreases and the their number becomes greater
depending on the choice of material with a greater ratio
of large dimensions of the magnetic groups of the con-
ductivity electrons or by creating the conditions to in-
crease their average dimensions (see Reference [10]).
The increase of quantitative domination of the large mag-
netic associations of conductivity electrons increases the
material’s permeability, which material due to these as-
sociations converts into ferromagnetic.

[0007] The existence of large-scale magnetic associ-
ations of the conductivity electrons, when they are in a
sufficient concentration, is confirmed by the prevailing of
p-type conductivity in basic ferromagnetic metals and in
some antiferromagnetic metals, determined by the pos-
itive sign of the Hall coefficient in these materials (see
Reference [12]). It also explains the anomalously high
free path length of the conductivity electrons without
changing the direction of their spins (see References [13,
14]), which proves that the conductivity electrons in fer-
romagnets and antiferromagnets should be considered
only as interconnected in large associations that support
the immutable direction of their spin until the break of this
linking.

[0008] The excessive increase in the concentration of
conductivity electrons gives a rise to compaction of these
magnetic groups and therefore not only increases the
rigidity of these groups, it also causes a strong mutual
influence of magnetic leakage fluxes from neighboring
groups, oriented antiparallel to the total magnetic mo-
ments, i.e. completely closes the magnetic fluxes these
groups and prevents the formation of larger electronic
groups, and therefore converts ferromagnet in an antif-
erromagnetic material, i.e. a material insensitive to the
external magnetic field.

[0009] Conversely, a decrease in the concentration of
conductivity electrons in anti-ferromagnets, converts
them into ferromagnets (References [1] - [6]) i.e. a ma-
terial sensitive to slight changes in the composition and
forms of associations of conductivity electrons under
small increments of the electric and magnetic fields in a
range of technologically applicable changes for these
fields. The obtained ferromagnetic property may also be
modified by changing the external electric field. Particu-
larly, in the ranges of attainable values, the following
properties of the material may be changed: permeability,
maximum magnetization, and parameters of the hyster-
esis loop of magnetization of the material.

[0010] The scientific statistics of impurity’s influence
on the properties of ferromagnetic metals is not enough
complete yet. It's usually assumed that impurities attach
and insulate the conductivity electrons and make disor-
dered distortions in the crystal structure of metal, and
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prevent control of its parameters by action of the field.
Therefore, in the experiments (see References [1] - [6]),
highly purified materials were used, i.e. materials without
adistortion of the crystal structure, which allows obtaining
a significant anisotropic ferromagnetism along the direc-
tion of easy magnetization extending in the plane of the
predetermined layer.

[0011] The disadvantage of this method for control of
the properties of ferromagnetic metals by the external
electric field (see References [1] - [6]) is the impossibility
to use it for improving the material’'s parameters in the
ferromagnetic foil windings, because theirs turns are
electrically series-connected, and therefore the outer
turn shields the influence of this field on the underlying
layers of the ferromagnetic tape.

[0012] There is known a method for changing and
measuring parameters of a tested ferromagnetic metal
under the action of an electric field thereupon, which elec-
tric field is arranged in a double electric layer on the sur-
face of galvanic electrodes made of this metal (see Ref-
erence [15]).

[0013] Since, in ferromagnetic metals, a tight se-
quence of the switchable hierarchical magnetic group-
ings of the conductivity electrons spontaneously (inde-
pendently from the external influences) arises, it has a
low elastic coefficient in relation to influences of not only
an electrical but also a magnetic field. Thus, ferromag-
netic metals are materials with a high sensitivity to the
action of these fields in comparison with other metals.
[0014] Therefore, the adjustmentranges of anisotropic
magnetic parameters of ferromagnetic material through
the action of these external fields, (i.e. of the saturation
induction, magnetic permeability and the shape of hys-
teresis loop of magnetization), will become extended and
precise. With a high accuracy, the method (Reference
[15]) allows establishing not only ferromagnetic, but also
paramagnetic and antiferromagnetic states of the mate-
rials, to study the properties of transition and rare metals
and their alloys and compounds.

[0015] Nevertheless, disadvantages of the method,
which make it unusable for adjustment of the parameters
of ferromagnetic foil windings, derive from the use of con-
ductive materials for establishing the control electric field
on the entire surface of the foil, used in the transformer’s
winding.

[0016] Electrolyte degrades the properties of winding’'s
insulation, and the voltage between the inner and outer
winding’s turns (while their number is equal N) is N times
greater than the inter-turns voltage. Therefore the elec-
trical conductivity of electrolyte may cause a breakdown
of the winding’s insulation and galvanic corrosion of the
metallic foil. Furthermore, because of the electrical con-
ductivity of electrolyte, eddy currents are induced therein,
which reduces the efficiency of the transformer, and will
increase the size of the winding because of the gaps for
passage of electrolyte between the turns, which allows
avoiding a shielding of the winding with its external turn.
[0017] There is known a method for adjustment of an-
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isotropic magnetic parameters by the action of an electric
field applied perpendicular to a ferromagnetic layer (see
Reference [16]). Such parameters control in the material
with initially ferromagnetic properties significantly ex-
pands the range of achievable changes in these param-
eters by consistently changing the electric field intensity,
that allows to get the following material properties: par-
amagnetic, ferromagnetic, metamagnetic and antiferro-
magnetic. The disadvantage of this method is the same,
i.e. the use of an external electric field, whose influence
on the ferromagnetic foil winding is shielded by its outer
turn, so that the control of the material’'s parameters of
the winding by this way becomes impossible.

[0018] The closest technical solution in the related art
is transformers (see References [17] - [21]) containing:
the ferromagnetic foil windings (so-called also "windings
& core’s legs" in the related art), two yokes, the first of
which connects the upper ends of these windings, and
the second - which connects their lower ends, beside
this, each of these windings is made from multi-layer tape
having an even number of ferromagnetic metal layers,
contains the component for a transposition of these lay-
ers which is connected with the break in a middle of the
tape’s length, and wrapped in the short-circuit turn of the
perpendicular degaussing circuit, besides, each layer of
this tape is made of the ferromagnetic metal (iron of high
99.997 % purity), is coated on the side external to the
winding by a layer of antiferromagnetic metal (chromium
99.997 %), is coated on another side by the layer of an-
tiferromagnetic material passing into the ferromagnetic
state (manganese 99.997 %) and is covered with insu-
lation (see References [17] - [21]).

[0019] Some types of these transformers (see Refer-
ences [17], [18]) can additionally comprise usual copper
windings wrapped around their windings made of ferro-
magnetic foil. The ferromagnetic foil winding (i.e. wind-
ings made of ferromagnetic foil) are active elements of
new transformers (References [17] - [21]), which execute
two functions: both of the winding, which embraces the
cores cross-section or an entire operative time-varying
magnetic flux which passes through it, and a function of
vertical parts (of legs) of the transformer’s ferromagnetic
core, along which this main flux of the transformer circu-
lates. In the conventional transformers, the windings
(e.g., made of copper) and the legs of the ferromagnetic
(e.g., made of electrotechnical steel) core, wrapped by
these windings, are spatially and functionally separated.
[0020] A compactness of the transformers (Referenc-
es [17] - [21]) is achieved not only by the fact that their
windings, made of ferromagnetic foil, simultaneously
have two functions, i.e. the function of the winding and
the function of the ferromagnetic core’s leg. This allows
reducing almost twice the volume occupied by these
components. During the testing of the models of these
transformers, for the first time, magnetic interaction be-
tween the ferromagnetic layers of these windings was
discovered (References [17] - [21]), due to which their
spontaneous (i.e. without the influence of an external
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field) mutual inverse magnetization arises in the direction
of their light magnetization, which is parallel to the axis
of the windings (Reference [10]).

[0021] Such magnetic ordering (magnetic super-lattic-
es with a long-range order) artificially occurs, while wind-
ing the coil, and creates existence conditions for a pre-
vailing number of conductivity electron groups having
largest dimensions. It increases the relative magnetic
permeability of the windings’ metal from an initial value
25’000 up to 80’000 and above.

[0022] Besides, during operation of the transformers
(References [17] - [21]), due to electromagnetic force
(emf) induced in the turns of the winding (made of tape
of the multi-layer ferromagnetic foil) and due to an active
resistive voltage’s drop during passage of current
through this tape, an electrical potential difference arises
between these turns.

The obtained electric field with the spontaneous magnet-
ic field of the layers interaction and the operative mag-
netic field of the transformer together affect the material
of ferromagnetic foil winding. It was found that this action
additionally increases the relative permeability of the
windings’ ferromagnetic material up to values above
100°000.

[0023] Therefore, while designing and computing the
electromagnetic transformers with ferromagnetic foil
windings, it is necessary to take into consideration not
only geometrical properties of the magnetic-flux linkage
in these windings (Reference [22]), but also the features
of magnetic super-lattices, i.e. to take into account, that:

1) the magneticflux in the ferromagnetic foil windings
may be directed strictly parallel to the rotation axis
of these windings.

2) the operative magnetic flux is uniform in the cross-
section of the ferromagnetic foil winding; this fact is
proved by the experiment on samples of such wind-
ings with any aspect ratios of the inner radius ry to
outer radius r, which gives in every among these
cases the same equation for the emf (Reference
[22]): € = -(0W/ot) - ky, where: (0¥/dt) - a change of
velocity of the magnetic-flux linkage ¥ passing
through the ferromagnetic foil winding; k; - a coeffi-
cient related only with the ratio of its radiuses r and
r,i.e. ky = (r+2ry) / (3r+ 3ry).

3) in the ferromagnetic material of the foil windings,
when it is laminated, owing to a coiling process of
these windings, under an influence of the lamination,
the ferromagnetic parameters of this material will im-
prove (in comparison with the initial parameters of
this material when it is in the form of a thick solid
bar), which allows achieving the following: a higher
relative magnetic permeability ., smaller re-sidual
magnetization B, and coercive force H,, and these
parameters may be determined by the empirical
equations.

4) to ensure the constant direction of the spontane-
ous magnetization, which shall not change when you
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move the view along the length of each layer of the
multi-layer tape, which the ferromagnetic foil winding
is made of, the number of these layers must be even.
If this requirement is not satisfied, i.e., if the number
of these layers is odd, the inner layer of any turn of
the foil winding will be located close to the outermost
layer of the neighboring previous turn, which has the
same direction of magnetization.

This would cause competition between the direc-
tions of interacting magnetization and would cause
the inversion of a magnetization’s direction in one of
these adjacent layers (because these directions
must be mutual opposite to each other, and owing
to it they may provide the closing their total magnetic
flux). A common effect of such interactions should
be the establishing of magnetization with an alter-
nating direction along the length of each layer of the
tape (Reference [10]). The materials ordered in the
form of alternating counter directions of magnetiza-
tion, i.e. the materials having spin valves, are de-
scribed in detail in References [13], [23].

When the tape has an odd number of layers, along
the direction of electric current (i.e. along the tape’s
length), the spin valves will arise with the amount
and random locations, fast varying during a time,
which alters the tape resistance in accordance with
the function of time, almost harmonically and begin-
ning from an initial value, which was typical for a thick
solid bar of applied metals, up to the value, which
interrupts this current.

During an experiment (Reference [10]), which was
carried out on the foil winding, having an internal
diameter 8 mm, outer diameter 25 mm, height 30
mm, 160 turns of a single-layer metallic tape with 50
microns thickness and with 2 microns insulation,
while the winding was connected to a sinusoidal cur-
rent source with 50 Hz frequency and 12 V voltage,
the occurrence of the spin valves with variable and
random locations along the tapes’ length caused a
sinusoidal modulation of the winding’s resistance
with 0.3 Hz frequency. To avoid this undesirable phe-
nomenon, the ferromagnetic foil windings are made
of the tape with an even number of layers of ferro-
magnetic metal.

5) electric current, flowing through the wire connect-
ed to the innerterminal of the ferromagnetic foil wind-
ing and bended around it’s vertical cross section, in
spite of limitation of this current (owing to impedance
of the electrical circuit of this winding) can cause its
magnetization in the direction along its circumfer-
ence, i.e. transversely in relative to the direction of
the transformer’s operative magnetic flux, and there-
fore causes the core permeability’s reduction in this
direction.

To avoid such undesirable effect of this current, the
transformer must contain insulated short-circuited
turns, i.e. demagnetizing turns, wrapped around the
same vertical cross-section of the ferromagnetic foil
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windings, which inevitably will be wrapped up with
the wires from the internal terminals of these wind-
ings. The resistance of these turns is approaching
to zero, and for this reason, the currents induced
therein are directed oppositely in relation to the cur-
rents flowing through the inner leads of these wind-
ings and entirely compensate their magnetizing ef-
fect.

6) to align the emfs at the ends of the multilayer tape
(which will be connected together when welding
them to the terminals of the foil winding, and which
is wrapped out of this tape), it's necessary to install
a component for transposition of these layers de-
scribed in RU2444077, and this component should
be installed in a break of the winding, at the middle
point of the tape’s length. This allows for a transpo-
sition of the tape’s layers, i.e. connecting each end-
ing of the tape’s layers related to the inner half of the
winding (which is conventionally divided in this
break), starting from the innermost layer’s ending,
to the beginning of a corresponding layer of the outer
half of this winding, starting from the outer layer’'s
beginning. Itensures a necessary transfer of the cur-
rents flowing through the innerlayers of the first wind-
ing’s turns into the outer layers of the last turns, and
also reduces the influence of skin-effect.

[0024] Changing the sizes and shapes of magnetic as-
sociations of the conductivity electrons, (which will be
self-defined for selected change ranges of the control
electrical field, owing to magnetic interaction of these
electrons, mainly between each other, and owing to their
electrical interactions therebetween and with other elec-
trons and nuclei of atoms to which they conditionally be-
long), directly affect the mobility of conductivity electrons
and their electromagnetic coupling with the crystal lattice.
[0025] Therefore it may be assumed that, by acting
perpendicularly on the layer of ferromagnetic metal using
an electric field, it is possible to reduce the resistivity of
the ferromagnetic tape anisotropically, i.e. along its
length.

[0026] However, for short pieces having a length that
does not exceed a few centimeters, which were used in
the experiments (References [1]-[6], [13], [15], [16], [23]),
the measurements of decrease of their resistance along
the layer were impossible, as these samples’ resistance
can itself be very accurately taken equal to zero, in com-
parison with an achievable minimal resistance of the
modern measuring devices.

[0027] During the experiments (Reference [10]) upon
the transformers with ferromagnetic foil windings (Refer-
ences [17] - [21]), the length of iron tapes (which these
windings were made of) exceeded 5 m, and for the first
time, without any difficulty, this enabled to find and meas-
ure (by a voltmeter-ammeter) the decrease of resistance
of these tapes under influence of the interlayer electric
field arising due to the voltage drop, when electric current
flows through these tapes.
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[0028] In these experiments, it was achieved a de-
crease of iron resistivity from an initial 0,098 pOhmXxm
to less than 0,001 wOhmXxm, i.e. the metal of ferromag-
netic foil windings acquired an increased induced elec-
trical conductivity, which was tens times greater than the
conductivity of best known conductors (copper, silver,
etc.).

[0029] Itwas also found that, this weak induced hyper-
conductivity of ferromagnetic metal, (which exists during
the act of electrical and magnetic field thereon, i.e. only
during operation these windings, and being at this de-
pendence similar with respect to its improved ferromag-
netic parameters), is non-cryogenic (normal), does not
disappear (i.e. is stable) until the Curie temperature T
of the super-lattices up to +350°C (Reference [10]) and
currently may be described according to empirical equa-
tions. The decrease of metallic resistivity by using this
method is an attractive solution for improving the param-
eters of the ferromagnetic foil windings.

[0030] Therefore, theinfluence of the electricand mag-
netic fields on the purest ferromagnetic metals anisotrop-
ically change their saturation flux density, permeability,
hysteresis magnetization, and electrical conductivity.
[0031] For the transformers with ferromagnetic foil
windings (References [17]-[21]), which operate at a fre-
quency of =50 ... 60 Hz, the most appropriate thickness
of the metal layers of the multilayer tape (which these
windings are made of), is equal dg, = 20 pm that contains
a 18 pm substrate layer of 99,996 % iron coated by 1
pm of 99,996 % manganese on the surface, internal to
the winding, and by 1 um of 99,996 % chromium on the
opposite surface.

[0032] In general, a ratio of the thickness of the iron
substrate layer to the total thickness of coatings made of
manganese and chromium, is approximately equal 15 : 1.
[0033] Despite the resistivity decrease of ferromagnet-
ic metal, during operation of the transformer, owing to
the reduced thickness dg,, a more effective reduction of
eddy currentlosses s provided (than it would be achieved
by increasing the metal resistivity p). This follows from
the fact that an x-times increase of p will decrease these
losses only x times, while the x-times reducing of dg,
decreases these losses x2 times (Reference [24]). For a
selected thickness dg,, (as the skin-effect depth achieves
50 pwm), an undesirable influence of the skin-effect is in-
significant.

[0034] Despite the fact that, because of high initial re-
sistivity p of the metal of ferromagnetic multilayered tape
(out of which the foil winding is produced), in comparison
to the resistivity of copper, for computing the transform-
ers, it proves necessary to increase the total cross-sec-
tion of the metal tape in proportion to this relative increase
of p, owing to a volume economy which was used to
accommodate the windings; the dimensions of the trans-
former become at least 2 times less than that for conven-
tional transformers (Reference [22]).

[0035] Therefore the related art transformers (Refer-
ences [17]-[21]) are compact, i.e. possess a power den-
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sity per volume unit more than two times higher than for
conventional transformers, have an efficiency exceeding
98 % in comparison with the known transformers of con-
ventional design (having an efficiency not higher than 97
%), a higher reliability in conjunction with a comprehen-
sive design, and commercial appeal. Furthermore, the
design of transformers (References [17 - 21]) provides
for the following advantages:

[0036] -theinrush currents (which occurdueto sudden
switching of voltages and currents) in the transformers,
according to References[17]-[21], almost 10 times lower
than that of conventional transformers (as mentioned in
Reference [22]), owing to a spatial coincidence of ferro-
magnetic and currents flowing through the winding and
inducing magnetization in this ferromagnetic;

[0037] - the use of an electrical inter-turn capacitance
of the foil windings allows for a full compensation of re-
active power consumed by the transformers and electri-
cal power networks associated with these transformers,
according to References [17]-[21], (as mentioned in Ref-
erence [22]). Itis a valuable advantage of the transform-
ers with foil windings.

[0038] However, a disadvantage of the transformers,
according to References [17] - [21], resides in an insuf-
ficient control range of the properties of ferromagnetic
metal, which carried out by choosing a thickness dg, of
the ferromagnetic metal, a thickness d, of the interlayer
insulation, and through the use of known transition metals
and their alloys with high parameters. These restrictions
prevent a possibility of increasing the attainable high val-
ues of the magnetic permeability of the core and of at-
tainable high values of conductivity (that is almost hyper-
conductivity) of the windings, which is stable at temper-
atures above +350 °C.

[0039] These restrictions occur owing to the fact that
the relative permittivity e* of common types of insulation
(which are typically used in the related art) doesn’t ex-
ceed 3 ... 6, and this fact doesn’t allow for increasing the
electric field flux, established between the tape’s layers.
It should be noted that the electric field, in comparison
with the magnetic field, more actively influences ferro-
magnetic properties of the metal tapes.

[0040] Increasing the electric field flux, which may be
reached by reducing the thickness d; of the interlayer
isolation (and, respectively, by increasing the electric
field intensity), is impossible for the related art transform-
ers, because this isolation must withstand a voltage up
to 10 V, and therefore may not be manufactured thinner
than 1 wm. Therefore, the adjustment (control) ranges of
ferromagnetic properties and electro-conductivity for the
foil windings (which adjustment is provided by acting the
electromagnetic fields thereon) aren’t wide enough, and
a theoretically possible compactness, higher than 3-
times of that of a conventional transformer, and an effi-
ciency of 99 % or more, are not achievable in the related
art.
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OBJECT AND BRIEF SUMMARY OF THE INVENTION

[0041] A primary object of the present invention is to
solve the aforementioned problems, and create a trans-
former with ferromagnetic foil windings having a greater
compactness and greater efficiency. Accordingly, there
is proposed a transformer including windings made of a
multi-layer ferromagnetic foil tape having an even
number m of ferromagnetic layers, coated by interlayer
insulation. The winding’s upper ends are connected
through a first yoke, the winding’s bottom ends are con-
nected through a second yoke. Each winding -is wrapped
by a short-circuited coil, and - contains a component for
transposition of layers (described in RU2444077) con-
nected in a break in the middle of the tape. The insula-
tion’s thickness is determined by a ratio of d; > u,p ic*/
(Eng, pic ~ M), Where up,, ,ic is @ maximum peak voltage
between adjacent winding turns, E, i is @ maximum
electric field strength of the insulation. The interlayer in-
sulation uses either ferroelectric material being Fe,O3,
or a multi-layered material with intensive antiferromag-
netic interaction formed as a plurality of pairs of alternat-
ing layers of Cu-Fe with a ratio of thicknesses of Cu and
Fe ranged from 5:1 to 10:1.

[0042] There is also proposed an interlayer electrical
insulation used for a ferromagnetic winding having an
even number m of layers; the insulation is coated on the
layers; wherein: the insulation has aninsulation thickness
(d;) determined according to a formula of: d; > up,, ,ic* /
(Eng, pic * M), Where: Uy, i is @ maximum peak voltage
between adjacent turns of the winding, E, i is @ max-
imum electric field strength of the insulation; and - either
the insulation is made of Fe;O3; - or the insulation has a
structure consisting of a plurality of pairs of alternating
Cu layers having a Cu thickness, and Fe layers having
a Fe thickness, wherein a ratio of the Cu thickness to the
Fe thickness is equal to 5 : 100.

BRIEF DESCRIPTION OF THE DRAWINGS
[0043]

Fig. 1 shows a schematic cross-sectional view of the
transformer comprising the ferromagnetic foil wind-
ings and which is taken as the closest related art for
this invention.

Fig. 2 shows an isometric view of the ferromagnetic
foil windings of the transformer shown on Fig. 1.
Fig. 3 and Fig. 4 show a vertical section (A) of the
foil winding, whose turns are numbered as 1, 2, 3, ...,
n,n+1, ..., Nand are made out of a tape which has
an even m-number of layers of ferromagnetic metal.
Figs. 5 - 9 show graphs of empirical dependences
of control of ferromagnetic metal parameters in the
foil windings, which have interlayer insulation with
improved dielectric constant ¢, related to different
thicknesses d; of the improved insulation.
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DESCRIPTION OF PREFERRED EMBODIMENTS OF
THE INVENTION

[0044] While the invention may be susceptible to em-
bodiment in different forms, there are described in detail
herein below, specific embodiments of the presentinven-
tion, with the understanding that the present disclosure
is to be considered an exemplification of the principles
of the invention, and is not intended to limit the invention
to that as illustrated and described herein.

[0045] The inventive object is achieved by the use of
special materials for interlayer insulation, which allows
increasing the flow of an electricfield, therefore, providing
an increase of boundaries values of the control range of
this field up to the ample values.

[0046] Theinventive transformer comprises: a number
(not limited, for example, 2) of ferromagnetic windings 1
having a vertical cross-section, the ferromagnetic wind-
ings 1 are made of a foil tape having a length and wound
by an even plurality of layers 6 coated with insulation 7;
the layers 6 each is made of ferromagnetic metal 9 where-
in, on the external side in relation to the corresponding
winding 1, the layer 6 is plated by antiferromagnetic metal
10 and, on the internal side in relation to the correspond-
ing winding 1, the layer 6 is plated by antiferromagnetic
metal 11 capable of transferring into a ferromagnetic; the
windings 1 each has - upper ends connected through a
first yoke 2 and - bottom ends connected through a sec-
ond yoke 3;

the windings 1 each, in the vertical cross-section, is
wrapped by a short-circuited coil 4; the windings 1 each
contains a component 5 (described in RU2444077) for
transposition the layers 6, wherein the component 5 is
inserted into a break provided in a middle of the length
of the foil tape.

[0047] The inventive transformer also comprises: a
number of additional copper windings 8 each wrapped
around the windings 1.

[0048] A distinct feature of the inventive transformer is
the material of insulation 7, which is either ferroelectric,
or multilayer metallic antiferromagnetic having a plurality
of ferromagnetic layers with a strong interaction there-
between, capable of ensuring stability of the ferromag-
netic layers against external magnetic and electric fields
and insulator properties in the direction of the transition
from one of the layers to another such layer.

[0049] The transformer’s design is similar to the above
described related art design, shown on Fig. 1, and has
similar windings 1 made of ferromagnetic foil. But, unlike
the related art transformer, wherein insulation 7 (shown
on Figs. 3 and 4) is made of a conventional dielectric with
relative permittivity €* ~ 3 ... 6, the insulation 7 in the
claimed transformer is made of ferroelectric with a rela-
tive permittivity € > 104, or is made of a laminated metallic
antiferromagnetic material having anisotropic insulation
properties in the direction of the transition from one its
layer to another, having an effective relative permittivity
g >> 104 and is stable against external magnetic and
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electric fields at temperature up to +350 °C and more.
[0050] The use offerroelectrics as interlayer insulation
in the foil windings of transformers is previously unknown,
and therefore the corresponding embodiments of the
claimed invention are novel. The application of the lam-
inated metallic antiferromagnetic as anisotropic insula-
tion is also previously unknown, and therefore the corre-
sponding embodiments of the claimed invention are also
novel.

Examples of Operation of the Invention

[0051] In a preferred embodiment, the inventive trans-
former operates as follows. When an alternative voltage
u4(1) is applied to the terminals of a first copper winding
8 (left), which has N4(1) number of turns, on the terminals
of a second copper coil 8 (right), the emf will be induced,
which is determined by the classical equation: u,(2) =
uq(1) - [IN4(2) I Ni(1)] = u4(1) - k(1) ie. in this case dif-
ferences in work of a transformer with ferromagnetic foil
windings and work of a conventional electromagnetic
transformer with the same ratio of turns k(1) = N4(2) /
N4(1) are not observed. However, in this case on the
terminals of the ferromagnetic foil winding 1 with a Ny(1)
number of turns a voltage u,(1) = uq(1) - [N2(2) / N4(1)]
- ky = uq(1) - ky - ky (2) will be induced, where: k - a
geometry factor of the winding 1, ky = (r + 2rg) / (3r +
3ry), Iy and r- its inner and outer radiuses (Reference
[22]). This distinguishes the transformers with foil wind-
ings made of ferromagnetic metal from conventional
electromagnetic transformers.

[0052] During operation of the transformer between
the adjacent layers 6 relating to the start and finish ends
of an every n-th turn of the foil winding arises the electrical
potential difference u,,* = (U2 +ip2 © Ry92)172, where:
U, - the emf of the n-th turn, when it is secondary, or its
counter-emf, if it is primary; R, - its active resistance; iy
- current flowing through the foil winding. Therefore, be-
tween these layers 6, the number of which in this turn is
equal to m, arises an electric field with the strength E,»
= U/ (d; - m), where: d, - thickness of insulation 7 be-
tween the layers 6.

[0053] In proportion to the increase of the flux density
of electric field between the adjacent layers 6 (which also
depends of the relative permittivity ¢ of this insulation,
according to the equation: D, = gg'e*E,)»), the influence
of the electric field on the layers 6 increases as well. Here:
gq - electric constant in the S/-system of the measure-
ments.

[0054] Under this action of the electric field, a redistri-
bution of conduction electrons in the volumes of adjacent
metal layers 6 occurs, which induces the same redistri-
bution in the density of conductivity electrons in other
coterminous layers 6 for all N turns of the ferromagnetic
foil winding 1, as shown in the vertical section A on Fig.
4. This alters the quantitative contents, sizes and shapes
of the magnetic hierarchical associations of conductivity
electrons, and therefore, anisotropically changes prop-
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erties of the magnetically interacting layers 6 of the foil
windings 1 (References [9], [10], [22]) as follows:
[0055] - in the direction, parallel to the axis of the foil
winding 1, itincreases the relative magnetic permeability
up to a value p. > 100’000 almost without changing in the
saturation flux density equal to By = 23’000 gauss, and
decreases the coercive force up to a value H, < 104 Oe
and the remanence up to a value B, < 100 gauss;
[0056] -longitudinally to the tape, reduces the resistiv-
ity up to value p < 0,001 pOhm X m.

However, in the related art (References [17 - 21]), the
maximum flow density of electrical displacement D, in
the interlayer volume between the layers of the winding
1 (against influence of which the ferromagnetic material
layer 6 is more sensitive, than to the influence of magnetic
fields), is limited by a value of relative insulation permit-
tivity equal merely toe* =3 ... 6.

[0057] The reduction in the thickness of insulation 7 in
order to increase the flow of electrical displacement D,,,
also has a limit, calculated using the ratio of d; >t ic*
1 (Eng, pic- M), Where: Uy ;¢ is @ maximum peak voltage
between the adjacent turns of the foil winding 1, E5 pic
is a maximal electric field strength in insulation 7 (i.e. a
breakdown electric field for the insulation that could be
conventionally determined), m - the number of layers in
one turn.

[0058] In the related art, this limits the control range of
induced properties of the material of ferromagnetic foil
winding 1, and therefore does not allow to achieve the
best of its parameters (see graphs on Fig. 9).

[0059] Unlike in the related art transformers, the inter-
layer insulation 7 of the claimed transformer is made of
ferroelectric or made of multilayer antiferromagnetic with
strong interaction between its ferromagnetic layers, the
intensity of which is sufficient to ensure an insensitivity
of the material against external electric and magnetic
fields and creates stable electrical insulating properties
in the direction across these layers.

[0060] Multilayer material with strong antiferromagnet-
ic interaction between its layers (which does not have
structure defects), is usually referred to insensitive ma-
terials with anisotropic colossal magneto-resistance
(Reference [23]). These types of "insulation" have an
equivalent relative permittivity ¢ > 104, which is aniso-
tropic, i.e. directed (measured) across the layers of this
material, and thus, during operation of the claimed trans-
former, the flux density of the electric field displacement
between the metal layers 6 of the tape becomes (g/c*)
times greater and proportionally causes higher volume
electric charges, which are shown in Fig. 4.

Design Options

[0061] Such changing in the concentration of conduc-
tivity electrons in the ferromagnetic metal tape in (e/e*)
times increases the range of adjustment of its magneti-
zation curve which can be implemented by choosing a
ratio of the thickness dg, of layer 6 and the thickness d,
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of interlayer insulation 7, i.e. by design-adjustment of the
material in accordance with the empirical equations for
these parameters.

[0062] Besides, in addition to the adjustment range of
the ferromagnetic parameters ., H,, B,, which occurs at
the constant achieved parameter By in direction of the
tapes width, will be changed also the adjustment range
for the resistivity p of the ferromagnetic in direction of
tapes length. The empirical equations to obtain the best
parameters of the ferromagnetic metal in the foil windings
with interlayer insulation having the improved dielectric
constant can be obtained by applying the magnetization
curves shown on Figs. 5 - 9.

[0063] As a winding model (prototype) for obtaining
these curves for the claimed transformers, the ferromag-
netic foil winding was designed to operate at the 12V-
voltage, which had a power of 100 W, and was suitable
for electrical power grids with a frequency of f; = 50 ...
60 Hz.

[0064] Measurements were carrying out at a constant
value dg, of thickness of the metal layer 6, which was
equal to 20 pm and consisted of a 18 wm tape of 99.996
%-purity iron (Reference [10]) coated by 1 um of 99.996
% manganese (Reference [10]) on afirst side and coated
by 1 wm of the 99.996 % chromium on a second side.
[0065] The adjustments, whose results are illustrated
in the graphs on Figs. 5 - 9, were carried out by varying
the thickness d, of insulation 7 with a relative permittivity
g~ 10%. When d;» 5 .m the magnetization curve of metal
corresponds to weak ferromagnetic or paramagnetic
(Fig. 5); when d;= 0,01 ... 0,05 um, there were observed
a transition from antiferromagnetic (which doesn’t re-
spond to the applied external magnetic field, not shown)
to magnetically hard ferromagnetic (Fig. 6); atd; =0,1 ...
0,5 um, the magnetization curve corresponds to different
types of meta-magnets (Fig. 7 and Fig. 8).

[0066] If d, = 2 um, then the obtained curve corre-
sponds to a desired ferromagnetic with a high saturation
induction Bg ~ 23,000 gauss and relative magnetic per-
meability u > 108, small values of remanence B, < 100
gauss and of coercive force H; < 0,017 Oe (Fig. 9), while
the foil winding 1 also acquires a low electrical resistivity
p << 0,001 pOhm X m.

[0067] The curve shown on Fig. 9 corresponds to the
best parameters of the ferromagnetic foil windings, which
are achievable for transformers within a power range of
Sp=10W ... 1kW, and it was obtained at a thicknesses
dFe ~ 20 pm, di ~2 pm.

[0068] The optimum ratiorange of thicknesses of metal
6 and insulation 7 in every layer of the foil winding 1 has
is raged from 5:1 to 10:1.

[0069] Forlarge transformers (having a power S > Sp),
because of a larger electric voltage between the turns of
their windings, the thickness of the interlayer insulation
of the tape should be (S / Sy)!/3 times greater.

[0070] This increase in the insulation thickness reduc-
es the interaction and mutual magnetizing of the ferro-
magnetic layers and, therefore, reduces the sensitivity
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of design-adjustment of the electric field up to acceptable
values.

[0071] In transformers for electrical power grids with a
higher frequency f, to eliminate the skin-effect influence,
it is required that the thickness dg, of each metallic layer
6 in the tape and correspondingly the thickness d; of the
interlayer insulation 7 be decreased approximately (f/
f)12 times. Therefore, the thickness of the metal layer 6
of the multilayer tape may be determined by the empirical
equation: dg ~ 20 - (100 / S)1/3 - (50 / )12, um, where:
S - transformer’s power, W; f- grid’s frequency, Hz.
[0072] The multilayered metallic material with a very
strong antiferromagnetic interaction of its ferromagnetic
layers, which is claimed herein as the alternative (and is
a more promising material for the interlayer insulation 7
in the foil windings 1) operates as follows.

[0073] When the thicknesses of interlayers of the non-
ferromagnetic metal are lower than 5% against the thick-
ness of ferromagnetic metal layers, separated by these
interlayers, the spontaneous counter-magnetizing’s mu-
tual influence of these ferromagnetic metal layers be-
comes ten times larger than the influence of a possible
peak value of the magnetic field (H,,,,, > 10 kOe), which
may be induced externally on the laminate material
through other parts of an electromagnetic device, for ex-
ample, by the currents flowing through the windings dur-
ing the transformer operation.

[0074] Therefore, the system of interacting ferromag-
netic layers of multilayer material is a permanently locked
spin valve (Reference [23]) for currents in the direction
across these layers. Material with such high-energy mag-
netic interaction of the layers may be fully non-conductive
in the directions crossing these layers, without sensitivity
to an external electrical field and an external magnetic
field, unlike meta-magnets which react to an applied
magnetic field even when their strength is barely above
10 kOe.

[0075] As the insulation withstanding a 10 V voltage
amplitude, induced between the turns of the ferromag-
netic foil windings in the transformers with a power ex-
ceeding 1 kW, the material containing more than 5 layers
of ultra-pure iron with a thickness of about 90 ... 100 nm
and with copper interlayers having a thickness of 5 nm
can be applied. Such system of ferromagnetic layers may
be regarded also as electrical capacitor’s plates separat-
ed by potential barriers atthe location of magnetic domain
walls, which prevents the passage of current across the
layers, wherein the barriers have a thickness no more
than a few atoms size.

[0076] Therefore, this capacitor’s capacitance, owing
to its thickness (about 0.5 um), has a value close to a
capacitance value of a capacitor, which would have a 2
pm thickness with insulation interlayers made of ferroe-
lectric with the relative permittivity ¢ >> 104. Consequent-
ly, multilayered metallic material with very strong antifer-
romagnetic interaction between its ferromagnetic layers
is suitable for use as insulation material of high dielectric
permittivity.
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[0077] Thus, the claimed transformer is provided with
a high range of design-adjustment of characteristics of
its ferromagnetic foil windings, which allows reducing its
sizes in comparison with the related art in more than two-
fold and to increase its efficiency up to 99 % and higher.
[0078] A preferable choice of interlayer insulation 7 for
coating the metal layers 6 is a Fe,Oj film with the 2 um
thickness and having the properties of the dielectric and
ferroelectric, i.e. material with resistivity p > 1016 Ohm X
m, with a dielectric strength greater than 60 kV mm and
with & > 104,

[0079] Another preferable choice of interlayer insula-
tion 7 for coating the metal layers 6 is the multilayer metal
material having the 0.5 wm thickness and formed by al-
ternating Cu-Fe-Cu-Fe-Cu-... layers of super-pure iron
and copper with a ratio of corresponding layer thickness-
esof5:100:5:100:5: ...

[0080] The claimed transformer can be utilized in mag-
neto-electro-technology (as defined by the instant inven-
tors), i.e. in an industry, which uses the properties of lay-
ered ferromagnetics for powerful electrical equipment.
[0081] The transformer may be adapted for design of
single-phase, three-phase, or other transformers with
ferromagnetic foil windings, similar to the related art (Ref-
erences [7], [14] - [17]), and may be used as compact
power transformers and instrumental transformers with
a high reliability in various industrial sectors.

[0082] In two-pole connection circuits (i.e. without
loading or only with a regulatory loading), the transformer
may be used as a choke or reactor. The transformer may
be also manufactured for the use in electrical power grids
with reactive power compensation.
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Claims

1.

A transformer comprising:

- a number of windings each having a vertical
cross-section, said windings are made of a foil
tape having a length, said windings are wound
by m layers coated with an interlayer insulation,
wherein said m is an even number; said layers
each is made of ferromagnetic metal; said wind-
ings each has - upper ends connected through
afirstyoke and - bottom ends connected through
a second yoke; said windings each, in the ver-
tical cross-section, is wrapped by a short-
circuited coil; said windings each contains a
transposition component for transposition of
said layers, wherein the transposition compo-
nentis inserted into a break provided in a middle
of the length of said foil tape;

- a number of additional copper windings each
wrapped around said windings;

wherein:

said insulation has an insulation thickness
(d;) determined according to a formula of: d;
> Ung, pic* / (En2, pic ’ m), where: Un2, pic is a
maximum peak voltage between adjacent
turns of said windings, E; icis @ maximum
electric field strength of the insulation; and
said insulation is made of ferroelectric ma-
terial having a chemical formula of Fe,03.

The transformer of claim 1, wherein; said transformer
is used in an electric power grid; the layer of said foil
tape has a layer thickness defined by the following
equation: dg, ~ 20 - (100 / S)1/3 - (50 / /)72, where:
S is a power of said transformer, fis a frequency of
the electric power grid; and a ratio of said layer thick-
ness to said insulation thickness (dg / d)) is ranged
from 5:1 to 10:1.

A transformer comprising:

- a number of windings each having a vertical
cross-section, said windings are made of a foil
tape having a length, said windings are wound
by m layers coated with an interlayer insulation,
wherein said m is an even number; said layers
each is made of ferromagnetic metal; said wind-
ings each has - upper ends connected through
afirstyoke and - bottom ends connected through
a second yoke; said windings each, in the ver-
tical cross-section, is wrapped by a short-
circuited coil; said windings each contains a
transposition component for transposition said
layers, wherein the transposition component is
inserted into a break provided in a middle of the
length of said foil tape;
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- a number of additional copper windings each
wrapped around said windings;
wherein:

wherein:

said insulation has an insulation thickness (d)

1"

determined according to a formula of: d, > uj,,,
pic* / (En, pic - M), where: s i is @ maximum
peak voltage between adjacent turns of said
windings (1), Eqp pic is @ maximum electric field

said insulation has an insulation thickness 5 strength of the insulation; characterised in that
(d;) determined according to a formula of: d; said insulation (7) is made of ferroelectric mate-
> Unp, pic” ! (Eng, pic = M), Where: Uy, i is a rial having a chemical formula of Fe,Os3.
maximum peak voltage between adjacent
turns of said windings, E; i is @ maximum The transformer of claim 1, characterised in that
electric field strength of the insulation; and 70 said windings (1) each, in the vertical cross-section,
said insulation has a structure consisting of is wrapped by a short-circuited coil (4); i.e. short-
a plurality of pairs of alternating Cu layers circuited turns, wrapped around the same vertical
having a Cuthickness, and Felayers having cross-section of the ferromagnetic foil windings,
a Fe thickness, wherein a ratio of the Cu said windings (1) each contains a transposition com-
thickness to the Fe thickness is equalto 5: 15 ponent (5) for transposition of said layers (6), where-
100. in the transposition component (5) is inserted into a
break provided in a middle of the length of said foil
4. An interlayer insulation used for a ferromagnetic tape, i.e. said component should be installed in a
winding having an even number m of layers; said break of the winding, at the middle point of the tape’s
insulation is coated on the layers; wherein: 20 length.
said insulation has an insulation thickness (d) The transformer of claim 1 or 2, characterised in
determined according to a formula of: d; > that said transformer is for an electric power grid;
Un2, pic" ! (En2, pic * M), Where: Uy i is @ maxi- the layer (6) of said foil tape has a layer thickness
mum peak voltage between adjacent turns of 25 defined by the following equation: dg, = 20 - (100 /
said winding, Ep, ¢ is @ maximum electric field S)13 - (50 / )72, where: S is a power of said trans-
strength of the insulation; and former, f is a frequency of the electric power grid;
and a ratio of said layer thickness to said insulation
- either said insulation is made of Fe,0,, thickness (dg, / d,) is ranged from 5:1 to 10:1.
-orsaidinsulation has a structure consisting 30
of a plurality of pairs of alternating Cu layers A Transformer comprising:
having a Cuthickness, and Felayers having
a Fe thickness, wherein a ratio of the Cu -anumber of windings (1) each having a vertical
thickness to the Fe thickness is equal to 5 : cross-section, said windings (1) are made of a
100. 35 foil tape having a length, said windings (1) are
wound by m layers (6) coated with an interlayer
insulation (7), wherein said m is an even
Amended claims in accordance with Rule 137(2) number; said layers (6) each is made of ferro-
EPC. magnetic metal (9); said windings (1) each has
40 - upper ends connected through a first yoke (2)
1. A transformer comprising: and - bottom ends connected through a second
yoke (3);
-anumber of windings (1) each having a vertical - a number of additional copper windings (8)
cross-section, said windings (1) are made of a each wrapped around said windings (1);
foil tape having a length, said windings (1) are 45
wound by m layers (6) coated with an interlayer wherein:
insulation (7), wherein said m is an even
number; said layers (6) each is made of ferro- said insulation has an insulation thickness (d)
magnetic metal (9); said windings (1) each has determined according to a formula of: dj > U5 pic
- upper ends connected through a first yoke (2) 50 *I(Eng, pic' M), Where: Uy i is @ maximum peak
and - bottom ends connected through a second voltage between adjacent turns of said windings
yoke (3); (1), En2, pic is @ maximum electric field strength
- additional copper windings (8) each wrapped of the insulation; characterised in that
around said windings (1); said insulation has a structure consisting of a
55

plurality of pairs of alternating Cu layers having
a Cuthickness, and Fe layers having a Fe thick-
ness, i.e thicknesses of Cu and Fe layers,
wherein a ratio of the Cu thickness to the Fe
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thickness is equal to 5 : 100.

The transformer of claim 4, characterised in that
said windings (1) each, in the vertical cross-section,
is wrapped by a short-circuited coil (4); i.e. short-
circuited turns, wrapped around the same vertical
cross-section of the ferromagnetic foil windings,
said windings (1) each contains a transposition com-
ponent (5) for transposition of said layers (6), where-
in the transposition component (5) is inserted into a
break provided in a middle of the length of said foil
tape, i.e, said component should be installed in a
break of the winding, at the middle point of the tape’s
length.

An interlayer insulation (7) used for a ferromagnetic
winding (1) having an even number m of layers (6);
said insulation is coated on the layers; wherein:

said insulation has an insulation thickness (d))
determined according to a formula of: d, >
Un2, pic” ! (Eng, pic * M), Where: Uy, i is @ maxi-
mum peak voltage between adjacent turns of
said winding (1), Ep, pic is @ maximum electric
field strength of the insulation; characterised in
that

- either said insulation is made of Fe,03,

-orsaidinsulation has a structure consisting
of a plurality of pairs of alternating Cu layers
having a Cuthickness, and Felayers having
a Fe thickness, i.e thicknesses of Cu and
Fe layers, wherein a ratio of the Cu thick-
ness to the Fe thickness is equal to 5 : 100.
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