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Peculiarities of electric current distribution in anisotropic electrically conductive medium are considered and
dependences of its longitudinal and transverse components on geometrical factors are established.
In the case of a rectangular plate of length a, height b and width c, the selected crystallographic axes are located

in the plane of the side face (a x b), and one of these axes is oriented at an angle a to the edge a. Application to the
upper and lower end faces of the plate of some potential difference leads to the appearance of longitudinal and
transverse components of the flowing electric current. This leads to the possibility of transforming the electric
current magnitude. The methods of optimizing the transformation coefficient magnitude which is determined by
both the magnitude of the anisotropy of the electrical conductivity of the plate material and the coefficient of its
shape k = a/b. The design variants of anisotropic electrically conductive transformers are proposed, one of which

is of the spiral shape is characterized by a high value of the transformation coefficient.

Information on existing monocrystalline and artificial anisotropic materials is given. The dependence of the
coefficient transformation m on the magnitude of the anisotropy k of the transforming element material is presented.

The perspective materials for the real creation of anisotropic electrically conductive transformers with the
necessary functional characteristics. Silicon can be used in this case.

The use of this transformation effect makes it possible to expand the practical use of electroohmic phenomena.
This principle of transformation will expand the areas of its use in metrology and measurement technology.
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I. Equation of transformation of electric
current in anisotropic electrically
conductive media

In the general case, the electrical conductivity tensor
& of an anisotropic electrically conducting medium in the
case when its main crystallographic axes oy4, 0,5, and g33
coincide, respectively, with the axes OX, OY and OZ of
the selected laboratory coordinate system OXYZ, has the
following form [6]:

o;; O 0
6=|0 (Y] 0 (1)
0 0 o033

If the vector of the external electric field E, which is
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applied to such a medium, oriented along one of its main
crystallographic axes, for example, a,,, coincides with the
OY axis, then an electric current a,, arises in the volume
of the medium only in this direction:

O]

N -
Jyy = Ey " 022

Electric current is not observed in other
crystallographic directions of the medium.

Another situation arises when the electric field vector
ﬁy is located in the plane created by the crystallographic
axes oy, and ag,,, one of which, for example, g, is
oriented at an angle o to the OX axis of the laboratory
coordinate system (Fig. 1a). This arrangement of the axes
makes it possible to represent the tensor & in the following

form:
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Fig. 1. Distribution of density lines of transformed electric currents in the volume of the plate at:

) &= Aoy = 45°,

o=
0,,C08%a + 0,,sin’a (644 — 0,,)sina - cosa 0
(611 — 03)sina - cosa  oy;sin®a + 6,,c08%a 0
0 0 033
3)

and is characterized by the presence of both longitudinal
o) and transverse o. components of the electrical
conductivity tensor G.

The creation of an electric field voltage Ey in the
direction OY by means of external electrodes leads to the
appearance of both longitudinal j,, and transverse Jyy
components of the electric vectors current, which have the
following form:

Jyy = Ey(011c08% a + 0,,sina),

(4)

Jux = Ey (011 — 057)sina - cosa. (5)
Optimization of values (4) and (5) by angle a —
. 2

(6—’ =0,2 <« 0) shows that their maximum value is

da da

observed at aop= 45°:

jyy =05" Ey(cll + 022), (6)

Jex =05+ Ey(cn — 032). (7
Consider a rectangular plate with length a, height b,
width ¢ (Fig. 1a), which is made of a material with certain
characteristics of the anisotropy of electrical conductivity
6. Namely, the crystallographic axes g;; and o,, are
located in the plane of its lateral face (a xb), while one of
these axes, for example, o, 4, is oriented at an angle a,,, =
45 ° to the X axis. Applying to the upper and lower faces
(axc) a certain potential difference U, causes the flow of
longitudinal I, and transverse I, electric currents:
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On
=
¥ X
0
b)
b) y= 45°— 4
611+022 b
b=l e e ®)
_ 0117022 @
b= Y 611022 bc’ (9)

and the transformation ratio n of such a device is

expressed by the formula:

Iy _ (011—022) b2
- E " (611+022) “a? (10)
It should be noted, that in the case under
consideration, transformation of both direct and
alternating electric currents is possible, in which the value
of n must be determined in the short circuit mode. In this
case, the lines of the transformed current I, are placed at
an angle g (Fig. la), which are determined by the
following formula:

022

011~
= arctg———=, 11
'8 g0'11"'0'22 ( )
where m = % is the transformation coefficient of
11 22

the material of the anisotropic transforming plate, p = sis

the coefficient of its shape.

Fig. 2 shows the dependence of the conversion
coefficient m on the anisotropy value k of the plate
material, from which it follows that with increasing k the
value of m monotonically increases, reaching saturation at
k = 50 (m = 89.1 %).

Thus, the application of Ohm's law in anisotropic
electrically conductive media under certain conditions
allows to propose a new approach to the transformation of
electricity. This process can be called an electroohmic
transformation method [5].
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Fig. 2. Dependence of the coefficient m on the value of anisotropy k of the material of an anisotropic electrically
conductive plate: 1 — for monocrystalline materials, 2 — for artificial anisotropic materials.

. Design features of anisotropic
electrically conductive transformers
(AECT) of alternating current

In general, the choice of a specific transformer design
based on an anisotropic electrically conductive material is
determined by both the features of the physical
phenomena occurring in it and the conditions of its
operation [7]. One of the possible design options for a
device designed to transform an alternating electric
current is shown in Fig. 3.

The basis of such a device is a transforming element
in the form of a rectangular plate 1 — length a, height b
and width ¢ (Fig. 1a) from an anisotropic electrically
conductive material. The selected crystallographic axes
01, Of the aforementioned plate and o, are located in the
plane of its lateral face (a xb) (Fig. 3), while the g, axis
is located at an angle a,,, = 45 ° The left and right sides
(bxc) of this plate contain insulating layers 2 with a
dielectric constant €. The outer sides of these layers, in
turn, contain electrically conductive layers 3, to which
output electrical leads 6 and 7 are attached. Input electrical
leads 4 and 5 are located on the upper and lower end (b xc)
faces of the plate 1.

This design of the AECT provides a uniform
distribution of the transforming electric current in the
volume of the plate 1 and serves as its protector against
electrical shunting by conductive layers 3.

An analysis of the distribution of the density of the
transformed current in the volume of plate 1 showed that
the orientation of the crystallographic axis o;, at an angle
aope = 45 °leads to some distortion of its equipotentiality,
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and, accordingly, to a decrease in the value of the
transformation coefficient.
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Fig. 3. Schematic design of AECT alternating electric
current: 1 —transforming element; 2 — electrical insulating
layers; 3 electrically ~ conductive  layers;
4,5 —input and 6, 7 — output electrical contacts.

To eliminate this phenomenon, in some cases, the
orientation of the g;, axis must be carried out at an angle
Y = aope — B (Fig. 1b). In this case, the lines of current
densities, transformed are not bent, and the value of the
transformation ratio n, will be determined by the
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following expression:

(011—022) siny cos a
__ 011022 ycosy  a

n, = 12)

011€0s2y+0,,sin2y b’

This constructive approach makes it possible to
eliminate the curvature of the distribution of electric
currents in the volume of plate 1.

The electrical circuit of such a device relative to the
input electrical terminals 4 and 5 is an active resistance Ry,
whose value is equal to:

011+022 b

Ry = (13)

011°022 a<c’'
and its output impedance with respect to terminals 6, 7 is
of the active-capacitive, the value of Z is determined by

the following expression:

Z= R% + el (14)
where:
_ 0117022 @
Rz T 611037 bec’ (15)
c=£-ec-%, (16)

where A is the thickness of the insulating layer, w = 2xf,
f is the frequency of the transforming current.

Thus, the considered device has an active input and
active-capacitive output resistance and can be used to
transform only alternating electric current.

If necessary, AECT with a large value of the
transformation ratio n, transforming element 1 (Fig. 3),
which is its basis, is characterized by large linear
dimensions. This feature leads to some limitation of the

possibilities of its practical application. This limitation is
eliminated by the following construction of AECT shown
in Fig. 4.

Such a device consists of a transforming element 1 in
the form of a plate with length a, height b and width
¢ based on anisotropic electrically conductive material.
This plate is rolled into a spiral and is a disk of height b
with outer r; and inner r, radii, respectively.

The upper and lower faces of this disk with area S =
(r# —r#) contain dielectric layers with thickness Az, on
the outer sides of which in In turn, electrically conductive
layers with a thickness of A are placed. Input electrical
contacts 4, 5 are located, respectively, on the inner and
outer end faces (b X c) of the disk. The output terminals
of such a transformer are located on the outer sides of the
electrically conductive layers 3. One of the side faces
(a x b) of the transforming spiral element 1 contains an
electrically insulating layer 8 with a thickness of Az ¢ of a
dielectric material.

In this case, the transformation ratio ns, the length of
the transforming element a and the number of turns N of
the spiral are related to each other by the following
relationships:

_ nf-rd)

- c+A3 (17)

_ nw(r1—13)

- c+A3 (18)
ng = 011-022  W(r{—15) (19)

011+022 b(c+A3)

Comparison of the geometric dimensions of these

structures shows that at high values of the transformation

ratio, the second structure is more adapted for its practical

use. Thus, the spiral design of the AECT makes it possible

to reduce its linear dimensions at high values of the
transformation na.
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Fig. 4. Construction of spiral AECT: 1 — a transforming element in the form of a plate with length a, height b and
width ¢ coiled into a spiral with outer r; and inner r, radii; 2 — electrical insulating layers; 3 — layers; 4, 5 and 6, 7 —
input and output electrical contacts, respectively; 8 — interturn electrical insulating layer.
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I11. Anisotropic electrically conductive
materials and their optimization

Currently, both natural and artificial anisotropic
electrically conductive materials are known. The first
class includes, for example, some elements of the fifth
group of Mendeleev's periodic table of elements such as
bismuth (Bi) and antimony (Sb), for which k = 1.2 +
1.5. The second class should include artificial materials
that are obtained by sequential synthesis methods and
directional crystallization, for example, CdSh, Bi,Tes, as
well as eutectic needle compositions CdSb-CoSb [8],
ZnAs-As [9], the value of k for which is within 1.6 + 3.
The use of such materials in transformers makes it
possible to obtain the value of the conversion coefficient
m = (9 + 60.6)%, which is clearly insufficient for
solving modern practical problems. A further increase in
the value of the coefficient m is possible in the case of
using artificially anisotropic materials, the calculation
procedure for which is given in [10].

In the case of representation of an artificially
anisotropic electrically conductive medium in the form of
arectangular parallelepiped of length [, height h and width
s (Fig. 5), made of vertically arranged alternating layers 1
and 2 with thicknesses di and da, respectively ,
characterized by electrical conductivities o, and o, (o;>>
03).

The values of the longitudinal o, and transverse o
components of the electrical conductivity tensor G of the
medium are determined by the following expressions:

dy . dy

P 01dq1+07d; (20)
f dq+dy
o, = 0102(d1+d>) (21)
1 o1dq+0,d;y

and the value of the thickness di and d; are related by the
following relations:

dlz(h\Fi.
o1

Thus, by selecting the appropriate materials for layers
1 and 2, as well as their thicknesses, an artificially
anisotropic electrically conductive material with the
desired conversion coefficient m is obtained.

For an AECT design with a transforming element
based on an optimized artificially anisotropic material
shown in Fig. 6, the transformation ratio n, is determined
by the following expression:

(22)

— (01d1+02d3)(01d2+02d1)—010(dy+d3)?
(01d1+02d3)(01d2+02d1)+0102(dg+d3)?

)

4

Thus, the possibility of free choice of the appropriate
materials leads to the real creation of AECT with the
required functional characteristics.

Silicon (Si) is especially promising in this respect,
which, depending on the degree of structural perfection,
has both dielectric and metallic properties. The use of
planar technology allows in this case to obtain anisotropic
electrically conductive materials with k = 60 + 80.

Devices based on the transformation phenomenon

l

Fig. 5. Model of the structure of an artificially anisotropic conductive medium: 1 — a layer of material with
electrical conductivity o; and thickness d1; 2 — a layer of material with electrical conductivity o, and thickness d.

b

Fig. 6. Anisotropic transforming element with artificial anisotropic material.
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considered above can be used as matching elements of  Conclusion

various broadband systems, as well as nodes and blocks of

electronics, instrumentation, metrology and computer The possibility of transformation of alternating

technology. _ . . electric current by anisotropic electrically conductive
The use of the considered transformation principle e is shown. The above transformation principle will

will expand the scope of its use in metrology and  oypand its use in various fields of science and technology.
measuring technology.
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PosrnsgHyTi  OCOONHMBOCTI  PO3MONUTY ENEKTPUYHOTO CTPYMy B aHI30TPOITHOMY €JIEKTPOMPOBITHOMY
CEpEeIOBHIL 1 BCTAHOBIICHI 3AJIEKHOCTI IMO30BXKHBOI 1 ITOTIEPEYHOT HOTO CKIIAIOBHX Bil TEOMETPUYHUX (PAKTOPIB.

Y BUNMAIKy IUTACTHHH NPSMOKYTHOI ()OpPMHU JOBXKHUHOIO a, BUCOTOIO b i IIMPHHOIO ¢ BUOpaHi Kpuctanorpadivai
oci sikoi po3MillleHi B IuonyHi 6iuHOT rpaHi (axb), npUuYoMy OJHA 3 IUX OCEl OPi€HTOBAaHA IiJ| IESIKMM KYTOM &
1o pebpa «. [pukinagaHHs 0 BEpXHBOI 1 HIDKHBOT TOPIEBHX TPaHIB IUIACTHHH JESKOI PI3HHUII MOTEHINATiB
MIPUBO/IMTB JI0 TOSIBU TI03JOBXKHBOT 1 HONEPEYHOT CKIaI0BUX EJIEKTPHYHOTO CTPYMY, 1110 MpoTikae. Lle mpu3BoIuTh
JI0 MOJJIMBOCTI TpaHc(hopManii BETUYNHU €JIEKTPUYHOro cTpymy. [IpoBemeHi MeToay OnTHMI3alil BEITUYHHU
KoediuieHTa TpancopMalil, MO BH3HAYAETHCS BEIUYMHOIO, SK aHI30TPOMIi €IeKTPONPOBIAHOCTI MaTepiary
miacTMHU Tak 1 koedimientom ii gopmu k = a/b. 3anmpomoHOBaHO BapiaHTH KOHCTPYKII aHi30TPOIHHX
CJIEKTPOIPOBIIHUX TpaHC(HOPMATOpPiB, OZHA 3 SIKUX CHipanbHOT GOPMH XapaKTEPU3YEThCS BUCOKMM 3HAYCHHSIM
koedimieHTa Tpanchopmarii.

[IpuBenena ingopmalis Mpo iCHYIOYi MOHOKPUCTANIIYHI Ta MITY4YHI aHi30TpomHi matepiamu. [IpeacraBnena
3aJIeKHICTh KOe(illieHTa IEPEeTBOPEHHS M BiJl BEIMYHUHH aHI30TpoIIii Kk MaTepiany TpaHC)OPMYyHOUYOTO eeMeHTa.

OxpeclieHO TepCHeKTHBHI MaTepianu JuIi peaJbHOTO CTBOPEHHS aHI30TPONHMX eJIEKTPOINPOBITHHX
TpaHchopMaTopiB i3 HEOOXiTHMMU QYHKIIOHATHLHUMH XapaKTepUCTHKaMU. B sKocTi Takoro Marepiaiy Moxe OyTH
BUKOPHUCTaHUM KPEMHIH.

Bukopucranus maHoro edekty TpaHchopmalii Aac MOXIMBICTh PO3MIUPUTH MPAKTHYHE BUKOPUCTAHHSI
eNeKTpoOMiuHMX siBuII. HaBenenuit npuHIun TpaHcdopmarii po3mUpuTh 00nacTi HOro BUKOPUCTAHHS B
METPOJIOTIi Ta BUMIPIOBAJIbHIN TEXHiLli.

KurouoBi ciioBa: aHi30Tpomis, eNEKTPOIPOBIJHE CEPEOBHUILE, TEH30p, BEKTOpP, CKJIAJOBI E€IEKTPHYHOTO
CTPyMY, SNEKTPHYHHN CTPYM, TpaHchopMaTop, TpaHCHOPMYIOUHii eJTeMEHT.
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