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Abstract: This paper describes an analytical-numerical method for the skin and proximity effects in a
system of two parallel conductors of circular cross section—a system very frequently encountered
in various applications. The magnetic field generated by the current applied on each conductor
is expressed by means of vector magnetic potential and expanded into Fourier series. Using the
Laplace and Helmholtz equations, as well as the classical boundary conditions, the current density
induced due to the proximity and skin effect is determined in each conductor. The resulting current
density is expressed as a series of successive reactions. The results obtained are compared with those
obtained via finite elements. Although the paper is theoretical, the considered problem has a practical
significance, because transmission lines with round conductors are universally used. Besides, the
results can be used to estimate errors when only the first reaction is taken into account, which gives
relatively simple formulas.

Keywords: skin effect; proximity effect; cylindrical conductors; current density; successive
approximations

1. Introduction

A system of two or more wires of circular cross section (cylindrical wires, briefly called round
wires) is very often used in power and signal transmission lines. For example, in a three phase cable
line, there are three round wires arranged into a three-core cable or three single-core cables in the
trefoil or flat formation [1]. In each conductor, eddy currents are induced by a magnetic field generated
by the current in the wire itself (skin effect), as well as by the neighboring alternating phase currents
(proximity effect). These currents add to the applied currents. Consequently, the total current densities
in conductors become non-uniform and non-symmetrical, and significantly affect the electromagnetic
field, power losses in the wires, and the impedance matrix of such a system of conductors [2-5]. Thus,
the knowledge on the current density distribution is essential in determining the network properties of
such lines.

Throughout the last 150 years, since Maxwell’s formulation of the electromagnetic field equations,
the proximity effect in parallel conductors with sinusoidal currents has been investigated by many
researchers who have proposed a variety of methods to calculate the current density inside wires
and/or their impedance. In general, the methods use differential or integral formulation. The first
requires solving the Helmholtz equation in the conductive regions, and the Laplace equation in
the surrounding region, whereas the second leads to integral equation(s). Excluding coaxial cables,
a purely analytical approach to obtain exact solution in both formulations encounters mathematical
problems. For example, the method of separation of variables for two identical round wires cannot
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be used, because the variables in the Helmholtz equation in bipolar coordinates cannot be separated.
The situation is even worse for other shapes of wire cross sections, or in case of multiple wires.
To overcome these problems a variety of approximate approaches are used, like:

e Introducing significant simplifications—the most radical simplification is a configuration of two
extensive plates (often encountered in academic handbooks to illustrate the proximity effect);
much more sophisticated is substituting some wires with filaments (e.g., [6—10]).

e Using approximate analytical expressions—e.g., various approximate formulas for alternating
current resistance can be found in [11-13] and approximations for inductances are given in [14];
integral equation with current density approximated with finite power series was proposed
in [15,16]; multipole expansion with finite number of terms was used in [17].

e Using numerical methods, like finite elements (e.g., [5,18,19]), boundary elements (e.g., [20]),
FDTD [21], solving the Fredholm equation with various basis functions (e.g., [22,23]), and others.

e Mixing analytical and numerical methods—e.g., Rolicz proposed solving the problem with the
Bubnov—Galerkin method in the wires and the method of separation of variables in the surrounding
region [24].

e Representing the conductors as multiple wires of “small” cross sections and connected in
parallel—e.g., [2,4,25,26].

The above classification is not meant to be complete, but it shows that the investigations on the
proximity effect are still up to date. From the scientific point of view, the most valuable are simple
analytical solutions. Such an approach is shown, among others, in [7,8], where the neighboring round
wires are considered as current filaments. This paper can be regarded as an extension the mentioned
works. The idea is to represent the neighboring wire not with a single filament, but with a set of
filaments rather, similarly as in [26]. This makes it possible to take into account the reverse reaction
of the induced eddy currents, keeping analytical form of the solution. It is worth emphasizing that
in contrary to many methods described in the literature, the proposed approach does not require
numerical solving of any system of algebraic equations.

2. Methodology

2.1. The Idea of the Method

Let us start with the geometry shown in Figure 1, where two infinitely long parallel conductors
of circular cross sections are shown. The radii of the conductors are R; and Rj, respectively, and the
distance between the conductor axes is d. A sinusoidal current of angular frequency @ and complex
root mean square (r.m.s.) value I; flows through the first conductor (on the right).

Figure 1. Current [; induces eddy currents of density ]éll) in the left conductor, which in turn generates

eddy currents ]gzz) in the right conductor.
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Suppose the current has a density of ]go), where (0) in the superscript indicates the Oth
. (0)

approximation. This current generates a time harmonic magnetic field H

currents of density léll)

magnetic field }_Iéll) , which in turn induces eddy currents | 522) in the first conductor. This sequence of
successive reactions can be continued, but in practice, the next reactions can often be neglected.

In [7,8], the current in the first conductor, [;, was assumed to be located at the axis of wire 1 as
a filament current. The magnetic field generated by it was expressed in terms of magnetic vector
potential in the form of power series. In the non-conducting region outside the second conductor, the

Laplace equation was used, taking into account the reverse reaction of the eddy currents induced in

, which induces eddy

in the second conductor (on the left). This current is a secondary source of

the considered conductor. Inside the conductor, the Helmholtz equation for the eddy current density
was used and supplemented with classical continuity conditions. The solutions obtained were used
to determine the total eddy current density induced in the first conductor, as well as in the second
one. The essential Equations describing the approach are given below. It is convenient to introduce a
coordinate system with a z-axis along the axis of the left wire. Due to assumed infinite length of the
conductors and their fixed cross section, the fields are independent on z coordinate. Moreover, current
density only has a z-component, (J = J2). The current density in conductor 2, induced by current I;
concentrated in a filament located on the axis of wire 1, can be expressed as follows (see Equation (A18)
in Appendix A for details):

[Se]

(1) L Ry\" In(Lar)
1 (r0) = —ZL I R, (—) 27 osno (1a)
> Ry~ 1; d In—1(£2R2)

in which I, (x) is the modified Bessel function of the first kind of orders 1, and

: 1+j
I, = jwuros = 5, J, (1b)

where 0, and py are the electric conductivity and magnetic permeability of wire 2, respectively,
0y = \/Z/Tyzdz is the skin depth in wire 2, and j = V-1 is the imaginary unit.

By interchanging the roles of the conductors, it is easy to obtain the current density in conductor 2,
induced by current I, concentrated in filament located on the axis of wire 2:

(1) L - nfR1\! I"(Elp)
L1 (p ) = _n_1{§£1R1 ;(—1) (7) mcosmf’ (2a)

with
I, = \jowuio, (2b)

where 0 is the electric conductivity of wire 1, and p; is the magnetic permeability of wire 1.

However, it should be realized that the eddy currents of density given by Equation (1a) induce
eddy currents of density | gzz) (p, @) in the first conductor, which in turn induce eddy currents lé?’l) (r,0)
in wire 2, and so forth. Similarly, eddy currents of density given by Equation (2a) induce currents
lézl) (r,0) in conductor 2, and so on. Hence, the total current density in the second conductor can be
regarded as the following sum:

1,r,0) =1 (r,0)+ Y 117 (r,0). (3a)
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In practice, it is usually necessary to cut the infinite series at certain M as follows:

M
1,00 = 19 Zél (3b)

where in this work [M] in the superscript is used to indicate the series cut at Mth term.

Similar Equations can be written for wire 1. In previous works, e.g., [7,8], the stress was put on
lél)( 0) and ] (r, 0) with I, focused on the axis of wire 1, whereas in this paper the reactions of
higher order are considered. Of course, such an approach is somewhat artificial, because none of the
successive reactions exists alone; thus, they cannot be measured. The method should be regarded as a
certain way of calculating the total current density distribution. It can be used, for example, to estimate
how the higher reactions affect the results obtained from the lowest ones.

2.2. The Skin Effect as the Initial Approximation

In approximation 0, it is assumed that the current is distributed as if the wires were standalone
with the skin effect taken into account. The well-known Equation for the current density in a long
straight cylindrical wire with time harmonic current leads to the following result for wire 1 [27]:

11 'Ry IO( 1P)

1 (o0) =1\ (o) = (42)
2T nR2 2 11(F Ry)
Similarly, the following Equation can be written for wire 2:
I F R2 Iy 1Y%
L' (,0) =1 (r,6) = L) (4b)

nR2 2 Il(F Rz)

2.3. The First Correction Due to the Proximity Effect

In Equations (4a) and (4b), the skin effect is taken into account, but the proximity effect is neglected.
The next step is to take into account the first correction related with the proximity effect. In terms of

1211 , and it is generated by | go).
In general, to take into account the non-uniform distribution of ] N , a set of substitutive filaments with
suitable currents can be used. For example, they could be arranged in a polar grid. However, this is not
necessary in the case of cylindrical wires, because a standalone straight cylindrical wire with current
flowing along it generates the same field outside as if the current was focused in a filament on the axis
of the wire, and the skin effect does not matter. This is a well-known result and can be easily found
from the Ampere law or by direct integration. Mathematically, it results from cylindrical symmetry,
which makes the equations independent on the angular coordinate. Therefore, although the skin effect
in the source wire may seem neglected, the eddy currents induced in the neighboring conductor and
given by Equations (1a) and (2a) take into account the skin effect in the source conductor. Hence, up to
the first reaction, the current density distribution in wire 2 is as follows:

the notation used in the paper, this correction for wire 2 is denoted as JV

1,0 =10,6)+ 1) r,0). G)

A similar equation can be written for wire 1. Typically, two cases are often considered: Same
currents (I, = I; = I) and opposing currents (I, = —I; = —I). This leads to the following equations,
taking into account the skin effect and the first approximation of the proximity effect:

0 _ I [LR Io(L (Rl n L(Lyp)
1 (p @) 7R2 - Il(F R1 Fr Rlz ) —In_1<£1R1) cosng |, (6a)
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1] I F) lo(Lp) (Rz) (L)
J5 (r,0) inRg 5 Il(zsz) +F2R2,; y In_l(ﬂsz) cosnb |, (6b)

where the upper and lower signs are for the same and opposing currents, respectively.
2.4. The Second Approximation

As mentioned in Section 2, eddy current of density Iéll) (r,0) generates its own magnetic field

which induces additional eddy currents in wire 1, denoted as 1522) (p, ®). Let us consider an elementary
fragment of cross section of wire 2. The current associated with it, due to the first approximation of
the proximity effect, equals léll) (r,0)rdrdO and generates magnetic vector potential at point Y(p,p) as
follows:

(1)
6)rdrdo
(1) Holy, (1, 1
Ayl (v;X) = 7 In XY -+ const, (7a)

dA

where X(r, 0) is arbitrary point in wire 2. Thus the total magnetic potential due to léll)

2

(r,0) equals

270 [.10] 7‘ 6 1
1 1 _2 1
f dA 21 j; j; In XY rdrd® + const.  (7b)

To evaluate the integral, it is proposed to divide the cross section of wire 2 into circular sectors and
represent the integral as a sum of integrals over the sectors. At this moment, the details of the sectors
are not important—they are described in Section 2.5. If the sectors are small enough, the integrand
may be assumed constant so that

S, wolS(r,0) 1

m .y Bk
él ~ Z o In X- YlASS + const, (7¢)

where S is the number of sectors and AS; is the area of sector s. If 2Ars and 2460, are the radial and
angular dimensions of the sector, respectively, then

ASS - rsArsAes. (8a)

1

In this way, current density Ié 1) (r,0) in wire 2 is represented as a set of filaments with currents

,)(Ts/ 05)ASs, (8b)

S

(1) Ho Z (1) 1

AL(pp)=5=) L. In + const. )
12 T 21 |X(PI(P) = Y(rs, 95)‘

Using Equation (A18) from Appendix A for e(a;;th filament leads to the following expression for eddy

currents induced in wire 1 due to potential A, , (p, ¢):

o et ST D e g o
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where by the cosine theorem (see Figure 2), it follows that

& = \/rf + d2 — 2r¢d cos O (11a)
and o
Ps = arcsinrs s (11b)
&s
¥
‘—](21?1 2 10
®
Ho
(2}

Figure 2. Relationships between polar coordinates (7;, 0;) related to current filament located in the
center of sector s in wire 2 and polar coordinates (p, ¢) related to wire 1.

In a similar way, the second approximation for the eddy currents in wire 2 due to the proximity
effect can be found. Based on Equation (10), and interchanging the roles of the wires, it is easy to write
the following equation:

@ gy 1 L) e (Ray' (L)
12,1 (r,0) = _7'(_1{§£2R2 Z; 11,2,0 ’;(g) In—l(TRZ) cosn(0 —y), (12)

where V is the number of sectors in wire 1, subscript v = 1,2,..., V refers to sector v in that wire, and
(see Figure 3):

lfz),v = lSZ) (Pv, (PZ))AS'(;, (13a)
&y = \/pzz, + d? + 2pyd cos @, (13b)
Yy = arcsin 2220 P 130

[

&
<

A 4

»le >
Vl‘ rl

Figure 3. Relationships between polar coordinates (py, ) related to current filament located in wire 1
and polar coordinates (r, 0) related to wire 2.
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2.5. Discretization of Wires

At this moment, it is worth saying something more on the division of wires into sectors. It can
be done in an arbitrary way, but the sectors should cover the entire wire cross section and their size
should be significantly smaller than the skin depth. Two choices based on polar grid are shown in
Figure 4. The first possibility uses sectors arranged in a regular polar grid (Figure 4a). If the radius is
divided into P sections, and the full angle is divided into T sections, then the total number of sectors
will be S = PT. The sector sizes are Ars = Ry /P and A0s = 21t/ T, and the sector centers have polar
coordinates (ry, 0;) = (25 Ar, (t=1)A6;), wherep=1,2,... ,Pand t =1,2 ..., T. This division is
simple, but the sectors near the surface of the wire are much larger than those near the center. To keep
accuracy, it is necessary to take a large enough T so that the most outer sectors are not too large. Hence,
the filaments near the center will be distributed very densely, which will require much unnecessary
computational effort in further calculations.

One way to avoid the above-mentioned inconvenience is using a polar grid with the number of
angular sections, T),, proportional to the radius (Figure 4b). It is reasonable to use square-like sectors.
Hence, from desired equity 27r, /T, = Ars, it follows that the number of angular segments on circle
r = rp should be equal to (2p — 1)7t (or rather, an integer closest to this value). In practice, it could be
more desirable to use T, = 4(2P — 1), because then the sectors are distributed with nice symmetry. In
such a case, the total number of sectors will be S = Zi _q Tp = 4P2. When compared with the regular
grid with T = 4(2P — 1) sectors per ring, it follows that the number of sectors in the second case is about
two times smaller than in the first one (Wlﬁ_l) ~ 0.5). This gives significantly less computational
effort, keeping the accuracy at the same level.

(b)

Figure 4. Divisions of wire 2 into sectors based on polar grids: (a) Regular division into P rings and T
sectors within each ring; (b) division into P rings and variable number of sectors within each ring.

2.6. Higher Order Reactions

In a similar way, the next reactions can be determined. Given ]g";) ( P, (p), reaction m + 1 can be
found. Based on Equations (12) and (13), one can write

v 0 n (L)
(m+1) 1 (m) Ry "(—2
B0 = ke Y 10 Y (2]
2 v=1

cosn(0 —1y), (14a)
n=1 n—l(zzRZ) ll)

where
15’1;)0 = Ig";) (Pv, (pU)ASv- (14b)
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By analogy, given Ié";) (r,0) one obtains

In\L;p
]1r;+l (p, 9 )I——F RlZIleZ( 1) MCOS”(”‘@‘%% (15a)
In—l(lilRl)
where
1 = 1 005, )

To simplify and shorten the notation of the above Equations for successive reactions, it is worth
introducing the following auxiliary function:

gyt In([R )

A(i o, R FR) = —ar (—) TR

Yt - 7 cosnf. (16)

It represents the eddy current density in units of [/ 7R? induced in a cylindrical wire of radius R and the
skin effect parameter I = (1 + j) /6 (where 6 is the skin depth) due to parallel current filament I located
at a distance of d > R from the wire axis (see geometry shown in Figure A1). Then Equations (1a), (2a),
(14a) and (15a) can be rewritten as follows:

{801 - (0%
155 (p9) = NI—;%A(R%, -9, %,El&)f (17b)
(m+1) 1 NA ) (7 Ry
Ly (16)= n_Rg UZ_; 11,2,UA(R_2’ 0= 1o, E—U,EZRz)/ (17¢)
TIPS R S Y Ri
Ly, (pe) = n_R% ; 12/1,5A(R_1/ =@ =1s, ?szlRl)' (17d)

2.7. Algorithm of Calculations

The algorithm of calculations is as follows:

1. Given Ry, Ry, d, 01, 03, w, I;,1,, calculate necessary values like I'; Ry and I',R5.
Divide wires into sectors.
3. Form=1,2,...,M—1 (where M is the number of reactions to be taken into account), calculate

1" and 1"}’ using Equations (8b) + (17a), (13a) + (17b), (15b) + (17c), and (14b) + (17d).

This will produce currents in the sectors necessary to calculate all the corrections to the eddy
current density due to proximity effect up to | %1) and I, 1) It is worth noting that the procedure does
not require solving any equation system. The successive reactions are calculated based on the previous
one. It can be expected that the reactions of higher order can usually be neglected, unless the gap
between the wires is very small.

To speed up numerical calculations, values of function /(. ..) can be calculated after generating
the sectors and before the main loop of calculating the successive reactions (step 2). This will produce
two matrices, A 2.vxs and Ap 1.5xv of the following elements:

ASUA pU

R
Allz;vls = R2 R] 0= @y — l)DS/ 5_1/ ElRl 7 (18a)
S
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ASg

= ( 0 %, FRZ) (18b)

A2,1;s,v =

It is also worth introducing two vectors, A1.yx1 and Aj.sx the elements of which are

ASU Pv Rl
Ny = A ,—, 1R 18
10 e ( R, P 7Lk (18¢c)
ASS Ts R2
Ao = A(—,Q,—,FR ) 18d
2;s ﬂR% RZ s d Lo182 ( )
The filament currents in wires 1 and 2, [ Yg) and [ ( 1) , can be arranged in two column vectors, Ign;)VXl

and Ié 1)5X1, respectively. Thus, Equations (8b) + (17a), (13a) + (17b), (15b) + (17c), and (14b) + (17d)
can be gathered and rewritten in matrix form as follows:

LA form=1
(m) o 2 7
I 19
La { Aol form > 1, (19a)
LA form=1
(m) 1 ,
I = 19b
"12 { A 21(’“ V' form>1, (19b)

In this way, evaluating the successive reactions consists of multiplying the currents from the previous
reaction by once generated matrices, which greatly speeds up the calculations.

3. Results and Discussion

3.1. Numerical Example

To illustrate the method, let us first consider two identical wires. To be more specific, let
Ri =Ry =1mm, d = 2.5 mm (gap between the wires equal to 0.5 mm). The wires are from copper
(01 = 02 = 55 MS/m), and the frequency equals f = 40 kHz. Three cases are considered:

e (Case 1: The current in wire 1 is non-zero and in wire 2 is zero;
e (Case 2: The currents in both wires are the same; and
e  Case 3: The currents in both wires are opposing.

The calculations are performed within the following values of operational parameters:

e  FEach wire is divided into S = V = 100 filaments (P = 5 with variable number of sections);
e  The relative accuracy of /A evaluation is € = 1072 (three meaningful digits—see Appendix B); and
e Six reactions were determined.

The discretization of the wires is shown in Figure 5. Figures 6 and 7 show the absolute value and
argument of current density reactions on the surface of wire 1 and 2 in case 1. Reactions 0 to 6, as well
as the total current density, are shown.

Wire 2 Wire 1
R=1mm R=1mm
o =55x107 S/m o= 55><107 S/m
R _ 594708 R _ 594708
5 6

Figure 5. The view of the configuration under considerations (dots represent filaments).



Energies 2019, 12, 3584 10 of 19

J J
R R
Jipc Ri=R>=1mm d=2.5mm ﬁ=2.950 L#0 5L=0 Tipc| Ri=Ra=1mm d=2.5 mm #=2A950 L#0 5L=0 o
) ol | m=0
m=2
0.1
0.1
_ 0.01 m=4
0.01 m=
0.001
0.001
1074
m=5
.................................. HIUJ
45 90 135 180
(a)
o[ R ¢[°] R,
. |Ri=R=1lmm d=2.5mm 0‘_:2950 L#0 5L=0 . | Ri=R>=1mm d=2.5mm d—=2.950 L#0 5L=0
| 1 | 1
150} m=5 150/ -
100} m=3 1005 | ——m=2
501 1 50, ot
| | m=0
I o
90 135 180 e | IXO‘P[]
—50!
~100|
~150|
Lfm:()
() (d)

Figure 6. The successive reactions of eddy current density on the surfaces of the wires in case
1 (magnitudes of current density in units of I; /mR?, arguments ¢ of current density in degrees;
legend: Red—total, green—skin effect, blue—m = 1, magenta—m = 2, yellow—m = 3, cyan—m =4,
violet—m = 5, orange—m = 6): (a) Current density magnitude in wire 2; (b) current density magnitude
in wire 1; (¢) current density argument in wire 2; (d) current density magnitude in wire 1.

90°

10sc  90° 750 105° 750

120° _—— S _60° 120°

135° o2 . 45°

150° F \ 30° 150°

165° / 165° : h
{ L0
180° } 180° Ho. 0
| 7
195° 195° 345°
Ri=Ry=1mm / 330° Ry=Ry=1mm JI9 (total) 3307
d=2.5 mm d=2.5 mm .
Rt o0 b (34 R 315°
52950 N/ P #:24950 J1O (skin effect)
Lh#0 4o T 300° 1#0 300°
h=0 255° 00 285° 5=0 255°  pp00 285°
(a) (b)

Figure 7. Polar plots of the successive reactions of eddy current density on the surfaces of the wires in
case 1 (legend as in Figure 6): (a) Current density magnitude in wire 2; (b) current density in wire 1.

Line m = 0 (green) in Figure 6b corresponds to ]50)—the skin effect in wire 1. The first reaction to
this current, ]éll) , is present in wire 2 (blue line m = 1 in Figure 6a). This reaction is quite large—the
values are of the same order as ]io)' It causes reaction | 522) in wire 1 (magenta line m = 2 in Figure 6b).

Its value is several times smaller than | go). Figure 6d shows that the values add in the vicinity of wire 2,
whereas they subtract on the remaining surface of wire 1. It noticeably affects the current density in

wire 1, which is best visible in Figure 7b, where the green line corresponds to ]io), the small magenta
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shape in the center represents ]522), and the red line is the total current density in wire 1. The next

reaction, ]§31) , generated in wire 2 is marked with yellow lines in Figure 6a,c (line m = 3). Its values
are about 1% of the excitation in wire 1, therefore it marginally affects the current density in wire 2.
This is visible in Figures 6a and 7a, where the total current density (red line) is practically the same as
reaction 1. The next reactions are very small and can be completely neglected in this case.

It is noticeable that the first reaction in wire 2 due to current in wire 1 generates current density
(J §11) ) of similar amplitude to the source current density in wire 1 (] io) ), but the higher order reactions
are much smaller. At first sight, this could seem a bit strange. However, it can be easily explained as
follows: The first reaction eddy currents are generated by a non-zero total current in wire 1, whereas

the total current in wire 2 remains zero. Mathematically speaking, the surface integral of current
density ]go) in the first wire over its cross section is equal to current [, whereas this kind of integral of
current density [gll) over the cross section of the second wire equals zero. Therefore, the reaction due to
the eddy currents is much smaller, because the eddy currents induced in wire 1 cancel partially due to

opposing phases of léll) in wire 2. In very large simplification, this is illustrated in Figure 8.

wire 1 wire 2

(@) (b)

Figure 8. Symbolic illustration of reactions 1 and 2: (a) Reaction 1; (b) reaction 2.

Figure 9 shows the results for cases 2 and 3. Only results for wire 1 are shown, because the results
for wire 2 are symmetrical. Reactions 0, 1, and 2 are shown (reactions 3 and higher are too small to
be drawn together with reactions of lower order), as well as the total current density as the sum of
the first six reactions. The results stay in agreement with the fact that the current density is shifted
outwards in of same currents, whereas inwards in the case of opposing currents.

90 90

105 750 105 LTS
1200 T 60 120° 60

135° 3. 45 135 L4, 45

150° 30 150 P 30

165° / 15 165

180°

Ji

195° 7 345 195 345

JI (skineffect) 130 210 9 (total) J\V (skin effect)

Ri=R>=1 mm
d=2.5 mm
8122950 J (total) 315° 225
5

Ry=R>=1 mm
d=2.5 mm
_ 812950
) 5
Li=l,  ho° / 300 240 !

- o N ——_ 3 Li=-1,
2700 283 255°  p790 285

(a) (b)

Figure 9. Polar plots of the relative current density magnitude on the surface of wire 1 (values in

units of direct current density; legend: Red—total, green—skin effect, blue—m = 1, magenta—m = 2):
(a) Case 2 (same currents); (b) case 3 (opposing currents).
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The results can be compared with those obtained by means of finite elements. FEMM software
(version 4.2, 64-bit 21Apr2019 by David Meeker, MA, USA, http://www.femm.info/wiki/HomePage)
was used to perform the calculations with very dense mesh to ensure suitable accuracy, and Table 1
shows the results—the total current density at some specific points. The results agree very well—the
differences in the magnitudes usually appear in the third meaningful digit, and the phase angles agree
up to a degree.

Table 1. Comparison of the relative current density at specific points for the three cases solved by
means of the proposed method and with use of FEMM software (magnitudes in units of uniform DC
density, phases in degrees).

. . Case 1 Case 2 Case 3
Point Quantity
Proposed FEMM Proposed FEMM Proposed FEMM
(Ry,0°) Magnitude 2.164 2.158 3.317 3.310 1.033 1.031
1 Phase 38.3 37.9 415 41.3 27.6 27.0
(Ry,90°) Magnitude 2178 2.175 2.622 2.617 1.755 1.754
I Phase 37.5 371 42.0 41.7 30.8 30.3
(R, 180°) Magnitude 2.578 2.566 0.517 0.502 4.869 4.850
I Phase 46.7 47.1 -7.1 —-6.2 51.7 51.8
Ry, 0°) Magnitude 2.311 2.302 0.517 0.502 4.869 4.850
z Phase -122.9 -122.8 -7.1 -6.3 -128.3 -128.2
Magnitude 0.482 0.481 2.622 2.617 1.755 1.755
(Ry, 90°) &
2 Phase 62.7 62.8 42.0 41.7 -149.2 -149.7
(Ry, 180°) Magnitude 1.164 1.162 3.317 3.309 1.033 1.032
z Phase 47.7 47.6 415 41.3 -152.4 -153.0

3.2. Analysis of Function A

Function A, given by Equation (16), is crucial in the above considerations; therefore, it is worth
investigating its behavior for various values of parameters. Figure 10 shows the values of /A versus
r/R at R/d = 0.5 for various 6 and R/, where 0 is the skin depth. It follows that the modulus is largest
for r = R, which means the strongest reaction occurs on the wire surface. This is due to the fact that
I,(Cr) analyzed in interval 0 < r < R has the largest modulus for r = R. Figure 11 shows A versus 0
at for various R/d and R/6. The largest modulus is for 6 = 0, because then cos 76 = 1 and all the
terms in series (16) add together. This confirms that the strongest reaction occurs at the point closest
to the source filament, as expected. The dependence of |A| versus R/d and R/S is shown in Figure 12.
It follows that |/l| increases with an increase of both R/d and R/0. Hence, the reactions are stronger the
closer is the filament and the smaller is the skin depth.

e R
1 0=0.8=1 T »
s a0 arg(4) | 0=08=1 4 ===-- o i T
2 _x R_ o o :
B : 07:._;71 4 4 aR_{ g ===== 1 R
2. "k . 2 0=28=1 s 6=3.5=2
3 =n Bl . |
” : i o=n8=1 6 777"" o=m,%=2 2
1.5 4 =70 0=0,%=2 : ]
5T 0=22=2 — | |
P 04 0.6 08 10 R
x
PSS R DY Rkl i
(a) "

Figure 10. Values of /A versus Ili for0 =0, %, mand % =1, 2: (a) Modulus; (b) argument.
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Figure 11. Values of A versus 6 for % = 0.25, 0.5, 0.75 and % =1, 2: (a) Modulus; (b) argument
(legend as in (a)).
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Figure 12. The dependence of |/A| versus the geometrical parameters and skin depth: (a) || versus R/d;
(b) |A| versus R/ 6.

3.3. Analysis of the Successive Reactions

Let us consider an even reaction of current density in wire 1, i.e., m = 2I. By recursive applying
Equation (19), it follows that

12 — A1

21-2 _
I 21 = A1,2A2,1l§,2 ) = L(A12A21) M ArpAs. (20a)

As for odd reactions, when m = 2] — 1, one obtains

(21-3)

(21-1)
1 1,2

21-1
21,2 = Al,ZI( )

21 = Mol

= L,(A12A21) Ay (20b)
Similar equations can be obtained for wire 2. Hence, the even reactions in a wire only depend on
the current in that wire, whereas the odd reactions depend on the current in the neighboring wire.
Moreover, the modulus of each reaction only depends on current magnitudes and not their phases.

There are five parameters in Equation (17): Three geometrical sizes Ry, Ry, d, and two skin depths
01, 62, which are related to material properties and frequency of currents. However, analysis of the
Equations reveals that current density only depends on four ratios, Ry /d, Ry /d, Ry /61, Ra /62, which
reduce to two parameters, R/d and R/ 6, in case of two identical wires. Figure 13 shows the modulus
of particular reactions of relative current density on the surface of wire 1 when the wires carry currents
of the same r.m.s. value (of no matter what phases). It follows that the successive corrections are
smaller and smaller—usually mth correction is several times smaller than the previous one. For a
given reaction number, the reaction is the smaller the larger the gap between the wires, and the larger
the smaller the skin depth. The influence of skin depth is significant—to obtain accuracy of three
meaningful digits, it is enough to take three reactions for 6 = R, whereas four reactions may not be
enough for 6 = 0.5R.
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Figure 13. Modulus of several lower corrections to the relative current density in case of two identical
wires of radius R for three gaps between them (gap = d = — 2R = 0.2R, 0.5R, R) and two skin depths
(R and 0.5R): (a) Reaction 1; (b) reaction 2; (c) reaction 3; (d) reaction 4.

3.4. The Proximity Effect

Let us consider the proximity effect for two identical wires in two cases: (1) With the same
currents in the wires (magnitude and phase), and (2) with opposing currents of equal magnitudes.
As mentioned in Section 3.3, the corresponding even reactions are identical in both cases, whereas
the corresponding odd reactions have opposing phases with the same modules. Therefore, the total
current density differs in both cases. Figure 14 shows the total relative current density in wire 2 in the
two cases for various gaps between the wires and for two skin depths. Six reactions were taken into
account. In accordance with classical results, in case 1, the current density is shifted outwards, whereas
in case 2, inwards. The effect is stronger the smaller the gap between the wires and the smaller the
skin depth. It is worth noting that the effect is stronger for the case of opposing currents. This is best
visible by comparing curves 1 and 4, 2 and 5, and 3 and 6 in Figure 14c,d, where the corresponding
maximum values are larger for the case of opposing currents. It is also visible the current density at
the wire center is not affected by the successive reactions—it remains the same as for the skin effect.
Indeed, by analyzing Equations (16) and (17), it follows that all the successive corrections take a value
of zero at the wire center.
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Figure 14. Polar plots of the modulus of the total relative current density in wire 2 for identical wires,
various gaps between them and two skin depths (red, green, and blue lines correspond to different
gaps between the wires; solid lines—same currents, dashed lines—opposing currents; black dashed
line is for purely skin effect): (a) Values on surface at skin depth 6 = R; (b) values on surface at skin
depth 6 = 0.5R; (c) values across the wire for skin depth 6 = R (legend as in (a)); (d) values across the
wire for skin depth 6 = 0.5R (legend as in (b)).

4. Conclusions

The presented method of calculation of current density distribution is based on the method
of successive reactions. It can be regarded as a semi-analytical one—while it allows obtaining
analytical results for each current density reaction based on the previous one, it requires some kind of
discretization. The following conclusions can be formulated:

e  The results obtained show that there are four parameters directly affecting the current density:
Ry/d, Rp/d, R1/81, Rp/87, which facilitate further analysis.

e  The corrections are artificial quantities that can be interpreted as reactions to currents due to
previous corrections. They are just auxiliary quantities and cannot be measured—only their total
is a real physical quantity.

e In the case of large enough skin depths, reactions 2 and higher can often be neglected without
significant loss of accuracy. Therefore, the results with the first correction only are often
accurate enough.

e  The current density in the wire center is not affected by the corrections—it originates only from
the skin effect.
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e  The current density of an even reaction in a wire is directly proportional to the current in that
wire, whereas odd reactions are directly proportional to the current in the neighboring wire.

e  The method is not without drawbacks—it cannot be used for non-circular wires and it requires
discretization into segments, which introduces uncertainty.

e  Further directions of the research can be generalization for a group of more than two wires, for
tubular wires, or for wires in conductive environments.

Author Contributions: Conceptualization, Z.P. and PJ.; Methodology, Z.P. and PJ.; Software, P.J.; Validation,
Z.P, DK, and T.S.; Formal analysis, Z.P.; Writing—original draft preparation, Z.P. and PJ.; Writing—review and
editing, D.K. and T.S.; Visualization, P.J. and Z.P.; Supervision, PJ.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Consider an infinitely long cylindrical conductor () of radius R, electric conductivity o, and
magnetic permeability p placed in free space (ug). If a parallel infinitely long filament with time
harmonic current of complex r.m.s. I and angular frequency w is placed at a distance of d > R, then
eddy currents will be induced in the cylinder. Let us introduce a cylindrical coordinate system with
-axis located on the axis of the cylinder and -axis crossing the filament (Figure A1l).

Figure A1l. A long cylindrical conductor and a parallel current filament (cross section).

Due to geometrical conditions, currents flow along the z-axis; thus current density and vector
magnetic potential only have z-components, which are independent on z-coordinate: A = A(r, 6)2 and
J=] (r,0)2.1f Y(d, 0) are coordinates of the filament, then the Maxwell equations lead to the following
equations for the vector magnetic potential at point X:

V2A, (X) —jopcA, (X) =0 forXeQ, (A1)

Vonut( ) - HO!(S(X - Y) for X ¢ Q). (AZ)

where §(X —Y) is the Dirac delta here. The potential outside the cylinder can be expressed as

Asut = Areact T Aexer Where A, satisfies the Laplace equation, and
A (X) = “ ol 14, (A3)
—eXc |X Y|

where A, is freely assumed constant, and |X — Y| represents the distance between points X and Y. The
equatlons for A, and A, can be rewritten as follows:

19 (% _324m I2A. =0, Ad
ror\ o 2 902 = =in T (A4)

=0 (A5)

06? ’

1 a 8 react + azAreaCt
ror\' or r2
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where I'? = jwpo. They can be easily solved via the method of separation of variables. Due to symmetry
(A(r,—0) = A(r,0)) and finite field for r = 0, the solutions take the following forms:

Ain = Y, Culu(L7) cos n0), (A6)
n=0
1 R\
Argaet = Do + DI~ + Z{ Dn(7) cos . (A7)
n=

éreact should vanish for r — oo, because far from the cylinder, the field should remain unaffected; thus,

Dp1 = Dg2 = 0. On boundary r = R, the equations of field continuity yield:

104, 1 9(Aq+Ac)
éin = éreact + éexc’ ; 3:1 = 1o %' (A8)

To fulfill them, it is necessary to represent A, . in terms of coordinates r and 6. By the cosine theorem
it follows that (see Figure A1)
IX = Y]? = r* 4+ d*> — 2rd cos 6. (A9)

Hence

1 1. .5 5 1 (r)2 r
== - = - —=Inf1+[=]) —-2- . Al
nIX—YI 2ln(r +d°—2rdcos ) Ind 5 ( + 7 dcos@ (A10)

Then, by using Equation 1.514 from [28], which is

In(1+ x* —2xcos O) = -2 Z %x” cosB, |x<1, (A11)
one obtains .
n L *Zl(z)HCOSG—lnd (A12)
X=Y] ~ &ind
so that
A :“—Z ( ) cos0+ A, —‘u—olnd (A13)
—ex ’ 271 —

provided that r < d. It is convenient to set A, = 2 Ind to simplify the solution. Then Equation (A8)
yields

Co=0,C, =

tol (RY" 2 Lol 1(

2 n\d

For a non-magnetic cylinder (yr = 1), C; can be simplified by using the following recurrence
relation for the modified Bessel functions (see Equation 8.486, postition 3 in [28]):

nly(z) + zI,(z) = zl,-1 (2). (A15)
This leads to /R )
-5 o
C Al6
" 2rn\d) IRI,_{(IR)’ (A16)
so that
ol xR\ Ln(Lr)
éin(?’, 9) = f nZl(E) m cos no. (A17)

Finally, the eddy currents density inside the non-magnetic cylinder can be found as follows:
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- n I,(T
R) I n(Lr) cosno. (A18)

,Q — A. ,6 = ——TR == | /=
l-m<r ) ]a)O'_m(T’ ) 1(d n—l(zR)

Appendix B

Function A, given by Equation (16), is essential in the whole procedure. In numerical calculations,

the infinite series must by truncated to finite number of terms. To assure an accuracy of 4 meaningful
T . . . nI,(L .

digits in A, the series was cut at term 7 = #1max, for which the magnitude of (%) 171—1%1)3) is not larger

than the magnitude of the sum of lower order terms multiplied by a “small” number e = 107.

Figure A2 shows the number of required terms to obtain an accuracy of a digits for various values of

the remaining parameters. It follows that:

e To obtain an accuracy of three significant digits, the number of terms, 11max, is up to several tens;
®  7max depends on angle and reaches the highest value for 6 < 90°;

®  Nmax grows with increasing r and reaches maximum atr = 1;

®  7max grows with decreasing d; and

®  7max usually grows with decreasing 6, but surprisingly not for all angles.

100 1so T

() (d)

Figure A2. Number of terms in Equation (16) to obtain required accuracy versus angle 6: (a) For
various é ; (b) for various % ; (¢) for various % ; (d) for various €.
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