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The mutual influence of exciting and induced currents in the circular solenoid — massive
conductor system

Problem. The flow of currents in the conductive elements of electrical systems is accompanied by the excitation of electromagnetic
fields and the occurrence of induced currents. The excitation of the induced signals, in turn, leads to a change in the parameters of
the actual exciting currents. The purpose of the work is to obtain analytical expressions for the quantitative analysis of the results of
the mutual influence of the exciting and induced currents and to calculate their ratio depending on the geometric characteristics of
the inductor systems. Methodology. The analysis of the processes of mutual influence is carried out on the example of a widespread
inductor system, where a flat circular solenoid is placed above the surface of a massive conductor. Analytical expressions for eddy
currents excited in a massive conductor and numerical estimates of the effect of induced currents on exciting currents in a solenoid
are obtained. Results. It is shown that the influence of the induced current on the current in the solenoid is very significant at small
distances between the solenoid and the surface of the massive solenoid. It has been found that an increase in the width of the solenoid
winding leads to a significant increase in the influence of the induced current on the excitation current in the solenoid. It is shown
that the inductance of the «circular solenoid - massive conductory system drops with a decrease in the distance between the solenoid
and the massive conductor and an increase in the radial dimensions of the solenoid, which requires an increase in the amplitude of
the exciting current to maintain a given value of the magnetic flux in the system. Originality. The scientific novelty of this work lies in
the proposal of an analytical approach and obtaining numerical estimates of the mutual influence of conductors with exciting and
induced currents. Practical value. Estimates of the mutual influence of conductors with currents are of interest for the practice of
designing structures of electrical systems for various purposes. Very promising in the direction further research is seen as carrying
out experiments with measurements of the quantitative characteristics of the mutual influence of exciting and induced currents in
various designs of electrical systems. References 20, figures 3.

Key words: circular solenoid, massive conductor, inductor system, eddy currents, inductance.

B pobomi oodeparcarno ananimuuni eupasu 01 KilbKiCHO20 AHANIZY pe3yibmamis 83AEMHO20 8NAUGY 30VOUCYVIOUUX MA IHOYKOBAHUX
CMpYMI8 [ YUC08i OYIHKU IX CNiGBIOHOWIEHHS 8 3ANEIHCHOCI 8I0 2e0OMEMPUUHUX XAPAKMEPUCMUK THOYKMOPHOI cucmemu. AHnanis
Pe3YIbMamis 63aEMHO20 NIUBY NPOBEOCHO HA NPUKIAOL WUPOKO NOWUPEHOI ITHOYKMOPHOT cucmemu, 0e RIOCKUL KPYeo8uil CONeHOI0
€ Ppo3mawiosaHumM HAO No6epxHeio  10eanizo8anoe0 MACUBHO20 NPOGIOHUKA, WO NOOAEMbCA MOOELN0 3 HEeCKiH4eHOI0
enexkmponposionicmio. [lokazano, wo 6nius IHOyKO8AH020 CMPYMY HA CIMPYM y COAEHOIOI 3pOCMAE Npu 3MeHULeHHT 8i0CMAHT MidiC
COIEHOIOOM MA NOBEPXHEID MACUBHO20 NPOGIOHUKA [ 30LNbUEHHT WUPUHU 0OMOMKU CONICHOIOA, W0 UMA2AE NIOBULEHHS AMNIIIMYOU
360Y001CyI04020 cmpymy OJist 36epedcentst 3a0anoi 8eIudUnY MazHimmo2o nomoxy 6 cucmemi. bioin. 20, puc. 3.

Kniouosi cnosa: kpyrosuii cojieHoil, MACHBHUI NPOBIAHNK, iIHIYKTOPHA cCHCTEMAa, BUXPOBi CTPYMH, iIHIYKTHBHICTb.

Introduction. Common to all known electrotechnical
systems, regardless of their design, is the presence of
conductive elements, the flow of currents in which is
accompanied by the excitation of the corresponding
electromagnetic fields. The latter, from a physical point of
view, is a material substance with the help of which energy
is exchanged between conductive elements where currents
flow. It should be emphasized that the mentioned process is
a process of mutual influence determined by M. Faraday’s
well-known law of electromagnetic induction. The
interpretation of this law in relation to the process of
mutual influence shows that the fields of induced currents
lead to a change in the parameters of the actual exciting
currents. On the other hand, physically, the mutual
influence and related corresponding changes in the
electrodynamic characteristics of the ongoing processes can
also be explained by the principles of the law of
conservation of energy [1-3].

Problem definition. Modern requirements for
energy saving require mandatory numerical estimates of
the parameters of the processes taking place, taking into
account the mutual influence of exciting and induced
currents, which is necessary for the design of electrical
devices of any purpose.

Literature review. As an object of research, it is
possible to consider the tools of electromagnetic
technologies of metal processing, called in the special
literature «inductor systems» [4, 5]. The latter are designs of
circular solenoids placed above conductive objects [6, 7].

Thus, multi-turn inductor systems in the classic
magnetic pulse processing of metals, which became
widespread in the second half of the last century, carried
out effective deformation of massive metal workpieces. In
the case of a sharp skin effect (high frequencies of active
fields), production operations such as «crimpingy,
«dispensing» and «flat stamping» have been successfully
implemented [8-10]. It should be emphasized that the
principle of operation of the presented electromagnetic
technologies is based on the natural repulsion of
conductors from the sources of the external magnetic
field, which manifests itself as the so-called «magnetic
pressure» [4, 11].

The tools of magnetic pulse attraction are single-turn
inductor systems, the principle of operation of which is
based on the suppression of Lorentz repulsion forces in
low-frequency modes of excited fields, the use of magnetic
properties of processed metals and Ampere’s law on the
force interaction of parallel currents [5, 12, 13]. The
authors presented [14] various designs of tools, power
sources and technological equipment of magnetic pulse
attraction systems, protected by Ukrainian patents.

Inductor systems for induction heating of metal
samples are presented in [5]. An analysis of the processes
of excitation of electromagnetic fields by a cylindrical
solenoid, in the inner cavity of which a massive
conductive object is placed, was analyzed here.
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Separation of tasks to be solved. A general
drawback of the cited works, as well as recent
publications based on calculation methods, for example
[11, 15-17], should be considered the solution of the tasks
in the approximation of the «given current», when the
excited electromagnetic fields do not affect the
characteristics of the sources, which are considered
constant. This makes it possible to single out a significant
part of the problems that need their solution and are
dedicated to the study of the formation of exciting
currents and voltages taking into account the action of
excited fields [3, 7, 18].

The goal of the work is to obtain analytical
expressions for the quantitative analysis of the results of
the mutual influence of the exciting and induced currents
and to calculate their ratio depending on the geometric
characteristics of the inductor systems.

Basic ratios, analytical dependencies. The
calculation model of the inductor system is shown in Fig. 1.
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Fig. 1. Model of the inductor system with flat circular solenoid
placed parallel to the surface of the massive conductor

Problem definition and assumptions to solving the
problem:

1. A cylindrical coordinate system is acceptable.

2. We consider a massive conductor as one that
conducts perfectly, which is practically admissible at
sufficiently high frequencies of the active fields, and
which can be realistically evaluated similarly to widely
known works [1, 4, 16, 17].

3. The geometric dimensions of a massive conductor
inr € [0, w) and z € (-0, 0] are infinite.

4. The solenoid is assumed to be axially
symmetrical, i.e. 6/0p = 0, where ¢ is the azimuthal angle.

5. The azimuthal harmonic current J(¢) = J,,sin(wt)
flows in the solenoid winding with cyclic frequency w
that does not violate the accepted idealization of the
conductor and with arbitrary amplitude J,,.

Note. Since an idealized model is adopted according
to item 2, all characteristics of electromagnetic processes
will be harmonic in time [16, 17].

6. According to the accepted geometric shape of the
exciting current, the azimuthal component of the electric
field strength E,(t,7,z) # 0, as well as the radial » and
normal z components of the magnetic field strength vector
H(trz) # 0, H(t,rz) # 0, respectively, are excited in the
system [1, 2, 16, 17].

7. The evaluation of the characteristics of the mutual
influence of the induced and exciting currents can be

carried out, assuming that when the distance between the
solenoid and the surface of the conductor varies, the
average values of the normal components of the magnetic
flux density, which are excited in the internal window of
the solenoid, remain unchanged.

First, the relationships of a general nature.

The average value of the normal component of the
magnetic flux density vector in the inner window of the
solenoid, located at a distance 4 from the surface of the
massive conductor, is described by the well-known
relationship [18]:

By=,/S=(J) L,)/S )
where @, is the magnetic flux, S is the area of the internal
window, J, is the current in the winding, L, is the
inductance of the solenoid winding, which takes into
account the presence of a massive conductor.

According to the accepted problem definition, the
influence of the induced current on the excitation
processes of the electromagnetic field can be determined
by the value of the average magnetic flux density from
(1). The obvious statement is that the induced current has
no effect if the massive conductor is «conditionally
removed to infinity». In this case, the average magnetic
flux density in the inner window of the actual solenoid
depends on (1) at A—o0

B,=@,/S=(J,-L,)/S, @
where @,, and L., are the magnetic flux and inductance of
the solenoid winding without a massive conductor, J,, is
the current in the winding.

Now the equality of the averaged magnetic flux
density values in (1), (2) allows finding the ratio between
the currents in the solenoid winding in the presence of a
conductive object and in its absence. In fact, this ratio
determines the effect of the induced current on the current
in the solenoid winding.

So,

By =By JilJo=Loo/Lys Jo=(Ls/Ly)-1, (3)
where J, = AJ/J, and AJ = J.— J, are the relative and
absolute variations of the current in the solenoid winding
due to the influence of the induced current.

The results in (3) are consistent with known
dependencies. Indeed, the amplitudes of the currents in
the windings are inversely proportional to their
inductances [16].

In accordance with the set goal, let’s turn to the
calculation model in Fig. 1, for which we write down the
system of Maxwell equations in the space of Laplace
images [1, 2, 16, 17]:
OF rz
M = ,quHr(p’r’Z);

0z
%'%'(F'Eg()(p’r’z)):_/uOPHz(p’r’Z);

ot (p.r2) oHpr)
prz) bz, )

where Ey(p,r,z) = LIE gtr2)}; HoAprz) = LiH, (tr.2)};
Joo@.152) = {po(tr,2)}, Jeo(tr,z) is the current density in
the solenoid, j,o(t.r,2) = Jju'g():f(r)-d(z—h), g(?) is the
dependence in time, f(r) is the radial dependence, d(z—h)
is the Dirac function [19].

“4)
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Note. The system of Maxwell equations (4) is
fundamental as the basic basis of problems in applied
electrodynamics, but in combination with the also well-
known relationships (1) — (3) it makes it possible to study
the mutual influence of exciting and induced currents in
the elements of inductor systems, which is necessary for
the design of effective tools in magnetic pulse processing
of metals.

Further solution of the given task will be carried out
according to the adopted calculation model. The geometry
of the inductor system and the accepted assumptions
make it possible to apply the Fourier-Bessel integral
transformation [19, 20]. For the L-image of the strength of
the excited electric field E,(p,r,z) we write that

Ey(p.r.z)= .[E(D(p,/l,z)«/?,~.]1(,1r)d,1;
‘ 5)

Ew(p,l,z): IE¢(p,r,z)~r~J1(lr)dr;
0
where E,(p,A,z) is the image of the electric field strength
in the Fourier-Bessel space, 4 is the integral
transformation parameter, J;(4r) is the Bessel function of
the first order.

Omitting the intermediate mathematical
transformations, from the system (4), using the integral
representation (5), we write the differential equation for
the azimuthal component of the strength of the excited
electric field [19, 20]:

0%E,(p..z2)
o>

where K(p,A) = wopjm &) f0); jm =
excitation current density;

e 'Eq,(p,/?,,z):

K(p.,2)-6(z~

Jm / (R2 _Rl

h), (6)

) is the

Ry
/1)= If(r)~r-J1(/1r)dr .
Rl
The general solution of the ordinary differential
equation (6) can be represented by an expression of the
form [19, 20]:
E(D(p,/?,,z): G e” +Cy ey

Koi) itz

where C|, are the arbitrary integration constants, #7(z—h) is
the Heaviside step function.

Satisfying the boundary conditions at z = 0
(E,(p,A, z=0)=0) and z—o0 (E,(p, 4, z—0) = 0), we find
a partial solution of equation (6). By substituting the
coordinate z = / into the obtained expression, we obtain
an image of the electric field strength excited in the inner
window of a flat circular solenoid:

K(p.2) ( —u~h)
E (pA,z=h)=—""L.\l-¢ . (®)
o(p )=
The integral representation of (5) taking into account
(8) takes the form:
T K(p
0

+

( e )-Jl (Ar)da. (9)

p,VZ

The connection of the L-image of the normal
component of the magnetic field strength, which is
excited, in the internal window of the solenoid in the
presence of a massive conductor, with the E,(p,l,z) is
found using the second equation from system (4):

Hz(p,r,Z:h):__'l'_' r-E (p’r z=h )) (10)

By integrating expression (10), we determine the
dependence for the L-image of the magnetic flux:
Rl
0y(p)=27u - [ H.(p,r,z = hdr =
’ . (11
2z :
=—— (r . E(o(p,r,z = h)i
P 0

Substituting (9) into (11) and opening K(p,A) from
(6), we obtain that

g(p)x

(12)
j S -2 ) gy (ar )z

Since the tlme dependence of the magnetic flux, as
follows from (12), is determined by the function
gp)=L{g(t)=sin(w?)}, then @uf) ~ sin(wt). And,
therefore, expression (12) can be interpreted as a
relationship between the amplitude values of the exciting
current and the excited magnetic flux. That is,

(1:‘20—1[1;11) | f(;t)(l—e‘“'h%(ml)dz. (13)
0

The inductance of the analyzed system is defined as
the ratio of the magnetic flux to the excitation current
[16].

After introducing a new integration variable y=AR,
and the necessary identical transformations, we obtain the
formula for the inductance at an arbitrary distance from
the inductor to the massive conductor:

y[&]
© R
2 e 1

@h =Jm

» (14

R 1-
L —ﬁgf(yaRl,Z)TJl(y)dy
where f(y,RLz)z Ix~J1(x)dx
y

The limit transition in (14) at hA—oo gives an
expression for the inductance of the actual inductor
winding without a massive conductor:

wor? TS Ri2) :
L.~ Ji)dy
0 (Rz_R])Z.)‘ y2 1( )d

Let’s return to the relative value of the current
change in the solenoid winding under the influence of
induction effects in a massive conductor. Substitute
dependencies (14), (15) into the corresponding formula
from the set of relationships (3). We obtain an expression
that quantifies the effect of the induced current on the
exciting current in the solenoid winding:

(15)
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(16)

J‘f(J’sRl,z)iz'Jl(Y)dy
0 y

Analysis of the effect of the induced current on
the exciting current in the solenoid. Numerical
evaluations by the found analytical expressions were
obtained using standard programs (in particular,
Nintegrate) from the Wolfram Mathematics — 7.10
package.

Graphs illustrating the functional dependence (16)
are shown in Fig. 2.
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Fig. 2. Dependence of the current increase in the solenoid
on the distance between it and the surface of the massive
conductor

The results of the calculations showed that the
influence of the induced current on the value of the
current in the solenoid winding is mainly determined by
the following factors:

o the influence on the exciting current increases when
the distance between the solenoid and the massive
conductor decreases and falls when the latter increases,
which is fully consistent with a qualitative physical
representation of the electromagnetic processes taking
place;

e the influence of the excitation current largely
depends on the geometry of the solenoid, that is, on the
ratio between its external and internal dimensions;

e for a fairly thin solenoid (R/R;=1.1) when 4/ R;>0.3
the influence of the induced current is very insignificant,
but when A/ R,<0.05 the influence of the induced current
leads to an almost twofold increase in the current in the
solenoid;

e an increase in the width of the solenoid winding
leads to a significant increase in the influence of the
induced current on the excitation current;

e a comparison of the calculation results for a «thin»
and «wide» solenoid shows that an increase in the width
of the winding leads to a significant distortion of the
excitation current for fairly small and practically the most

interesting ratios of the distance between the solenoid and
its internal size.

Finally, we present the results of numerical
estimates of the inductance of the «circular solenoid —
massive conductor» system with normalization to the
value of the inductance of a single isolated solenoid. The
estimation data, as well as the results of direct
calculations for currents, are also quantitative indicators
of the influence of induction effects on the ongoing
electromagnetic processes.

The results of calculations of the inductance of the
«circular solenoid — massive conductor» system are
presented in Fig. 3.
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Fig. 3. Inductance of the «circular solenoid — massive
conductor» system

It follows from the calculations that the inductance,
as a proportionality factor between the excited magnetic
flux and its exciting current, falls when the distance
between the solenoid and the massive conductor
decreases. Its largest value occurs at A/R—oo (single
solenoid). It should also be noted that the inductance
increases with an increase in its width.

As a result, these facts mean the need to increase the
amplitude of the current feeding the solenoid winding, in
order to maintain the constant value of the magnetic flux
while reducing the distance between the solenoid and the
massive conductor.

From a physical point of view, the obtained results
can be explained by the superposition of oppositely
directed fields of the source current and the current
induced in an ideal conductor. Moreover, the value of the
«counter current» in the solenoid winding naturally
decreases compared to the source current, which is due to
the presence of the distance between the solenoid and the
metal 4. Obviously, when h—0, the superposition of the
source current and the «counter current» gives a zero
result and the inductance of the system under study is
Ly—0—0. The latter means the need for a significant
increase in the source current to maintain a constant value
of the excited magnetic flux.

Conclusions.

A theoretical analysis of the processes of excitation
of eddy currents in a massive conductor by the field of a
flat circular solenoid was carried out, numerical
estimations of the influence of induced currents on the
excitation currents in the solenoid were performed.

It is shown that the influence of the induced current
on the current in the solenoid is very significant at small
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distances between the solenoid and the surface of the
massive conductor.

It was found that an increase in the width of the
solenoid winding leads to a significant increase in the
influence of the induced current on the excitation current
in the solenoid.

It is shown that the inductance of the «circular
solenoid — massive conductor» system decreases with a
decrease in the distance between the solenoid and the
massive conductor and an increase in the radial
dimensions of the solenoid, which requires an increase in
the amplitude of the exciting current to maintain the given
value of the magnetic flux in the system.

Conducting experiments with measurements of
quantitative characteristics of the mutual influence of
exciting and induced currents in various designs of
electrical engineering systems is seen as a promising
direction for further research.
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