MEACS2015 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 124 (2016) 012081 doi:10.1088/1757-899X/124/1/012081

Calculation of the surface effect in the ferromagnetic
conductor with the harmonic electromagnetic field

G V Nosov', E O Kuleshova', Yu Z Vassilyeva' and A | Elizarov?

! National Research Tomsk Polytechnic University, 30, Lenina ave., Tomsk,
634050, Russia

ZNational Research Tomsk State University, 36, Lenina ave., Tomsk, 634050, Russia

E-mail: kul_2004@mail.ru

Abstract. The authors of the paper have obtained formulas for analytical calculation of the
constants with the harmonic electromagnetic field, which characterize the surface layer (a skin
layer) of the ferromagnetic conductors in case of heating and nonlinear magnetic properties,
which can be used for practical calculation of the electromagnetic screens, rotors of the
electrical machines and inductive heating installations. A nonlinear dependence of the
magnetic induction on the magnetic tension of the ferromagnetic conductor is replaced by one
or two linear sections. It is considered that the skin layer of the conductor has constant
quantities of the specific conductivity and averaged temperature. Linear electrodynamics
equations are solved for the conductive half-space. Parameters of the ferromagnetic
conductor’s surface layer are calculated: magnetic permeability, the thickness of the skin layer
and its averaged temperature, exposure time of the electromagnetic field on the conductor with
the established maximum temperature on the conductor’s surface, pressure of the field on the
conductor and its resistance, inductivity of the internal magnetic field in the conductor, the
thermal energy capacity. The methods credibility is confirmed with the concurrence of the
resistance and inductivity of the ferromagnetic conductor with analogous quantities from other
methods.

1. Introduction

It is often necessary to calculate parameters along with the calculation of the electro energetic
equipment, which characterize a surface effect in ferromagnetic conductors with the harmonic
electromagnetic field (EMF). The calculation are simplified with the parameters, which characterize
the conductor’s surface layer (a skin layer). These parameters include the thickness of the skin layer
and its temperature, EMF pressure on the conductor, and also the conductor resistance and the internal
magnetic field inductivity [1-5, 7, 8]. A numerical computation of these parameters, taking into
account the heating of the skin layer and the nonlinear magnetic properties of the ferromagnetic
conductors, is concerned with huge machine time expenses, and calculations with the use of the
known formulas are quite approximate and not enough well-grounded [1-5].

Thus the analytical calculation with harmonic EMF parameters of the skin layer and ferromagnetic
conductors in case of its heating and nonlinear magnetic properties is one of the most important
problem at present.

The main idea of this paper is the methods development, taking into account heating of the skin
layer and its nonlinear magnetic properties, for the practical analytical calculation of the skin layer
properties of ferromagnetic conductors in case of harmonic EMF.
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To develop the methods the following assumptions are included:

1.

The conductor skin layer is characterized by such constant quantities as specific conductivity
v (1/Q-'m), averaged temperature 6 (°C), specific thermal capacity C (J/kg:°C), thermal
conductivity A (W/m-°C) and volume density p (kg/m?).

The skin layer heating is quite short-term for its processing without heat exchange with the
environment [4]. In this case maximum temperature of the ferromagnetic conductor 8, does

not exceed Curie temperature 6, = 750 (°C), thus, the absolute (static) and differential
magnetic conductivities do not depend on the temperature [2].

The hysteresis losses are insignificant and are not taken into account in comparison with the
eddy currents losses [2]. Thus, one-digit magnetization curve B(H) of the ferromagnetic
material of the conductor, which is symmetrical to the coordinate origin, is described as a
straight line in the first approximation (fig. 1, dependence 1), and in the second approximation
—as a two linear section (Figure 1, dependence 2).

Conductors sizes and surface curvature radiuses exceed greatly the thickness of the skin layer,
thus we will consider the surface effect as penetration of the one-dimensional plane
electromagnetic wave into the conductive ferromagnetic half-space [2, 4].

Harmonic EMF is specified by magnetic tension on the surface of the conductor, where z=0
(the surface of the half-space):

Hs(t)=H,sin(wt), 1)
tistime; w=2xf isangular frequency (1/s).
The duration of EMF, to which conductorz is exposed, greatly exceeds the period of the
tension alteration (1), thereforez>T =27z/w . Thus the usage of the envelope dependences

for the active (root-mean-square) current density, maximum tension and maximum induction
is fully well-founded.
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Figure 1. Approximate dependences B(H) of the ferromagnetic conductor: B,,, H, and B,, H, —are

maximum and intermediate values of the magnetic induction, magnetic tension.

2. Methods
For the one-dimensional plane electromagnetic wave in the conductive half-space the design equation

for magnetic tension H,,,(z,t) and induction B,;,(z,t)can be described as [2, 4]

0°H,,,(z,t) &B,,(z,t) oH  ,(z,t)
yL,2\™ yL,2\™ y1,2\ "
= = Zt)yy———= . 2
572 e ot :udl,Z( )7 ot (2)
Then the current density will be
oH z,t
5x1,2(zlt) - _ Y1,2( ) ’ (3)
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where the differential magnetic permeability for dependence 1 (Figure 1) is constant and equals static
magnetic permeability:

g (2,t)=dB,, (2,t)/dH , (z,t) = p,(z,t) =B, (z,t)/H, (2,t) =4, =B, /H,,. @)
And for dependence 2 (Figure 1) the differential magnetic permeability equals
dB,,(zt) |H=B:/H. if 0<|H,,(z,t)<H,;
Moo (2t) = 2= . (5)
dHy.(2t) |4, =(B, ~B,)/(Hy—H,) if H.<[H,(zt)<H,

with the static magnetic permeability in accordance with (5)

B, (z.t) | if 0<|Hy2(z,t)|<HC;
po2t) == . (6)
Hyo (28) | g +(pt — 1y ) H JH (2,0)] B H <[H, (z,)] < H,,.
With equations (1-4) according to [2, 4] for dependence 1 (fig. 1) let us calculate tension
H,(z.t)=H, exp(-z/A,)-sin(wt—z/A)) @)
and current density
Sa(z,0) =2 (H, /A )exp(—z/A,)-sin( @t — 2/ A, + 7/4) (8)

in case of equivalent depth of the penetration of harmonic EMF into the conductive half-space with

magnetic permeability (4)
A =Euaro. ©)

As a result, on the basis of (7, 8) for straight line 1 (fig. 1) envelope dependences on depth z for the
maximum tension equal

H,(z)=H, exp(—z/A,) - (10)
And for the active (root-mean-square) current density they are equal to
8(2)=(Ha/ A )ow(~2/ ). (1)

For dependence 2 (Figure 1) in accordance with (5, 6, 9-11) envelope dependences in the function
from z are described as

H,(z) = H,exp(—z/A,) for the maximum tension, (12)

and for the maximum induction they are
B, + H,(z)-H if 0<z<c;
BZ(Z)Z c /ud[ 2( ) c] . (13)

uH,(z) if c<z<oo;

for the active current density they equal
5,(2)=(H, /A )exp(~7/A,), (14)
where the thickness of the skin layer can be found according to the following formula:

A, =,/2/,up7/a). (15)

In case of design magnetic permeability it is
yA if 0.5H, <H_;
My = : (16)
y7 +(/¢C —ud)HC/O.SHm if H, <0.5H
and the distance from the conductor surface is
c=A,-In(H,/H,). (17)
AtthatB,(0)=B,; B,(c)=B,; H,(0)=H,;H,(c)=H..
Using (5, 9, 12-17) for dependence 2 (Figure 1) the formulas for the calculation of the maximum
energy of the magnetic field inside the conductor [2, 4] are
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W, =1 jUH (2) oz =[ 1+ (HZ/H2) (2t s =) [HELL N\t fBaagy o0, (18)

and the capacny of the thermal energy is

=l j[ Y [y Jdz=H2L1, Ju,0/8y | (19)

where Ix, ly — are sizes of the conductor on axis x and y.
In the conductor along axis X there is induced or created by the external source harmonic current,
which, in accordance with (1), can be found using Ampere's circuital law [4]:

i(t)=1,Hg (t)=1,H,sin(wt)=1_sin(wt). (20)

The function of the linkage of the magnetic flux in the conductor with current (20) can be found
using equation (11),

~(I,/1, ja z)dz =exp(~z/A,), (21)

Then, in accordance with (4, 5, 9, 13, 21), the maximum interlinkage for the magnetic field inside the
conductor equals [4]

=1 jB 2)dz =0,524,H, AL [1+(H, /H, ) (2= H /Hy ) (4 / 1 =) ] (22)

For current (20) from the equations described for energy (18), interlinkage (22) and capacity (19) it
follows that

Wm:O.SI;LN; Y, =1,L,; P:O.SIHiR.
Let us calculate inductions

2 2 2
Lu/: Hy 1+i 2_ H, &_1 .I_X; L, = My 1+ ch e _ I—X (23)
Zﬂmya) Hm Hm Hy Iy 2‘le7/60 Hm Ha Iy

and resistance of the conductor
R:,%upa)/Zj/-lx/ly. (24)

Atthat L, >L,,and for linear magnetization curve B(H) , which has s, =uy=p,, L, =L,as well.
From the resulting inductance of the internal magnetic field of the conductor let us find the average

value of L and L,:

:(gV+LW)/2:,/ym/2yw-|x/|y. (25)
Then, in accordance with (24, 25) we can deduce the equation for the conductive half-space with the
linear magnetization curve in case of =4, R=al [4].

On the basis of equations (11, 13) let us calculate the EMF maximum pressure exerted on the
conductor, which is directed along axis z [2]:

O'sz [é‘l(Z)BZ(Z):IdZ :O'SBmHm (1+ BC/B’“ B HC/Hm) ) (26)

Thus, nonlinearity of dependence B(H) increases pressureo,, : for rectangular B(H), when
.=0;B, =B, , we obtain o,=B_ H, , and for linear B(H)withH_ /H, =B./B, we have correct
value 0,=0.5B_H,_ according to [2].
Without heat removal into the environment the equation of conductor’s temperature & (z,t) and
current density (14) will be [5]
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»C dg, (z,t) 6,(2)° 0% (z.t)

= +A . 27
dt ¥ 0z° (@7)

With temperature 6, (z,0)=8); 6, (oo,t) =6, and (14, 15) the solution of equation (27) is
& (zt)=6, +(Hi/4y&)[exp(4/1t/A§pC)—1]exp(—22/A2) : (28)

Therefore maximum temperature 8, of the conductor with nondimensional parameter y and duration
of the EMF exposure 7 will be equal to

H2
6, =6, (O,r)zé}ﬁﬁ[exp(z)—l]; = (29)

2 4y2(6,, — 6,
42'7 ;T=A2pC-|n 1+ 7(m2 0) ,
AspC 42 o

where @, is initial temperature of the conductor.

Let us consider that the thickness of the skin layer equals A, (15), thus with (28, 29) the equation
for the calculation of averaged temperature & with specified conductivity y [2, 5] is

T A, . 2 ex _1
Qzlfl:iJ‘QT(ZJ)dZ}dt:go_'_OlOSHm{ p(l’) _1}; y= 70 _ (30)
e YA X 1+a[60-6,)+ p[6-6,]
where y, is the quantity of the specified conductivity with temperature 6,; «, 3 are the temperature
constant coefficients.

3. Results
The initial data for the ferromagnetic conductor from [2] are shown in table 1. With correlations (1-30)
the skin layer parameters of the ferromagnetic conductor were found (Table 2).
Table 1. A ferromagnetic cylinder conductor made of structural steel
with diameter D = 0.1 (m) and length 1 (m)

I, |, =D 6, p C A 1

m m °C kg/m® J/kg-°C W/m-°C H/m

1 0.314 20 7800 575 42,5 47107

Yo a p w 0, He¢ Bc He //Uo
1/Qm 1/°C 1/°C? 1/s °C A/m T -
5-10° 0.0055 9-10° 314 700 4000 1.5 298.4

For testing of the developed methods the approximate formulas for the ferromagnetic conductors
made of structural steel [2] were used:

Hs =81304, (H,,/100) **"; R=1.32\[ucw/2y -1, /1, ; L=0.98J1ss /270 -1 /I, (31)
where ug is the static magnetic permeability on the surface of the conductor with z=0 and
4000 < H_, <400000 (A/m).

The results of theR andL calculation for (31) with & and y according to (30) are shown in

Table 2. Resistance R and inductance L were also determined with the help of the computer
modulation program ‘Elcut’ [6], when EMF creates the harmonic current, which runs in the cylinder

conductor with diameter D =0,1 (m) and length |, =1 (m). Besides, values co,;/,yp/yo,ym/yowere
used from Tables 1 and 2. At that i, / L4, were used for calculation of R, whereas 1, /1, were used

for calculation of L as the average value of inductances L,,,L,,,L, =Im(Z)/e, which can be found
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with the help of the Elcut program, where Z =R+ jol, is the conductor complex impendence (

j :\/—=1). Parameters R and L found with Elcut [6] are shown in table 2.

Resistances R and inductances L calculated with equations (24, 25), [2] and [6] are approximately

equal.
Table 2. Design parameters of the ferromagnetic conductor skin layer

H, kA/m 6 8 15.9 39.9 79.7 159.4  239.1 3188
B, T 1550 1.635 1785 1985 2.099 2228 2338 2441

Lo | o - 205.6  162.6 89.3 39.6 21.0 111 7.8 6.1

1] - 298.4 2984  159.6 68.4 35.6 18.5 12.7 9.8
o, kKPA 6.05 9.27 2255 6556 139.2 2927 4542 6233
T S 1.005 0953 1548 2870 4401 6.143 6.812 6.868
(% °C 50.84 5284 5885 7110 8559 106.7 121.7 1325
717 - 0.849 0840 0815 0.767 0.715 0.648 0.605 0.577
A, mm 2000 2010 2791 4395 6.309 9.192 1147 1338
P kW 0.666 1190 3492 1484 4426 1341 258.7 4135

R uQ 3750 3769 2799 189.0 1412 106.9 91.7 82.4
L uH 0991 0886 0.667 0458 0.345 0.264 0.228 0.207

2] R pQ 4144  366.3 2736 187.0 1421 109.5 94.5 85.1
L uH 0979 0866 0.647 0442 0336 0.259 0.223 0.201

[6] R pQ 4347 437.0 3189 208.0 1546 1189 104.0 95.2
L uH 0.845 0.793 0546 0468 0.358 0.272 0.233 0.208

4. Conclusion

The analysis of the forms and calculation results allow formulating the following conclusions:

1. For the harmonic electromagnetic field the methods of analytical calculation of ferromagnetic
conductor skin layer parameters in case of the considerable surface effect with the heating and
nonlinear magnetic properties were developed. The methods can be applied for the induction

heating devices, solid rotors of the electric machines and ferromagnetic screens design.

2. The formulas can be used for calculation of parameters of the nonferromagnetic conductors’ skin
layer with design magnetic permeability: 14, =z4 =p4 =t =44,

3. The credibility of the methods can be confirmed with the approximate equation of resistance R
and inductance L of the ferromagnetic conductor with analogical quantities found by means of

other methods.
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