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Abstract. On the basis of integral relations, including integral equations,
taking into account the influence of magnetic screens of nonlinear
magnetic material on the inductance of multilayer coils, the influence of
magnetic screens of material with different magnetic permeability on the
inductance of multilayer coils at different values of the current flowing
through the coil and for different frequencies of the signal is estimated.

1 Introduction

Significant miniaturization of noise suppression reactors (NSR), widely used in engineering
to suppress parasitic oscillations in electric vehicle circuits, the main element of which, as
most commonly, are multilayer inductance coils, is possible with the use of magnetic
screens in their design [1]. However, it is necessary to take into account the possibility of
their saturation during the passage of large DC currents through the inductor itself, as well
as the dependence of the inductance value on the frequency of the parasitic signal passing
through the coil [2, 3]. For practical purposes, it is very important to have an assessment of
the decrease in inductance value of such a design in the mode of high currents, as well as
with frequency increasing, which is the subject of this work.

On the basis of the previously derived by authors relations [3, 4], is carried out the
analyse of the magnetic screens from a nonlinear magnet influence on the multilayer coils
inductance value and is assessed the influence of the current, flowing through the coil, and
the frequency of the signal, passing through the coil on the inductance value. In this paper,
the previously obtained relations are used to assess the effect of the magnitude of the DC
current, flowing through a multilayer coil, on the efficiency of the magnetic screens made
of materials with different magnetic permeability introduction. The analysis of the
dependence of the multilayer coil with magnetic screens inductance value from the
frequency, passing along its signal wire, is carried out — that is needed for further defining
the NSR frequency dependence and determining the possibility of compliance with
regulations for electromagnetic compatibility (EMC).
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Fig. 1. The multilayer inductance coils design for which the calculations were carried out.

2 Configuration and inductance of the noice suppression radio
reactor coil

The paper considered the coil, which design is shown in Fig.1. In her design the magnetic
shields of a ferromagnetic material in the form of sectorial staples are mounted on the
package of tightly compressed between each other thick copper wires in external cover. The
volume of ferromagnetic material around the coil is thus determined by the thickness of the
staples and the amount, they fill the angle around the circumference of the coil (=<2 m).
Outside the coil, the field is magnetic-dipole in nature and can be approximated by the
dipole field through a given dipole magnetic moment. As a result, we calculate the energy
of the magnetic field

Wy =py/2 [u(H)H dv="LI/2. 1

Vo+Vy

Here V) is the volume of the conductor, occupied by the current, ¥}, is the volume outside
the current, where the field is considered. The magnet shields is shadowing (retracting) the
magnetic field, so in the first approximation, we can use as V), a volume containing a coil.
Setting the magnetic moment P,~u,M, we calculate the integral (1) in the region outside
this volume, since the dipole field decreases inversely to the cube of the distance, so the
integral over the outer region converges and is easily calculated. The magnetic moment is
determined from the condition of equality of the fields of the dipole and the field of the coil
on its side surface. In a spherical coordinate system, the dipole field is defined as

H = 23;3 cos(8). 2
M .
Hy=>— sin(@). 3)
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2.1 The inductance value dependence on the volume and shape of the
magnetic screen

From (1) we define the inductance value as

L=p, [u(H)Hdv/I. )
VotVy +AV
Believing that y=1 (where the magnetic substance is absent, x=1.), we obtain the
inductance value of the coil without magnetic shielding. The algorithm for calculating the
magnetic field is based on solving of the integro-differential equation of magnetostatics [4].
In this case, the field of the coil without a magnetic screen Hy is obtained by the Bio-
Savard-Laplace formula by integrating (summing) the fields of each coil

Ho(r) = i j|r - r'|71V’ X J(r’)zﬂr' = Z—; '”r —r'|71J(r')d3r'. (5)
Vy Vo

Using a cylindrical coordinate system, the integration of the field angle can be reduced
in the region (0, m/2), and the integration in the cross-section (p, z) is sufficient to conduct
in the first quadrant. Integration on an external area is more convenient to conduct in a
spherical coordinate system.

The value H satisfies the integro-differential equation of magnetostatics [3, 4]

H(r)= J.G(r —r' V' < I - JG(r ~V'WVEE, HE ), 5)

and the value of Hy satisfies the differential equation of magnetostatics VxH, = J . Here J
is the current density in the coil. In equation (5), the scalar value F has the form

Fle, Hr))= V- ) =4 (e HENVale, H )+ 4 HVH( ) HEDY, 0

the gradient is taken by the first argument r, the value 4 (r, H(r))=(6/0H )ur, H(r)) is
calculated at constant r.

2.2 The inductance value dependence on the coil alternative current frequency

Ferromagnetism is a quantum effect and is determined by the orientation mechanism of
magnetic polarization associated with magnetic domains. The frequency dependence of
orientation polarization is determined by the Debye formula

e, H(r, )= 1+ ZEHE0) (e H(r0)

— . 7

1+(a)z')2 / 1+(a)z')2 @

Here we introduced a constant magnetic field A (r,0) and took into account that

magnetic permeability and magnetic susceptibility are nonlinear functions of the field. The
specified scalar field is the RMS value of the vector field.

2.3 The inductance value dependence on the DC current in the coil

IDE (5) can be considered at nonlinear dependence of magnetic permeability (7) on the
field. In a homogeneous sample, the magnetization curve B=B(H), or for scalar quantities
B=B(H) is known. The value of Py= B—uoH we will approximate by sigmoidal function in
the form

P, (H)=B(H)-u,H =27"'P,, (0)arcth(H / H ) , @®)
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where 7 is the saturation field, P,/(0)is the magnetic moment of saturation. For magnetic
permeability we have approximation

() =1+ 4(H) =1+ 27" P, V|, 7T N1+ (1 / ET )| ©)

Setting the current density J and the current / in the coil, we can determine from (5) the
configuration of the magnetic field at a certain value of the magnetic permeability. This
value must be specified by the formula (9) and then it must be solved again the equation
(5). The process continues iteratively until the convergence. The inductance value is
estimated by the formula (4).

3 Numerical study of frequency and nonlinear properties

In this work we had studied the magnetization curves of the most common electrical steels
3330A and 541, and cast iron, and also is carried out the numerical modelling of the
characteristics of the inductors with shields made of these materials. For these inductors
were formulated the dependences of inductance value changes of the value flowing through
the coil, the DC bias for different materials of screen different (in relation to the maximum
theoretically feasible) amounts of ferromagnetic material around the coil. Numerical
evaluation of reduction of inductance value while the spurious signal frequency increasing.
The dependence of the inductance value of the coil with magnetic screens in relation to the
coil without screens on the DC bias current is shown in Fig.2. The calculation was carried
out for a coil of 30 turns (5 in radius, 6 along the axis), an inner diameter of 200mm and a
wire with an outer diameter of 15mm.
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Fig. 2. The dependence of L/L ration of the coil current / (4) for different filling volume by the
screen material: o=n/2, t=8 (1), 16 (2), 32 (3) mm; t=32, ¢=n (4) 0=27 (5); =27, t=100 mm Curves
5 and 7 are constructed taking into account the inter-turn capacities.

To account the frequency dependence of inductance value, it is convenient to obtain the
value of the effective magnetic permeability. This value can be determined on direct current
as u.~L/Ly. At high frequencies the current does not flow through the hool cross-section of
the coil wire, but only through a thin skin layer, causing the inductance value to drop. Such
a drop for L, does not exceed 10% [5] and is small compared to the drop in inductance L
due to the dispersion of the magnetic permeability (7), if the fill factor of the magnet is not
small. We further believe that [6]
2727'P,(0
s (@)=1+41 27°R,0) (10)
' It +(or V(e BN+ (8 / EH Y )

that allows us to determine the frequency properties of the inductance (Fig. 3).
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Fig. 3. The relative dependence of inductance from circular frequency » (MHz) at 1,~77.0.

An important parameter here is the relaxation time 7=1/@,, which determines the
quality of the material. In these calculations was taken »,=0.5 MHz. Ferrites have better
parameters in the high-frequency region in comparison with steel, so it is advisable to use
ferrite magnetic screens to improve the frequency properties.

4 Conclusions

In this paper, previously developed by the authors mathematical approaches are used to
assess the influence of magnetic screens, made of materials with different values of
magnetic permeability. The analysis of influence on multi-layered coil inductance value of
flowing along it direct current value - for various values of passing it parasitic signal
frequency is carried out. Here we used integro-differential equations with respect to the
magnetic field. You can use similar equations with respect to the vector-potential or
magnetization [6].

It is shown that with an increasing of the coil with screens current, the inductance value
of the coil falls, and at a current of 100 A does not exceed the inductance of the coil without
winding ferromagnetic materials more than 2 times. It is also shown that the inductance
value decreases with frequency, and at a frequency of about 1 MHz and a low current also
does not exceed the inductance of the coil without screens more than several times. Much
better results can be obtained by using conventional steel as a magnetic shield material,
which is characterized not only by lower values of magnetic permeability in the absence of
high currents, but also by a lower slope of the magnetic permeability dependence on the
value of the current, flowing through the multilayer coil.
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