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A Simplified 2D Equivalent Model for Magnetic Wire Array
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Demagnetization factor and corresponding apparent permeability for multi-wire arrays using the 3D finite element method are
calculated in this paper. The effect of distance between magnetic wires on the demagnetization factor and apparent magnetic
permeability is studied for various values of relative magnetic permeability. The simulations are compared with experimental results on
arrays up to 91 wires. A novel simplified equivalent 2D model for wire arrays is presented in this paper, as a fast method for calculations.
The simplified axisymmetrical model consists of a set of hollow cylinders with equivalent volume. The results of the proposed simplified
2D model fit very well the full 3D FEM simulations and experimental results. Two different hexagonal and square arrangements for

wires are considered both for the simulations and the measurements.

Index Terms— Apparent permeability, demagnetization, multi wires, 2D and 3D FEM.

I. INTRODUCTION

THE CALCULATION of demagnetization factor and apparent
permeability of the magnetic core is essential for induction
and fluxgate sensors design [1]. Demagnetization factors for
ellipsoidal and non-ellipsoidal shapes of a single element were
studied in detail in various publications [1]-[13]. For instance,
the demagnetization factor for the sphere can be analytically
calculated and it is 1/3 [2]. Demagnetization factor for single
ellipsoidal has closed-form equation and does not depend on
permeability [1]. The apparent permeability is independent of
permeability only for very high permeability values.
Demagnetization factor for the non-ellipsoidal shape of a single
element, for example, solid cylindrical wire and hollow
cylinder, cannot be described in single closed-form formula,
however, approximations using curve fitting were used [1], [4]
and [6]. The magnetic permeability of wire has a high impact
on the demagnetization [7]-[8]. The finite element method
(FEM) or complex analytical modeling are common methods to
take into account magnetic permeability effects on the
demagnetization. The demagnetization factors are categorized
into two cases: Fluxmetric (ballistic or central) and
magnetometric, which considers the whole volume.
Magnetometric demagnetization factor is of interest in this
paper. In our recent paper [14], we analyzed using 3D FEM the
induced voltage of a pickup coil with a core consisting of a wire
hexagonal array of up to 91 wires. Magnetic nanowire arrays
are fabricated by electroplating into the pores in membranes
[15]. These arrays contain millions of wires in every square
millimeter. 3D FEM analysis of such complex arrays is not
possible due to the computational complexity. We therefore
used intuitive simplified 2D model to estimate the
demagnetization factor of these arrays.

The aim of this paper is to rigorously define the equivalent
2D model and verify it both by 3D modeling and by experiment
on the wires arrays up to 91 wires. We examine the induced
voltage in the pickup coils, demagnetization and apparent
permeability, for hexagonal and square lattices. Magnetometric
demagnetization  factor and corresponding  apparent
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permeability are analyzed and calculated using 3D FEM and 2D
equivalent model. Various numbers of wires are considered and
both linear magnetic permeability and nonlinear B-H curve are
used for the simulations. The effect of distance between
magnetic wires (pitch) on the demagnetization factor and
apparent magnetic permeability is studied for various values of
relative magnetic permeability.

Using equivalent hollow cylinders instead of wire array
would help to simplify the 3D model to a 2D model to simulate:
1- a large number of wires, 2- a model with very fine mesh for
higher accuracy, which is problematic in 3D modeling because
of limited memory issue.

II. HoLLow CYLINDER VERSUS SOLID CYLINDER

Equation (1) depicts the relationship between apparent
permeability, ua, demagnetization, N and relative magnetic
permeability, ur.

,uazﬂr/(1+N'(”r_1)):”r_>oo:>”az1/N
N = (,ur/:ua_ 1)/(Mr_ 1) (1)

To compare demagnetization and apparent permeability of
solid cylinder and hollow cylinder with the same volume, we
first used approximate equation of fluxmetric demagnetization
factor, Ns according to the formula derived in [4] and [5] for the
solid cylinder.

N,(m,x) = N;(m)- 2/m - tan"* (22 /m*3) + N,(m)
-(1-2/m-tan"*(22y/m*?3))
X=u—1m=1L/D

(2)
E(m)=1/(1-m?)- (1 —m/y{1—m? cos‘l(m)),
0<m<l1
3
Em)=1/(m?-1) -(m/mm (m +m>
~1),m>1
4)
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N;(m) = E(m)
(14 2.35n(1 + 0.137m))/(1 + 2.28 In(1 + 0.284m)),
pr > 1
()
Ny(m) =E(m)-1/(1 + 2.15In(1 + 0.326m)),u, =1 (6)

This simplifies for infinite permeability to
Ny(m) = 1/m?- (In(1.2m) — 1) @

where D is the diameter of the wire and L is the axial length
of the wire as shown in Fig. 1.

The demagnetization factor Ny of the hollow cylinder with
shell thickness h is calculated according to [4]:

N, = (D* — (D —2m)?*)/D*N; = (1 = (1 — 2h/D)*)Ns  (8)
From (8), it is clear that Ny<Ns.

In the following section, we consider 0.2 mm diameter (D)
and 36 mm (L) long magnetic wire (m=L/D=180) and calculate
the demagnetization factor and apparent permeability of hollow
cylinder with the equal cross-sectional area as a solid cylinder
or wire.

The magnetic flux distribution in Fig. 1 shows that flux is
distributed more smoothly in a hollow cylinder than a solid
cylinder because shell thickness is smaller than solid cylinder
radius. Fig. 2 shows that the demagnetization factor Ny of the
hollow cylinder calculated using (8) is decreasing versus
normalized hollow cylinder diameter, D with original solid
cylinder diameter, Ds = 0.2 mm and apparent permeability
increases with increasing normalized diameter D/Ds (Fig. 2).

Il. WIRE ARRAY

A. Two wires

Permalloy wires with 36 mm length and diameter 0.2 mm are
used for the physical modeling and measurement in this section.
Apparent permeability and magnetometric demagnetization
factor are calculated based on the averaging formula for volume
integral of the axial component of flux density, B, in wires
volume, Vy, using (5):

Fig. 1 Magnétlc flux dlstrlbutlons in solid cylmdrlcél wire and hoIIow cyllnder
or wire with same axial length and volume
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Fig. 2. Demagnetization factor (left) and apparent permeability to relative
permeability ratio (right) of the hollow cylinder versus normalized diameter,
D/Ds (Ds =0.2 mm) calculated by formulae (2) - (7) - D (mm) is the outer
diameter of the hollow cylinder and length L=36 mm (Solid cylinder diameter
is 0.2 mm and the hollow cylinder has an equal cross-sectional area as a solid
cylinder)

o = ([ B.av )/ B
©

Firstly, only two wires are considered to evaluate their
magnetostatic coupling. The results are shown in Fig. 3
calculated using magnetostatic 3D FEM, which shows
increasing  apparent  permeability and  decreasing
demagnetization with increasing the distance of the wires. The
magnetostatic coupling is stronger for higher relative magnetic
permeability, x4, = 5000 in comparison with . = 500 and
therefore the apparent permeability, ua, reduces, and
demagnetization, N, decreases more for the same wire distance.

B. Multi wires

Two possible regular arrangements of wires with equal
distances could be hexagonal or square lattices [16]-[17]. It is
obvious that for the same wire distance (pitch) the wire density
is higher for the hexagonal arrangement in comparison with the
square arrangement.

The experimental setup was built to test experimentally the
effects of the number of magnetic wires and their distances. Fig.
4 shows a solenoid coil wound around seven wires with the
hexagonal arrangement and 5 wires with the square
arrangement. The coils with wires are placed in the Helmholtz
coils to measure the induced voltage (Fig. 5).
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Fig. 3. The ratio of apparent permeability u,, and demagnetization factor N, of
two cylindrical wires to those of single wire (u,1 and N;) as a function of the
wire distance

Wires distance, dw (mm)
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Hexagonal

Wires
Fig. 4. The experimental model of pickup coils and Permalloy wires with the
hexagonal and square arrangement

Helmbholtz coils

0 200 400 mm
Fig. 5. A computational model of pick up coil and Permalloy wires with the
Helmholtz coils to generate a uniform field

Time harmonic method is used for 3D FEM simulations to
calculate induced voltages, apparent permeability and
demagnetization. The wires and pick up coil are only
considered in the model and the Helmholtz coils are substituted
by a smooth source field in the air with a value of 34.4 uT - rms
as wires and pick coil dimensions are very small in comparison
with Helmholtz coils dimensions. The computational model in
3D FEM is reduced to 1/24" of the full model for hexagonal
array and 1/16™ for a square array to decrease amount of mesh
because of axial and circumferential symmetry. The values of
induced voltage (normalized by the number of turns of the coil,
magnetic flux density generated by Helmholtz coil and
frequency) shown in Fig.6 increase with increasing wire
distance as apparent permeability of magnetic core increases
and demagnetization decreases. The magnetic simulation is
shown for u, = 17500, which gives the best match between
measurements and 3D FEM for both hexagonal and square
arrays of wires.

The apparent permeability is higher, and demagnetization is
lower for the square array with 5 wires in comparison with the
hexagonal array with 7 wires. The lower number of wires
causes higher  apparent  permeability and lower
demagnetization. The influence of the increasing distance of
wires on demagnetization and apparent permeability is the same
as increasing hollow cylinder diameter in Fig. 1 and Fig. 2.
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Fig. 6. Normalized induced voltage versus wires distance for hexagonal (7 wires
in Fig. 4) and square (5 wires in Fig. 4) array of wires (up) and their apparent
permeability and demagnetization (bottom) — 3D FEM with constant
permeability

C. 2D Equivalent Model

Regular hexagonal and square distribution of Permalloy
wires could be substituted using a hollow cylinder as shown in
Fig. 7 to simplify the 3D FEM model to a 2D FEM model with
axisymmetric configuration.

The mean radius, R. of each hollow cylinder is calculated in
(10) and (11) so that the corresponding circle area has the same
value as areas of the depicted hexagon and square in Fig. 7 for
each array of wires. The thickness of the hollow cylinder, t; in
(10) and (11) is calculated with each hollow cylinder volume to
be equal to the corresponding array of wires. Practically, all
hollow cylinders have the same distance, d. between each other
and the same thickness, tc because of the regular hexagonal and
square distribution of wires.

2
(10)
R = %R d:ﬁ-d (= 2w
c o de = |7 dw te= 500
(11)

where, dy and Dy, are wires distance and diameter of wires,
respectively.

Fig. 8 presents 2D magnetic flux distribution for a hexagonal
array of wires with 91 wires and a square array of wires with 85
wires using 2D axisymmetric time harmonic FEM.
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Fig. 7. The schematic model of wires for hexagonal array (left) and square array
(right) and their equivalent hollow cylinder model for 2D analysis
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Fig. 8. Magnetic flux distribution in a 2D axisymmetric model of hexagonal
distributions of 91 wires with 5 arrays (left) and square distribution of 85 wires
with 6 arrays (right)
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Fig. 9. Apparent permeability and demagnetization calculated using 2D and 3D
FEM versus number of wires with hexagonal and square distribution — Constant
permeability

The calculated hollow cylinders corresponding to the square
array of wires have a 1.28 mm distance and 15.7 um thickness,
and they are 1.46 mm and 20.6 um for a hexagonal array of
wires. The comparisons between 3D FEM and 2D
axisymmetric FEM for apparent permeability and
demagnetization versus the number of wires are shown in Fig.
9. The small discrepancy is mainly caused by less fine mesh in
3D mode in comparison with 2D model.

IV. INDUCED VOLTAGE

The calculated induced voltage using the 2D equivalent
model versus the number of wires with wires distance 1.6 mm
are investigated. The linear magnetic permeability and
nonlinear B-H curve are both considered for the modeling to
evaluate the accuracy of the 2D equivalent model based on
hollow cylinders for the multi wire arrays.
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Fig. 10. Induced voltage versus wires number for hexagonal (up to 91 wires in

Fig. 5) and square (up to 85 wires) array of wires- 3D FEM and 2D FEM with
constant permeability versus experimental results

A. Linear Simulations and Constant Permeability

Fig. 10 shows normalized induced voltage versus the number
of wires, comparing experimental results, 3D FEM and 2D
FEM using equivalent model under homogenous magnetic field
in the air with By = 34.4 4T - rms. The 2D FEM matches with
3D FEM and experiments with higher accuracy for induced
voltage in comparison with results in Fig. 9. The reason is that
the induced voltage in the pickup coil is less sensitive to the
mesh quality.

B. Nonlinear B-H curve

A typical B-H curve for Permalloy material of measured
wires in this paper is utilized to model nonlinearity [18]. The
following analytical formulas [19] in (12) and (13) are used in
FEM simulations for smooth modeling of the B-H curve. Using
analytical functions in (12) and (13) helps to generate a B-H
data for smooth magnetization curve, which is essential for
accurate FEM analysis of Permalloy wires.
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Fig. 5) and square (up to 85 wires) array of wires- 3D FEM and 2D FEM with
nonlinear B-H curve versus experimental results
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B =]+ uyH —1B—1]+1
=]+ uoH, MT_MOH_.“OH
(12)
1 a;HP*™ ! + q,HP2™t
Uy =— 5 5 +1
Uo c1HP1 + ¢, H?2 + 1
(13)

The parameters ay, ay, C1, Cz, by and by in (13) are 14.1-1073,
3.11-10%,43.2-103, 5.48-107%, 2.17 and 3.78, respectively. The
results of the induced voltage at applied fields 34.4 4T and
155.3 uT are shown in Fig. 11. The discrepancy is higher
between 3D FEM and 2D FEM for nonlinear simulations in
comparison with the linear simulations in Fig. 10. However, the
accuracy of the equivalent 2D model is in an adequate range in
comparison with experimental results. Utilizing a 2D
equivalent model could help to decrease simulation time
especially when a nonlinear B-H curve should be used for
example for fluxgate sensors analysis, design, and optimization.

V. CONCLUSION

Apparent permeability and magnetometric demagnetization
factors of cylindrical wire arrays were analyzed and calculated.
The distance between wires is a critical factor for apparent
permeability and demagnetization. Two different wire lattices
are considered: hexagonal and square. The difference of
apparent permeability and demagnetization factor for
hexagonal and square arrangements of wires decreases when
wires distance decreases as magnetostatic coupling between
wires becomes higher and multiwire perform as a single solid
wire. Increasing wire distance increases apparent permeability
and decreases the demagnetization factor, which is similar to
the comparison between the solid cylinder and hollow cylinder.

The novel 2D equivalent model based on hollow cylinders to
replace the 3D model was proposed and verified by
measurement. 2D model could save the time of simulations and
number of cells in the mesh and speed up design and
optimization of magnetic sensors with multiwire core.
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