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Abstract: This paper reports a new strand wire winding method in a solenoidal coil
with limited geometry that enables good impedance matching. In the proposed method
strand wires are wound layer-by-layer on top of each other allowing one to set equivalent
inductance and resistance of the coil to desired values while obtaining dense magnetic flux
and high current carrying capacity. As a proof-of-concept demonstration, simple model
setups were constructed with solenoidal coils composed of copper wire strands wound
according to the proposed method, and a plastic pipe. The measurements were repeated
with a metal shell placed inside the coil to model a complete heating system. System
inductance and resistance were measured at two different frequencies. The results show
that with the new winding method it is possible to increase a coil’s turn number and the
number of strand layers composed by the coil. Also, adding and removing strand layers
in the proposed coil architectures enable inductance and resistance values to decrease and
increase, respectively, in a controlled way. To understand changes of system parameters,
simulations were also performed. The calculated inductance and resistance values in the
simulations agree well with the measurement results and magnetic flux distribution created
in the system demonstrates the changes.
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1. Introduction

Near-field electromagnetics and induction systems are becoming more and more popular in
today’s world because of their advantages including high efficiency, safety, cleanliness, and good
controllability [1,2]. In induction systems, electromagnetic fields are produced by coils and these
fields are coupled to and used by other system parts such as another coil or a metal plate [3].
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There are various types of coils used in daily life for various purposes such as heating,
melting, and wireless power transfer. Coil structures varies, depending on the application. For
instance, pancake type coils are used in induction hobs because of their planar architecture [4-9].
Similarly, planar coils are chosen for wireless power transfer since they have a two-dimensional
structure and can be mounted on a surface without causing too much altitude change [10-15].
On the other hand, solenoidal type coils are preferred to be used mostly for induction heating
and melting applications [16—19] together with sensing operations [20-22]. Because of their
three-dimensional structure, solenoidal coils enable the production of dense magnetic fields in
their inner sides. Therefore, large induction currents can be produced on materials located inside
solenoidal coils. In addition, because of their dense magnetic field, solenoidal-type coils are also
used as inductors, especially in high-frequency circuits [23].

Although the density of the produced magnetic flux increases with a coil’s turn number, there
are trade-offs between a coil’s turn number, wire radius, and wire’s current carrying capacity. For
instance, in a limited geometry, a coil’s turn number cannot be increased forever by using a wire
with a constant cross-section. To increase a coil’s turn number, the winding wire diameter should
be decreased. In other words, for a coil with a limited geometry, one way to increase the coil’s turn
number is to use thinner windings. However, as the diameter of the winding wire decreases, its
current carrying capacity decreases too. In addition, coil impedance, i.e., its self-resistance and
inductance, changes with its turn number together with the diameter and length of the winding
wire. Coil impedance is important for good matching and efficient power transfer between the
induction system and power supply circuitry. Therefore, in addition to geometrical limitations,
one should also consider the impedance change of the coil while increasing the density of the
produced magnetic flux inside the coil.

To overcome the aforementioned problems, in this study, we investigated a new strand wire
winding method and obtained measurements with the manufactured prototype coil designs. In the
designed coils, different from the conventional winding methods, wire strands are wound layer
by layer on top of each other in rectangular column-shaped arrangement. The proposed method
enables one to set inductance and resistance to desired values for good impedance matching
without suffering too much from trade-offs between coil parameters, while allowing high-density
magnetic flux in a solenoidal coil with a limited geometry. Also, to inspect the changes of the
system, equivalent inductance and resistance values together with magnetic flux inside the coil
three-dimensional (3D) electromagnetic (EM) simulations were conducted. The simulation results
agree well with the measurement results.

2. Winding method and coil structure

In traditional coils, windings are usually made in the form of a solid filament or stranded
litz wires, but because of the skin effect, especially at high frequencies, stranded wires are
preferred [24-26]. In the coils made of litz wires, wire strands are first twisted and then these
twisted strands are wound to form a coil winding. However, in these conventional litz wires,
since wire strands with a determined number are twisted initially, there is no flexibility to change
the number of strands and the diameter of the coil winding wire, which set the current carrying
capacity of the wire.
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To overcome the problem of the predetermined number of strand wires in a coil winding, the
wire strands in the structure that we propose and investigated are wound layer by layer on top of
each other. In this way, it is aimed to obtain a high turn number and a high number of strands, i.e.,
a high current carrying capacity, at the same time. The modelled strand wires having a rectangular
column-shaped arrangement, are shown in Fig. 1.

Fig. 1. Wire strands with rectangular column-shaped
arrangement

In regular systems during heating, process metal is placed inside a solenoidal coil. In our
experiments, on the other hand, for easy production and for a firm coil structure, the coil wire is
wound around a plastic pipe. Because plastic is a nonmagnetic material, its existence does not
change the efficiency of induction power transfer that occurs wirelessly from coil wire windings
to inside metal. Therefore, system electromagnetic parameters, such as equivalent impedance, do
not change with plastic pipe’s placement. In addition, because of the plastic material’s properties
of being thermally isolating and high temperature tolerant, we preferred to use it in our system.
The used plastic pipe is commercially available and it consists of three layers. The inner and outer
layers are made of polypropylene random (PPR) copolymer (Type3) material and between them
there is a third layer comprising fiberglass [19].

In the manufacturing process with the proposed method, a single-strand wire is first wound
over a plastic pipe continuously, such that the turn number (N) is high. After that, the second
strand is wrapped over the first one with (trying to have) an equal turn number (N). Then the
other strands, i.e., the third, the fourth, etc., are wound consecutively on top of each other. As
a result, the strand layers in the manufactured coil are wound on top of each other, as shown in
Fig. 2. In the figure, the strand wire’s winding steps are illustrated too, seen from the side, on
a constant plane passing through the center of the pipe. As seen, the windings on top of the pipe
curl towards the inside and the windings on the bottom curl towards the outside. Although strand
layers may also have different turn numbers, here we set their turn numbers to be equal. In this
way, the magnetic flux contribution of each strand is aimed to be close. After wrapping all the
layers, the start and end points of each layer (strand) are gathered and soldered. It is like we have
coils wound on top of each other and connected in parallel.

In induction systems, for efficient heating, it is better the coil to completely cover the metal
and in our case the plastic pipe. However, for easy production and more comfortable usage, it
is possible to design a system in which the coil partly covers the metal. For instance, in a fluid
heating system, the plastic pipe is clamped and covered at its ends while mounting between the
pipes of the other system parts with a coil left open between them [19]. Therefore, in our produced
system, we wound coil wire strands to cover not the whole but part of the plastic pipe. A very
simple induction heating system, in which a pipe is partially encased by a coil, is presented in
Fig. 3. In the figure, the pipe length and length of the pipe that is covered by the coil are labelled
as L and 1, respectively.
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* winding 1st strand

Fig. 2. Wire strands wound layer by layer on top of
each other over a pipe. Here wire strands’ winding
steps are shown starting from bare pipe till the pipe
covered by 3 layers. In the figure, X and - - - represent
the inward and outward directions, respectively

3rd layer
2nd layer
XRXRIRIRIIICIRINNNXNXN 1st layer

Coil windings

Pipe Fig. 3. Very simple induction heating system in
which part of a pipe is covered by coil windings

3. Measurement results and discussion

Measurements were conducted with the proposed structure (see Fig. 2). In the produced coils,
the strand layers made of copper material with a circular cross-section having an outer diameter
of 0.255 mm were wound to cover only 2 cm and 4 cm (1) of the pipe, which is 10 cm (L) long
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in total (see Fig. 3). In addition, the plastic pipe has a wall thickness of 0.6 cm as well as inner
and outer diameters of 2.9 cm and 4.1 cm, respectively. The equivalent resistance and inductance
of the system were measured by means of an LCR meter through the end points of the coil. The
measurements were obtained for different turn numbers and numbers of strand layers. In addition,
these measurements were repeated at two different frequencies (20 kHz and 100 kHz), with and
without a metal shell placed inside the plastic pipe. Specified frequencies were chosen because
induction heating systems usually operate at a frequency between these two frequencies. Also,
by repeating measurements with a metal shell it is aimed to model a complete induction heating
system. The metal shell in the constructed system imitates metal objects that are placed inside
solenoidal coils and heated up in induction systems. The measurement results are given in Table 1
and Table 2 for a coil covering length (1) of 2 cm and 4 cm, respectively.

Table 1. Measured equivalent resistance and inductance of the system with coil covering 2 cm of the pipe

Number of Turn nlltmbers 11111d Frequency | Metal shell | Resistance | Inductance
strand layers | 2yers (I layer, 2 (kHz) existence ) (uH)
4 layer, 3" layer) H
no 3.62 206.40
20
8.81 234.80
1 70 yer
no 3.79 206.26
100
yes 15.83 208.98
no 1.84 204.20
20
S 6.97 232.30
2 70,70 yer
no 2.14 204.00
100
yes 14.05 206.70
no 1.27 203.60
20
yes 6.40 231.70
3 70,70, 70
no 1.81 203.10
100
yes 13.74 205.84

As seen, in the systems, where a metal shell is not placed inside the coil, the measured
resistance value, i.e., coil’s self-resistance, decreases almost linearly with the decrease in the coil
covering length (1) and the turn number. For instance, in Table 1, the measured resistance values
for turn numbers in layers equal to 70 are nearly half of the resistance values given in Table 2,
for turn numbers of 135 in the layers. This is expected because the resistance of a coil winding is
related to its length by (1). ( )

p Xl
R = 1 (1)
where: R is the resistance (L2), p is the resistivity of the winding strand material (Q-cm), [ is
the length of the winding (cm) and A is the cross sectional area (cm?) over which current flows.
However, a linear behaviour is not obtained when a metal shell is placed inside the coil. Equivalent
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Table 2. Measured equivalent resistance and inductance of the system with coil covering 4 cm of the pipe

Number of Turn n;ltmbers “llld Frequency | Metal shell | Resistance | Inductance
strand layers layers (1" layer, 2 (kHz) existence Q) (uH)
Y layer, 3"4 layer) H
no 6.69 521.00
20
yes 23.92 610.90
1 135
no 7.05 521.10
100
yes 45.82 528.50
no 3.39 516.70
20
yes 20.41 605.40
2 135,135
no 3.99 516.80
100
yes 42.28 524.20
no 2.33 511.20
20
yes 19.14 598.60
3 135,135,135
no 3.47 510.90
100
yes 41.28 518.10

resistance decreases as the turn number decreases, but this decrease is faster than a linear decrease.
This is because of the fact that part of the system’s equivalent resistance arises due to additional
power dissipated on the metal shell, which depends on the coupling between the coil windings
and the metal shell.

In addition, the system’s equivalent inductance decreases as the number of strand layers
increases. This behaviour is observed in both system measurements with and without a metal
shell, and interestingly, the obtained amount of decrease in both systems turned out to be very
similar. Also, if one compares the tables, it is seen that as the turn numbers in layers decrease,
the system’s equivalent inductance decreases too. This decrease is faster than a linear decrease
because the magnetic flux generated by a coil winding is proportional to the square of its turn
number.

Moreover, it is seen in the tables that locating a metal shell inside the coil increases the
equivalent resistance of the system. This increase is higher for measurements conducted at
100 kHz than for measurements taken at 20 kHz. The increase in the system’s equivalent resistance
with a metal shell placed is due to additional heat loss occurring on the metal shell as a result of
finite conductivity of the metal and eddy currents produced on it. In addition, high enhancement
in resistance for measurements conducted at 100 kHz is expected and can be explained by
a decrease in the skin depth of the shell material at high frequencies. Similarly, the system’s
equivalent inductance increases with the placement of the metal shell inside the plastic pipe.
This enhancement is higher at 20 kHz than at 100 kHz. The increase in the system’s equivalent
inductance when the shell is placed might not be expected at first look because eddy currents
are induced over the metal shell, which is in opposite direction with that of the coil current and
decreases magnetic flux produced by the coil.
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The abovementioned observations and results can also be obtained in Fig. 4 and Fig. 5, where
the equivalent resistance and inductance of the system with and without the metal shell at 20 kHz
and 100 kHz frequencies are plotted for the cases of the coil covering 2 cm and 4 cm, respectively.
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Fig. 4. Resistance and inductance of the system measured in experiments at 20 kHz and 100 kHz frequencies:
(a) without the metal shell and (b) with the metal shell immersed into the coil having 70 turns in each layer
and covering 2 cm of the pipe. In the legends of the figure, R and L indicate resistance and inductance,

respectively
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Fig. 5. Resistance and inductance of the system measured in experiments at 20 kHz and 100 kHz frequencies:

(a) without the metal shell and (b) with the metal shell immersed into the coil having 135 turns in each

layer and covering 4 cm of the pipe. In the legends of the figure, R and L indicate resistance and inductance,
respectively

4. Simulations

To understand the system’s equivalent inductance increase with the metal shell placement,
3D EM simulations were performed. In the simulations, coil structures, in which winding strands
are wound layer by layer on top of each other, were drawn. In the modelled systems, the material
of winding strands is chosen to be copper, and the radius of the strands that have a circular
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cross-section is set to be equal to 0.127 mm. As in manufactured structures, coil wire strands
in the modelled systems are wound around a plastic pipe. Geometry of the plastic pipe used in
the simulations is set to be the same as that of the pipe employed in the measurements, such
that the modelled pipe has a total length of 10 cm; and inner and outer diameters of 2.9 cm and
4.1 cm, respectively. In addition, the plastic pipe consists of three layers. The outer and inner
layers are made of polypropylene random (PPR) copolymer (Type 3) films and the middle layer
that is sandwiched between PPR copolymer films encompasses fiberglass. All three layers have
the same wall thickness of 0.2 cm. Also, as in the measurements, the simulations of the system
with the coil to cover 2 cm of the pipe with 70 turns in the layers were repeated with a metal shell
placed inside the plastic pipe. The metal shell in the modelled systems is made of stainless steel
with relative permittivity (e,) and relative permeability (u,) equal to 1 and 50, respectively, and
an electrical conductivity () of 1.39 x 10% S/m. The metal shell has a cylindrical geometry with
a length of 100 mm, and inner and outer radii of 6.5 mm and 8.5 mm, respectively.

Exemplary systems with single- and 3-strand layers, modelled in the simulations, are shown
in Figs. 6(a) and (b), respectively, seen from the side. Here, winding strands cover 2 cm of the
pipe, and 70 turns exist in each winding layer. In the figure, for a clear illustration, close-ups of
end points of the windings are presented in the insets. As seen in Fig. 6(b), for coils created with
the proposed method and having multiple layers, winding strands are formed to be wound one
above the other in column-shaped arrangement.

(@ (b)

Fig. 6. Side views of modeled coil structures in the simulation created with the proposed winding method

having (a) single and (b) three layers. Here, winding strands occupy 2 cm on the pipe and 70 turns exist in

each layer. Close-ups of end points of the windings are presented in the insets to clearly illustrate winding
strands’ being wrapped on top of each other in the introduced method

To make a fair comparison with the measurement results, the simulations were repeated at
20 kHz and 100 kHz frequencies for three different number of strand layers. In addition, the
simulations were carried out for two different turn numbers in the layers equal to 70 and 135,
which cover 2 cm and 4 cm of the pipe, respectively. The calculated equivalent resistance and
inductance of the systems are given in Table 3 and Table 4. As different from Table 3, in Table 4,
there is no column indicating metal shell existence inside the coil. The reason for this is the fact
that the simulations of the system with the coil having high turn numbers in the winding strand
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layers and the metal shell immersed in it were not performed as it required too much computer
processor memory.

Table 3. Calculated equivalent resistance and inductance of the system with coil covering 2 cm of the pipe

T .
Number of urn n;mbers “;d Frequency | Metal shell | Resistance | Inductance
strand layers layers (1" layer, 2 (kHz) existence Q) (uH)
Y layer, 3" layer) H
no 3.46 208.23
20
yes 9.15 235.06
1 70
no 3.72 208.13
100
yes 18.49 209.45
no 1.79 208.58
20
yes 7.39 235.04
2 70,70
no 2.29 206.47
100
yes 17.61 207.34
no 1.27 209.16
20
yes 6.97 233.47
3 70,70, 70
no 2.01 206.59
100
yes 17.47 206.91

Table 4. Calculated equivalent resistance and inductance of the system with coil covering 4 cm of the pipe

Number of L nzltmbers u:,d Frequency Resistance Inductance
strand layers | 2yers (I" layer, 2 (kHz) Q) (uH)
Y layer, 3" layer) n
20 6.72 516.71
1 135
100 7.25 516.49
20 351 519.46
2 135, 135
100 4.55 515.50
20 2.70 521.22
3 135, 135, 135
100 4.80 517.81

As seen, the inductance and resistance values calculated in the simulations and given in
Table 3 and Table 4 are very similar to those measured and given in Table 1 and Table 2. Small
differences between the calculated and measured resistance and inductance values are due to finite
precisions of the simulations and measurements, as well as winding strands being not exactly the
same as those modelled in the simulations.
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As in the measurements, it is seen in Table 3 that both the resistance and inductance values
calculated in the simulations increase with the placement of the metal shell. The resistance value
increases are higher at 100 kHz than at 20 kHz, and it is explained by the decrease in the skin
depth of the metal material as the frequency increases. The skin depth of the stainless steel used
as the shell material in the modelled system is calculated to be 0.43 mm and 0.19 mm at 20 kHz
and 100 kHz, respectively, by using (2)

1
‘Sz\/(axnx;zoxﬂrxf)’ @

where: § is the skin depth, o is the electrical conductivity of the material (1.39 x 10% S/m for
the used stainless steel in the modelling), o is the free-space permeability (47 x 10~ H/m),
U, is the relative permeability of the material (50 for the used stainless steel in the modelling)
and f is the operating frequency. On the other hand, the increase in the inductance value is an
unexpected result at first glance. To understand and explain the enhancement of the system’s
equivalent inductance with a metal shell placed, the distribution of magnetic flux density over
the system was investigated. Figure 7 shows the generated magnetic flux density distribution over
the system, which consists of three-layer winding strands that cover 2 cm of the pipe and 70
turns exist in each winding layer with and without the metal shell when looking from the side on
a constant plane passing through the centre of the pipe at 20 kHz.

A 0® 1073
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

-10 10 0 0

z (mm) z (mm)

(@) (b)

Fig. 7. Magnetic flux density distribution of the system: (a) without immersed metal shell and (b) with

immersed metal shell, on constant x-plane that passes through the center of the pipe calculated in simulations

at 20 kHz. Here, three layers of coil windings with 70 turns in each layer exist and the winding strands cover
2 cm on the pipe

In the figure, the end points of the plastic pipe are represented by horizontal black lines at
y = —=20.5 mm, —14.5 mm, 14.5 mm, 20.5 mm and vertical black lines at z = =50 mm, 50 mm.
Also, lines at y = —8.5 mm, —6.5 mm, 6.5 mm and 8.5 mm are added in Fig. 7(b) to indicate the
end points of the metal shell. Moreover, in both subfigures, the coil end points are pointed out
with vertical lines at z = —10 mm and 10 mm. In Fig. 7(a) it is seen that the generated magnetic
flux is focused on the inside of the plastic pipe, around the coil windings. This is expected because
of the helical structure of the windings around the plastic pipe. On the other hand, in Fig. 7(b),
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the magnetic flux density in the inner side of the metal shell is observed to be zero. This is
due to the eddy currents induced on the metal shell. Since the current on the windings is in the
opposite direction with the induced currents on the metal shell, the magnetic flux generated by
the coil windings in the inner side of the metal shell is in the reverse direction to the magnetic flux
produced by the induced eddy currents on the metal shell. In other words, in the inner side of the
metal shell, the magnetic fluxes generated by the current flow on the coil windings and the induced
eddy currents on the metal shell cancel each other. However, in Fig. 7(b), it is also seen that the
magnetic flux density over the metal shell is high. This enhancement in the flux density continues
along the shell. This is the reason why the equivalent system inductance value increases with the
placement of the metal shell, despite zero flux density in the inner part of the metal shell. The
high permeability and low magnetic reluctance of the metal shell cause the generated magnetic
flux to concentrate over the metal shell, thus the equivalent magnetic permeability of the system
and the equivalent system inductance value increase [27].

To clearly illustrate magnetic flux cancellation in the inner side of the metal shell and the
magnetic flux concentrating over the shell magnetic flux density distribution in the system with
and without the metal shell along the constant line that passes through the centre of the pipe,
i.e., z = 0 mm, the line in Fig. 7 is plotted in Fig. 8. As seen, in the system with the metal
shell, the generated magnetic flux is concentrated over the shell such that a peak density value of
0.066 V-s/m? is calculated on the outside wall of the shell, whereas the magnetic flux density in
the inner side of the shell becomes 0. In the figure, y-axis intervals between (—8.5 mm, —6.5 mm)
and (6.5 mm, 8.5 mm) at the top of the figure are marked with black colour to represent the metal
shell thickness.

0.08
1

0.07}
0.06

g 0.05f

without shell | |

[72)
X 0.04r
> —— with shell

<

§0.03-

0.02r
0.01r

0¢ 3
-50 -20.5 -850 85 205 50

y (mm)

Fig. 8. Magnetic flux density distribution of the system with and without the metal shell along constant
z = 0 mm line that passes through the center of the pipe in Fig. 7

5. Conclusion

This paper presents a new strand winding method in a solenoidal coil. In the proposed method,
the strand layers that construct the coil wire are wound on top of each other forming a column-
shaped arrangement. The inductance and resistance of coils having copper strand layer windings



N

www.czasopisma.pan.pl m www journals.pan.pl

250 Veli Tayfun Kilic Arch. Elect. Eng.

were measured at different frequencies on manufactured prototypes. In the measurements, both
the increase and decrease in inductance and resistance values were obtained while achieving very
high turn number values and a high number of strand layers at the same time. The results show
that the introduced method causes a linear relation between the self-resistance of a coil wound
and the parameters, which are the length of the covered coil and the turn number. However,
it was observed that the self-inductance of a coil wound with the presented method decreases
as the number of strand layers increases. In addition, to model a complete heating system, the
measurements were repeated with a metal shell placed inside the coil. Both the system equivalent
inductance and resistance values are found to be increased when the metal shell was placed.
Also, to understand the measurement results, 3D EM simulations were performed. The calculated
inductance and resistance values match well with the measured ones. In addition, the magnetic
flux density distribution of the systems calculated in the simulations verifies the inductance change
of the system when the metal shell is placed.

The findings of this study are beneficial for the systems in which solenoidal coils with limited
geometries are used in terms of proposing an alternative strand wire winding method that enables
adjustment of the system’s equivalent inductance and resistance values for good impedance
matching together with a high turn number and high strand wire number allowing for a dense
magnetic field and high current carrying capacity, respectively. A further extension of this work
will include investigation of coils with the proposed winding method to be used in a specific
application and their comparisons with commercially available coils.
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