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Measurement of magnetic fields near the railway tracks is crucial to ensure
compatibility with the operation of axle counters. According to EN 50592
standard, the magnetic field is detected with a passive magnetic coil and an
oscilloscope. From previous studies, in general, there has been no in-depth
analysis of how the choice of coil winding parameters could affect the coil
output voltage, which then affect the measurement sensitivity, in particular
the coil design based on the standard and it is applicability for
electromagnetic interference (EMI) evaluation of axle counters. Therefore,
this paper will explore the design of a passive magnetic coil to obtain the
optimum coil output voltage within the frequency range. Simulations
showed that for 10-100 kHz and 100 kHz-1.3 MHz range, the optimum
number of turns happened at 60-100 and 15-60 turns, respectively. Based on
that, two example coils had been built. Simulations and measurements of
their frequency response were in good agreement, with a deviation less than

1.0 dB.
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1. INTRODUCTION

Electromagnetic (EM) noises in the railway environment have shown a considerable increase with
the increasing application of power electronic and semiconductor devices in railcars, radio-based
communication systems, and magnetic braking systems [1]. These noise sources have the potential to impact
the trackside signaling equipment, such as axle counters, track circuits, wheel detectors, and potentially
compromising their safety and performance. To ensure that rolling stock is compatible with axle counting
systems, it is essential to measure emissions from the vehicles to demonstrate this compatibility [2]. The
emissions, caused by the vehicles, are measured as magnetic fields in X, Y, and Z directions. The
measurements are conducted using a standardized magnetic coil with dimensions of 15 cm in length, 5 cm in
width, and 5 cm in height, as specified in the EN 50592 standard [2]. Although the coil area is predetermined,
the standard allows for flexibility in determining the number of turns, wire diameters, inter-turn spacing, and
the number of layers. These parameters will definitely affect the coil output voltage to a certain degree, and it
is interesting to investigate these effects in more detail to see if there is any specific configuration that is
more optimum in terms of good sensitivity.

The magnetic coil sensors are used in variety of applications, from identifying the microstructural
condition of steel alloys [3] to their use in geophysical techniques for groundwater exploration [4].
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Additionally, several studies utilizing measurements and simulations have been performed on railway axle
counters [5]-[7]. However, generally, these studies have not described into how selecting different coil
winding parameters could affect the coil’s output voltage and subsequently, the measurement sensitivity. In
fact, the winding configurations determined the coil impedance, and it will interact with both the cable
impedance and the oscilloscope impedance, eventually affecting the voltage measured at the oscilloscope.
Moreover, there are very few previous research on developed magnetic coil specifically for detecting
electromagnetic interference (EMI) from axle counter based on [2]. Therefore, this paper focuses on
exploring magnetic coil design on the effect of various parameter configurations to the coil output voltage
which applicable for measuring noises generated from the axle counters and the rolling stock.

2.  PASSIVE MAGNETIC COIL

A passive magnetic coil could be used as a receiving antenna or as a probe to measure magnetic flux
density [8]. A conceptual geometry of the rectangular multiturn loop antenna in a receiving mode with N
turns is shown in Figure 1. When an electromagnetic plane wave propagates toward the coil with the incident
angle of 8, an open-circuit voltage (V,) arises, which are influenced by several factors such as the number
of turns (N), frequency (f), magnetic field permeability (u,) and magnetic field density (H) penetrating the
loop area [9]-[11]. The relation is formulated in (1).

VOC = anabN}loHSlne (1)

Figure 1. Magnetic coil cross-sectional model as a loop antenna [11]

Basically, a higher output voltage is more desirable because it will be more readable to the
measuring instrument, such as an oscilloscope. Given that the coil area is fixed as governed by the standard,
based on (1) increasing the number of turns (N) may seem to be the easiest way to obtain a higher output
voltage. However, increasing the number of turns also increases the coil impedance, which will interact with
the measuring instrument’s impedance. At a certain point, increasing the number of turns may actually
reduce the voltage read by the instrument due to an increase of the coil impedance.

The coil impedance is frequency-dependent and is contributed by the resistance, inductance, and
capacitance of the coil. Based on the IEC 60287-1-1 standard, the alternating current (AC) resistance (R ) of
a conducting wire can be calculated from its direct current (DC) resistance (Rp) [12] as formulated in (2),
where the additional factor y; is due to skin effects. However, the formula is found to be accurate only for a
single wire without neighboring wires as in a coil [12]. Because of neighboring wires, the resistance of a
magnetic coil would increase due to both the skin effect and proximity effect.

Ryc = Rpc(1+y5) 2

Meanwhile, the coil inductance value is greatly influenced by the length, dimensions, and number of
turns of the coil. The inductance could be calculated by using Niwa’s formula [13], [14]. As for the
capacitance, there are numerous papers discuss the method to compute the capacitance of a tubular coil
[15]-[19], [20]-[24]. However, there have not been found a suitable method to determine the capacitance of
a rectangular coil. Therefore, capacitance is excluded in the calculation, and it also will be shown in the next
section that the exclusion of capacitance is acceptable in the frequency of interest.

On the other hand, there is a tool named FastHenry2, which is a free EM simulation tool for
computing the frequency-dependent self and mutual inductances and resistances of a 3D conductive
structure, in the magnetoquasistatic approximation [25]. The 3D structure in FastHenry?2 is defined in a text-
based fashion. Moreover, FastHenry2 can be automated from other programming tools, such as Python. In
this paper, FastHenry2 is used in conjunction with Python to fully automate the definition of coil structures,
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to run the EM solver, and to extract the inductances and resistances of numerous coil winding configurations.

In the electromagnetic compatibility (EMC) measurement of axle counters, a magnetic coil having
an internal impedance Z;, is connected to an oscilloscope having impedance Z; via a coaxial cable with a
characteristic impedance Z, as shown in Figure 2(a). The existence of impedance Z;,, Z,, and Z; influences
the output voltage (V,,,;) measured at the oscilloscope. Therefore, simply increasing the number of turns (N)
will not always increase the output voltage.

Looking from the coil into the transmission cable, Figure 2(a) can be simplified into Figure 2(b).
Mathematically, the equation for determining V,,; is shown in (3) where 8 is a wavenumber (2rtf /v), L is
the length of cable, and I is a reflection coefficient [26]. If the values of cable impedance Z, and instrument
impedance Z,, are equal, the value of I will be zero so that (3) can be further simplified to (6).

_ ZegVoc 1
Vout = 7 Zee (TP TP )
where,
Z1—Z,
_Z1=% 4)
Z1+Z
_ Z1+jZo tanpl
Zeq = 0 zo+jzy tanpl ®)

ZeqVoc 1
ZintZeq (e/BY (6)

Vour =

Magnetic coil Magnetic coil Cable € Osc

Figure 2. Electrical schematic of the coil’s output voltage measurement setup: (a) in its full form and (b) in a
simplified form

3. SIMULATION AND MEASUREMENT METHODS

A coil impedance is frequency-dependent, and its length, dimensions, wire diameter, and number of
turns collectively determine the coil resistance and reactance. In this paper, a tool called FastHenry2 is used
to compute the resistances and inductances of various coil winding configurations [25]. The extracted
resistances and inductances are then used to calculate the coil impedance.

The number of layers was kept constant at a single layer. The winding was assumed tightly wound
such that the inter-turn spacing was solely due to the enamel thickness, and it was kept fixed at 0.06 mm. The
number of turns was varied from 2-100, whereas the wire cross-section was 0.3-0.9 mm. In FastHenry2, the
wire of the coil could only be modelled as a rectangular shape, whereas in the actual coil a cylindrical wire
was used. Due to this difference, the discrepancy between simulation and measurement results is expected.
The discretization of segments in FastHenry2 was set to nhinc = 2 and nwinc = 2.

The next step was to run circuit simulations based on Figure 2 to obtain the V.. The simulation
was done in Octave by feeding all the coil resistances and inductances resulting from FastHenry2 along with
cable properties and instrument impedance into (6). The magnetic coil dimension is referred to [2], and the
frequency range was 10 kHz-1.3 MHz. A velocity factor of 66% was used in the simulation. It is referred to
the RG58A/U cable datasheet [27], and was confirmed with a wave reflection measurement on the actual
cable.

After performing the above simulations, the results were evaluated and optimal configurations of
wire diameters and number of turns was decided. The next step was to fabricate prototypes of the magnetic
coil with their respective specifications for lower frequency (LF) and higher frequency (HF) measurements.

Int J Elec & Comp Eng, Vol. 14, No. 1, February 2024: 166-174



Int J Elec & Comp Eng ISSN: 2088-8708 a 169

The performance of the constructed coils was measured in a gigahertz transverse electromagnetic cell
(GTEM). Figure 3 shows the measurement setup of the coil. The coil was placed inside the GTEM and the
door was fully closed. The distance between the bottom and the septum of the GTEM was 0.53 m. In
addition, the RG58A/U coaxial cable used in the measurement has a typical attenuation of 0.5 dB/100 feet @
1 Mhz. The cable length was 7.6 m, and an attenuation of 0.12 dB is expected. Both the coaxial cable and the
measuring instrument’s input impedance are matched at 50 ohms to avoid signal resonance. The frequency
response of the constructed coils was measured from 10 kHz to 1.3 MHz, and the measurement results were
compared with the simulation results.

{530 mm
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Coax Cable Cable | Generator

Spectrum Analyzer /
Oscilloscope

Figure 3. Coil measurement in GTEM

4.  SIMULATION RESULTS

A comprehensive simulation had been done to evaluate the effect of coil wire diameters and the
number of turns on the V... The simulation was based on the circuit schematic in Figure 2. A magnetic field
of H=120 dBuA/m was simulated to perpendicularly impinge the coil cross-section. The cable impedance
and oscilloscope impedance were set equal to 50 Q.

As recommended by the standard [2], measurement is done in the low frequency and high frequency
range, which are 10-100 kHz and 100 kHz-1.3 MHz, respectively. Due to a large number of data, three
border frequencies, e.g., 10 kHz, 100 kHz, and 1.3 MHz were chosen as representative points of observation
from the whole frequency range. As shown in Figure 4, in general V,,,; increases with wire diameter for both
coil 15x5 c¢m? as shown in Figure 4(a) and coil 5x5 cm? as shown in Figure 4(b). This can be explained by
the fact that larger wire will have both lower resistance and inductance, and thus lower coil impedance.
However, an oversize wire might cause difficulties in constructing the coil, for example, a 0.9 mm wire
diameter could be inconvenient to wind. Additionally, the larger wire would also result in a longer coil,
whereas its total length should fit in the bobbin’s length.

On the other hand, the number of turns has more significant and interesting effects on V,,;. The
most striking feature from Figure 4 is that at a number of turns around 4-8, at 1.3 MHz V,,,, reaches a
maximum which is desirable in order to obtain a good measurement result by the oscilloscope. However, the
downside is that there is a wide discrepancy compared to V,,,; at 100 kHz. Due to in actual measurement V,,,;
is measured using an oscilloscope having limited dynamic range (volt/div), large differences of V,,,, between
that of high and low frequencies would result in accuracy loss at low frequency parts.

For instance, a 15x5 cm coil using wire diameter 0.5 mm with 5 turns will give V,,,, on a 50 Q
oscilloscope 235 ml;.,,,s and 25 mV,,,, at frequency 1.3 MHz and 100 kHz respectively when exposed under
a magnetic field H=120 dBuA/m. It means that the signal at 100 kHz would experience a worse resolution.
Meanwhile, an oscilloscope display range setting of at least 235 mV,, x V2 x 2 = 664 ml,, is required to
prevent clipping of the maximum expected signal. If the oscilloscope is using a common 8-bit analog to
digital converter (ADC), then the resolution is 664 mV/256=2.59 mV. Therefore, the signal at 100 kHz
would experience a resolution of 2.59mV /(25 mV,,,s X V2 x 2) =3.66% of it is maximum expected
signal, which is quite coarse.

Another important observation from Figure 4 is that there is no single best coil configuration.
Rather, it is a matter of trade-off between two aspects: i) V,,; discrepancy between high and low frequency,
and ii) magnitude of V,,;. At a high number of turns, V,,,; discrepancy between high and low frequency is
converging, which is desirable; however, it resulted a lower magnitude of V,,.. Therefore, for 100 kHz-
1.3 MHz measurement, a balance of the two aspects can be considered to happen at a range of 15-60 turns.
Whereas for 10-100 kHz measurement, 60-100 turns could be a good choice to achieve the balance.
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Figure 4. V,,,; at 10 kHz, 100 kHz, and 1.3 MHz due to variation of number of turns and wire diameters for
(a) Coil 15x5 cm? and (b) Coil 5x5 cm?

5.  MEASUREMENT RESULTS

Based on the finding discussed above, two example coils had been built with the following
parameters shown in Table 1. The coils were wound on a 3D printed hollow plastic block as shown in
Figure 5. Figure 5(a) shows the constructed high frequency coil, while and Figure 5(b) depicts the low
frequency. The enamelled copper wire was tightly wound such that the inter-turn spacing was solely due to
the thickness of the enamel. The number of layers was kept at a single layer.

Table 1. Parameters of coil winding
Coil area (cm?)  Number of turns  Wire diameter (mm)

Inter-turn spacing (mm)

LF Coils 5x5 60 03 0.06
(10-100 kHz) 15x5 60 03 0.06
HF Coils 5x5 20 03 0.06

(100 kHz-1.3 MHz) 15x5 20 03 0.06

(a) (b)

Figure 5. The constructed coils of (a) high frequency and (b) low frequency

5.1. Coil inductance and resistance

The inductance and resistance of the constructed coils were measured using inductance-capacitance-
resistance (LCR) meter Agilent E4980AL. Measurement results were compared with those computed in
FastHenry2, as shown in Table 2. The discrepancy in resistance was due to the rectangular cross-section
conductor assumed in FastHenry2 whereas the actual wire cross-section was circular. In FastHenry2, a
circular cross-section wire with diameter D was approximated with a rectangular one with a dimension of
D x D. As a result, the circular wire which had a smaller cross-section area would show higher resistance
than that of FastHenry2. In DC, the resistance ratio between measurement and FastHenry2 would be (7). As a
result, the measured and computed inductances were in close agreement. Inductances were less sensitive to
the wire cross-section area.

_ Reire __D?
~ (mD?)
4

Rmeas.

=4/m =127 ()

RFH2 Rrect
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Table 2. Comparison of measured and computed inductance and resistance
Test frequency Coil Area Number of Inductance Resistance
(kHz) (cm?) turns Meas (uH)  FH2 (uH) Meas/FH2  Meas (uH)  FH2 (uH)  Meas/FH2
10 5x5 60 242.6 243.4 0.99 2.98 2.30 1.29
5x15 60 599.8 591.3 1.01 5.95 4.60 1.29
300 5x5 20 44.3 42.3 1.05 1.56 1.16 1.35
5x15 20 100.3 98.2 1.02 2.97 2.35 1.26

5.2. Coil’s frequency response

Measurements were done to characterize the frequency response of the constructed coils. The coils
were exposed with a magnetic field in a GTEM as shown in Figure 3. A high-power radio frequency (RF)
amplifier was required to generate a magnetic field of 120 dBLA/m of the standard limit. Because such an
amplifier was not available in the lab, a signal generator with an output of 120 dBuV was directly fed to the
GTEM. Due to small magnitude signal, instead of an oscilloscope, a spectrum analyzer (Rigol DSA815) was
used to measure the coil output voltage. Although the actual application in the field is using an oscilloscope
and a higher magnetic field is expected, and the frequency response obtained in this measurement will also be
valid for its case because the coil and cabling are linear systems.

Figure 6 depicts the frequency response of low frequency (LF) coils. The frequency of interest is
10-100 kHz, but frequency above 100 kHz is shown for extended evaluation. In general, the measurement
and simulation results were in good agreement, with a deviation less than 1.0 dB. The frequency response of
the constructed high frequency (HF) coils is shown in Figure 7. The frequency of interest is 100 kHz -
1.3 MHz, but frequency below 100 kHz is included as a complemented. Generally, the measurement and
simulation results were also well aligned, with a difference of less than 0.3 dB.
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Figure 6. Frequency response of LF coils
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Figure 7. Frequency response of HF coils

6. CONCLUSION

Simulation results showed that output voltage V,,,; did not always increase with adding more turns.
Due to the impedance of the coil, at some point V,,; become lower as the number of turns was increasing.
For 10-100 kHz measurement, the optimum number of turns could be considered at a range of 60-100.
Whereas for 100 kHz-1.3 MHz measurement, it was 15-60 turns.
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Based on the findings above, two example coils had been built using a 3D printed hollow plastic
block. Measurements were done to characterize the frequency response of the constructed coils. In general,
for the 10-100 kHz range, the frequency response of measurement and simulation results were in good
agreement, with a deviation less than 1.0 dB. In the higher frequency band, 100 kHz-1.3 MHz, the results
were also well aligned, with less than 0.3 dB discrepancies. Based on this analysis, the magnetic coil sensor
prototype can be used appropriately to evaluate the electromagnetic field emission of the axel counter based
on the standard technique. Moreover, the sensor can still be developed further for more accurate
measurement.
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