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ABSTRACT Modern electric railway vehicles are faced with the challenge of achieving electromagnetic
compatibility (EMC) compliance with railway signaling systems. Currently, no established countermeasures
or design methods that guarantee passing the EMC compliance test are available. Therefore, the enhance-
ment of EMC management during vehicle manufacturing processes is imperative. This study devised a
pre-accreditation method to be implemented at the vehicle completion stage, prior to the EMC compliance
test. The proposed method entails the substitution of real ground signaling devices, whose parameters are
difficult to obtain, with unified coils. The effectiveness of this approach is validated by observing whether
the gain difference remains consistent when using both an exciting coil and a test train. To illustrate this
method, we selected the platform screen door (PSD) balise as a representative signaling device, which is
widely utilized in various railway stations. The unified coil employed in this study can be easily fabricated.
First, we measured the gain difference (the ratio between the induced voltage of coils and the exciting coil
current) between the PSD balise and unified coil. Next, we measured the unknown magnetic flux induced by
an 8-car electric multiple unit test train by utilizing the PSD balise and unified coil. Finally, we calculated
the measured difference between them. The gain and measured differences properly agreed (within 6 dB)
across a wide frequency range of 200 kHz to 4 MHz.

INDEX TERMS Electromagnetic measurements, electromagnetic radiative interference, inverters, magnetic
field measurement, rail transportation, railway engineering.

I. INTRODUCTION Consequently, these inverters must comply with the limits set

Reducing electromagnetic interference (EMI) in railway
signaling equipment is crucial owing to the emission of
unwanted electromagnetic waves by traction or auxiliary
power converters on rolling stocks [1], [2], [3], [4]. Recently,
the utilization of SiC semiconductors in railway vehicles
has become prevalent [5], [6], resulting in radiated electro-
magnetic waves of higher frequencies from these vehicles.
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by the IEC 62236 (EN 50121) series and satisfy the require-
ments of various railway signaling devices in the intended
operating environment [7], [8], [9], [10], [11], [12].

The impact of electromagnetic waves on ground signaling
devices has shifted from beacons or axle counters [13], [14]
to devices known as “balises” or ‘“‘transponders” [15], [16],
[17], [18], [19], [20], [21]. Beacons or axle counters typically
operate at several tens of kHz as they transmit only a few bits
of information. However, balises or transponders operate at
several MHz to accommodate higher bitrate. For example,
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Japanese transponders operate at frequencies of 1.7 MHz
and 3 MHz, whereas Eurobalise operates at 4.5 MHz, which
can be influenced by the power converter’s higher switching
frequency.

The significance of EMC problems between rolling stock
and railway signaling systems has been highlighted in numer-
ous studies [1], [2], [3]. Such problems, stemming from
fail-safe design principles, often lead to interruptions in com-
munications with balises or transponders. This interference
halts train operations, resulting in cancellations and consid-
erable delays. Furthermore, certain signaling systems that
determine train speeds by capturing beacon signals can under-
estimate these speeds owing to electromagnetic interference
(EMI), thereby increasing the risk of train collisions [22].

Recently, balises have been utilized in communication to
interlock the opening/closing of platform screen door (PSD)
systems. These PSD balises are crucial in detecting whether
a train has stopped within the permissible area of the PSD.
As the permissible area varies depending on the railway
infrastructure company, each PSD balise must be tailored to
fit the length requirements of the permissible area. Therefore,
the number of balise types subject to electromagnetic com-
patibility (EMC) testing has doubled, increasing the risk of
failure in EMC tests.

Increasing the frequencies in balises could potentially
alleviate EMC issues. However, owing to the widespread
installation of signaling devices along operational lines, the
cost of replacement is prohibitively high. Consequently, once
installed, these devices typically remain in use for over
50 years. During this period, the switching frequency of
traction inverters is likely to continue rising, perpetuating the
EMI problem and rendering it unsolvable.

EMC chambers are a standard solution for conducting
EMC tests. However, considering a 10-car train stretches up
to 200 m in length, accommodating such a sizable train within
an EMC chamber is unfeasible. While it is possible to mea-
sure emissions from a single traction inverter in compliance
with IEC 62236-3-2 within an EMC chamber, these results
do not accurately predict the impact on signaling equipment.
This discrepancy arises because testing a solitary inverter
does not replicate the complex installation environment found
within a vehicle.

Therefore, various measurements [23], [24], [25], [26],
[27], [28], [29], analyses [30], [31], [32], [33], [34], [35],
[36], [37], [38], [39], and countermeasures [40], [41], [42],
[43], [44], [45] have been proposed for rolling stock EMC.
Currently, no established design or manufacturing method
exists that can guarantee acceptance for all types of signaling
systems. Thus EMC management must be enhanced [46],
[47], [48] in the rolling stock manufacturing process. In par-
ticular, a pre-test or pre-accreditation is required in the
manufacturing process. These pre-checks involve evaluating
common-mode (CM) currents, which are the primary source
of radiated electromagnetic fields, through simulations [43],
[49], [50] or measurements [51], [52], [53], [54]. However,
these pre-checks have limitations owing to unknown circuit
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parameters in the design or manufacture of the power convert-
ers. Moreover, the effectiveness of this method is significantly
reduced at frequencies above 1 MHz, which are utilized in
balises, owing to changes in the current path caused by stray
capacitances in the rolling stock.

To mitigate these issues, in this study, we devised a
pre-accreditation method that can estimate the pass or fail
outcome of EMC tests immediately after the installation of
power converters in the vehicle. Furthermore, we examined
the effectiveness of this pre-accreditation method. The pro-
posed method utilizes a unified coil with clear specifications
(310 mm wide and 430 mm long) that can be easily fabricated.
The validation of the pre-accreditation is based on whether
the difference between the values measured by utilizing a
ground signaling device and the unified coil can be quanti-
tatively determined. A PSD balise with unknown parameters
was employed as a representative railway signaling device.
A real train (an 8-car train) was also used in this study for
generating unknown magnetic flux.

First, we calculated the gain difference between the PSD
balise and unified coil. The gain refers to the measured ratio
between the induced voltage and current in an exciting coil
(1 m x 1 m square shape, 1-turn coil). Next, we measured
the unknown magnetic field generated by an 8-car train using
the PSD balise and unified coil and calculated the measured
difference between them. Finally, we validated that the gain
differences obtained by utilizing the exciting coil and that
measured by utilizing the test train were in good agreement.
This agreement implies that the EMC limits of ground signal-
ing systems can be effectively converted to the limits of the
unified coil, thus making pre-accreditation a viable option.

The proposed pre-accreditation method offers several dis-
tinct advantages. First, it can be executed without knowledge
of the internal parameters, such as coil windings or cir-
cuit parameters, in the connected receiver. Additionally, the
pre-accreditation approach enables the testing of multiple
types of signaling devices using a single unified coil.

Il. PRE-ACCREDITATION USING A UNIFIED COIL

A. CONCEPT

The overall concept of the pre-accreditation utilized in this
study is shown in Fig. 1. To simulate ground signaling
devices, we employed a unified coil with a known size and
termination resistance. By establishing a quantitative corre-
lation between the unified coil and ground signaling devices,
we can convert the EMC limits of the ground signaling
devices to those of the unified coil. In this study, we consider
transponders [18], which are commonly utilized as ground
elements and cover a center frequency (CF) range of 1 MHz
to 4 MHz.

B. QUANTITATIVE RELATIONSHIP BETWEEN AN ACTUAL
BALISE AND A UNIFIED COIL
1) GAIN MEASUREMENT OF THE EXCITING COIL

Owing to confidentiality concerns, detailed parameters are
often not disclosed. Therefore, we need an additional
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FIGURE 1. Proposed concept of pre-accreditation.
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FIGURE 2. Gain measurements of the unified coil and balise.

parameter to establish a quantitative correlation. In this study,
we utilize gain (V/A) between the induced voltage V. of the
exciting coil and the coil current I, as shown in Fig. 2. The
purpose of the exciting coil is to generate a uniform magnetic
field. By separately measuring the gain for the PSD balise and
unified coil, we can determine the gain difference between
the two. This gain difference allows for the conversion of the
EMC limits of the PSD balise to the limits of the unified coil.

For the exciting coil, we employed a I-turn coil with a
square shape (I m x 1 m) as shown in Fig. 2. The size of the
exciting coil is specified in the Japanese Industrial Standard
(JIS) E 3004. Similar exciting coils have been utilized in
some studies [55], [56] to determine the immunity of railway
signaling devices. The assembly and setup of the exciting coil
utilized in this study are shown in Fig. 3. The displacement
between the exciting coil and coil under test (CUT) was
10 cm, following the guidelines outlined in the JIS standard.
The exciting coil was fabricated of aluminum and utilized
assembled parts of the luggage racks, enabling convenient
on-site assembly (Table 1).

Based on the analysis results [56], the magnetic field
strength generated by the exciting coil was 1.6 mA/m per
1 mA of the exciting coil current. The results were validated
using the free software [56], as shown in Fig. 4. Notably,
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FIGURE 3. Exciting coil assembly and its setup.
TABLE 1. Parts of the exciting coil.
Parts Vender Item code NO' of
items
Aluminum frame Misumi  GFF-400/L473 8
Angle connector Misumi GFJ-046 3
Straight connector Misumi GFJ-089 4
Shelves catch Misumi VPJ-700B 1

H[A/m] Z=-1.000e-01[m] f=3.000e+06[Hz] max=2.025e-02[A/m]
1m x 1m loop antenna

1.100e+00 2,0256-02
[Am]

B0 ,000e+00

Yim]

-1.100e+00

-1.100e+00 X[m] 1.100e+00

FIGURE 4. Numerical result of the magnetic flux from the exciting coil.

OpenTHFD can only utilize voltage sources; thus, the coil
current in Fig. 4 is 12.52 mA at 3 MHz. By converting this
result, we can obtain a value of 1.62 mA/m per 1 mA. The
result at 100 kHz was calculated as 1.70 mA/m, indicating no
frequency dependence.

2) UNIFIED COIL

The unified coil shown in Fig. 5 was utilized in this study.
For high-frequency measurements, a smaller coil size is pre-
ferred. However, for accreditation, it’s important that the
coil’s shape closely resembles that of an actual PSD balise.
In Japan, the maximum width of PSD balises along the
sleeper direction is 310 mm, and their length in the rail direc-
tion can exceed 1 m in certain instances. Thus, the unified
coil described in this study is designed with dimensions of
310 mm in width and 420 mm in length. This size not only
accommodates the majority of PSD balises in Japan but also
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FIGURE 5. Unified coil assembly, cabling, and termination.

FIGURE 6. Photograph of the gain measurement of the unified coil.
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FIGURE 7. Gain of the unified coils.

ensures ease of handling. In addition, to ensure repeatability
during fabrication and prevent self-resonance, the coil was
terminated with a 50 Q resistor. Two types of turns (one and
two) were utilized in this study.

A photograph of the gain measurement of the unified coil
using the exciting coil on the track is shown in Fig. 6, whereas
the measurement results are shown in Fig. 7. We achieved
a gain of 0.6 V/A or better from 1 MHz to 10 MHz.
In addition, the measurement results under the on-track and
off-track conditions were almost identical between 100 kHz
and 5 MHz. This indicates that the gain measurements were
not influenced by the rail or track. However, deviations were
observed at frequencies above 5 MHz, which resulted from
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FIGURE 8. Photograph of the gain measurement of the PSD balise.
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FIGURE 9. Gain of the PSD balise.

TABLE 2. Gain difference using the exciting coil.

Gain differences between the
Frequency unified coil and PSD balise, out of
(kHz) track (dB)
1-turn 2-turn
200 —-10.95 —5.06
500 —11.45 —6.16
700 -11.79 —6.87
1000 —12.48 -7.93
1500 -13.93 —9.86
2500 —8.47 -3.92
2968 -7.86 —2.88
3500 —6.49 -1.54
4000 —6.09 —4.46

the self-resonance of the unified coil and the effect of the
probe capacitance.

3) GAIN DIFFERENCE BETWEEN THE PSD BALISE AND
UNIFIED COIL

Fig. 8 displays a photograph capturing the gain measurement
of a PSD balise that has been displaced from its track. This
balise is equipped with multiple coils, serving not only to
facilitate the transmission and reception of signals to and
from platform doors but also to ascertain the precise stop-
ping positions of trains. The PSD balise uses 3 MHz in
receiving and 1.7 MHz in transmitting. Moreover, the PSD
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FIGURE 11. Details of the test train.

TABLE 3. Specification of the test train.

Formation 8 cars (4 power cars, 4 trailers)
Manufacture year 1995

Refurbished year 2023

Track gauge 1067 mm

Electric system Overhead line, 1.5 kV DC
Maximum speed 110 kmv/h

Traction inverter + 225 kW 3-phase AC
induction motor
Traction inverter: SiC FET + SiC Di
Auxiliary inverter: Si IBGT + SiC Di

Traction system

Power semiconductors

balise is connected to its repeater whose parameters are
unknown. Consequently, the gain characteristic of the PSD
balise is not monotonous, unlike that of the unified coil. The
gain characteristics of the receiver coil of the PSD balise
is shown in Fig. 9. The discrete nature of the graph results
from the manufacturer’s confidentiality regarding the detailed
characteristics.

The gain differences between the unified coil and PSD
balise from Figs. 7 and 9 are presented in Table 2. This
value is referred to as the “exciting coil” in the figures and
hereinafter. Further, the value is employed to check whether
the gain difference caused by the exciting coil is equivalent
to that caused by the test train.

lll. VALIDATION OF NUMERICAL CORRELATIONS
BETWEEN THE PSD BALISE AND UNIFIED COIL USING
THE TEST TRAIN

In the previous section, we measured the difference in gain
between the PSD balise and the unified coils using an exci-
tation coil. Here, we aim to validate whether the difference
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PSD balise

Repeater of
PSD balise
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(HIOKI MR8847)

(Anritsu R3267)

FIGURE 13. Measurement setup for the PSD balise, similar to that of the
EMC compliance test.

in gain obtained with the excitation coil can be reproduced in
measurements conducted on real vehicles. For this purpose,
we utilized a test train, as shown in Figs. 10 and 11, with
detailed specifications listed in Table 3. An 8-car subway train
that operates on 1500 Vdc overhead lines and is equipped
with a traction inverter on Car 9609 was utilized as the test
train. Car 9709 was equipped with an inverter as an auxiliary
power source. We measured the magnetic fields emitted by
these inverters and cabling using the PSD balise or unified
coil.

Testing was conducted in a test track at a train depot in
Tokyo Metropolis (Fig. 12). On this test track, a maximum
speed of 25 km/h was recorded on a drivable section of
approximately 300 m.

A. VALIDATION OF THE EMC COMPLIANCE TEST METHOD
This section examines the validation results obtained under
the same measurement setup as that of the EMC compliance
test for the PSD balise. The setup is shown in Fig. 13. The
measurement point was the repeater terminal connected to the
PSD balise. The spectrum analyzer shown in Fig. 13 was set
to the zero-span mode with a CF of 2968 kHz and a resolution
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FIGURE 15. Example chart from the powering test (Miemory HiCORDER).

bandwidth (RBW) of 30 kHz. Additionally, we employed a
recorder (MEMORY HiCORDER, shown in Fig. 13) to cap-
ture the video output of the spectrum analyzer, enabling the
creation of time-axis waveforms. The recorder also recorded
the axle detector (Fig. 14) and the rail current to monitor the
status of the test train. The rail current was derived from the
measured voltage between the two points on the rail, with
the driver’s cab display serving as the reference value.

The tests conducted on the CUT, which include the PSD
balise, 1-turn unified coil, and 2-turn unified coil, can be
categorized into four: auxiliary inverter test, stationary test,
powering, and braking. During the auxiliary inverter test,
measurements are obtained for approximately 5 min from
the start to the stop of the auxiliary inverter. Within this
measurement period, the loads of the auxiliary inverter, such
as air conditioners, were switched ON and OFF. In the sta-
tionary test, the test train was stopped at the position where
the radiation was expected to be maximum. During this
test, the traction inverter operated for a few seconds.

The starting position of the powering test is shown in
Fig. 14. During the braking test, the test train started from
the end of the test site (the relationship between the test train
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TABLE 4. Peak values for a setup similar to that of the compliance test.

1-turn 2-turn
PSD balise unified unified
cuT (dBV) coil coil
(dBV) (dBV)
Auxiliary -58.0 -633 -58.0
mverter

Statlonar'y test ~530 ~507 —543
(powering)

-43.0 —49.1 —44.7

Powering —42.2 —48.2 —42.4

—42.1 —48.8 —43.5

Braki -41.9 —48.0 -41.7

(re err?erlzl:t‘(%ve) —47.6 473 —420

& —46.5 474 439

TABLE 5. Gain difference between the PSD balise and unified coil.

1-turn 2-turn

Train Exciting Train | Exciting

(dB) coil (dB) (dB) | coil (dB)
Aux. converter from
start to stop -330 -0.01
Statlongry test 031 125
(powering) -7.86 -2.88
Powering Max. -6.14 -0.31

Braking | \px | 552 021

(regenerative)

and CUT is similar to that shown in Fig. 12) and immediately
braked in front of the CUT in the regenerative braking mode.
During the powering and braking tests, measurements were
performed from the start of the traction inverter to the end of
the test train. The powering and braking tests were performed
in triplicate.

An example chart of the recorder is shown in Fig. 15,
according to which the axle numbers indicate the axles that
pass over the detector, as shown in Fig. 14. As shown in
Fig. 15, the maximum radiation was observed from the sec-
ond axis of Car 9609, indicating that the CM current in the
motor cable on the second axle was the primary source of
radiation.

The peak values for each measurement are listed in Table 4.
A deviation of 5 dB was observed in the braking test for
the PSD balise owing to the regenerative load instability;
however, other tests showed small deviations of 1-3 dB. The
powering test consistently yielded the highest results among
all test categories for each CUT.

To investigate the exciting source, we calculated the mea-
sured difference between the PSD balise and unified coil,
as shown in Table 2. During the powering and braking tests,
we selected the maximum value for comparison purposes.
The comparison results between the difference measured by
the test train and the gain difference measured by the exciting
coil are listed in Table 5. The differences measured by the
train for the 1-turn unified coil were approximately 2 dB
higher than the gain difference measured by the exciting coil
and 3 dB higher for the 2-turn unified coil. These findings
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FIGURE 17. Example chart (octal input zero-span mode analyzer).

indicate that the gain difference was maintained between the
unified coil and the test train. The fluctuation of 3 to 8 dB
observed during the stationary test may be attributed to the
difference in the stopping position of the test train.

B. VALIDATION MEASUREMENTS CONDUCTED BY
SIMULTANEOUSLY UTILIZING TWO COILS

In the previous section, we conducted measurements at only
one CF and could not perform simultaneous measurements
for two coils. To address this limitation, we employed a
measuring instrument, namely the octal input zero-span mode
analyzer [58], as shown in Fig. 16. This instrument comprises
a field-programmable gate array (FPGA) board (Digilent
Eclypse Z7) equipped with two A/D converter boards (Dig-
ilent Zmod Scope 1410), offering four input channels per
unit. One unit can simultaneously perform eight input mea-
surements, equivalent to the zero-span mode of a spectrum
analyzer. An example of the waveforms measured during the
test train’s powering mode is shown in Fig. 17. As illustrated,
the waveforms are correlated with the PSD balise and unified
coil.

As explained in the previous section, we performed mea-
surements using CUTs, and the maximum values are listed
in Table 6. Notably, powering tests were performed to reduce
the test time.
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TABLE 6. Peak value measured at the same powering test (using an octal
input zero-span mode analyzer).

] 1-turn 2-turn
CF,RBW | PSD balise uniﬁtelsl coil uniﬁtelsl coil
(kHz) (dBV) (dBV) (dBV)
-38.0 —46.2 -
700, 10 385 -47.0 -
-36.8 -46.2 -
391 —462 -
1000, 10 -37.0 478 -
-37.0 -45.6 -
-38.7 —442 -
2500, 30 -38.1 —44.7 -
-383 45 -
—44.1 —493 -
2968, 30 —44.5 —49.3 -
-45.0 -50.2 -
385 —45.8 -
4000, 30 -38.1 —46.4 -
-38.5 —44.7 -
-37.3 - -41.0
1000, 10 -36.8 - —40.2
-37.0 - -41.0
—445 - —43.7
2968, 30 -433 - —43.7
—45.0 - 452
209 - 425
4000, 30 -383 - —41.4
397 - 433
2 X
0 ® Train
x Exciting coil
-2
S -4
. o8
8 6 .
C . o
o -8 o xt e
£ -10 ?
a
-12 1-turn
-14
100 1000
Frequency (kHz)

FIGURE 18. Gain difference of the 1-turn unified coil (octal input
zero-span mode analyzer).

Because each row in Table 6 corresponded to one mea-
surement, the measured differences between the PSD balise
and unified coil could be calculated in each run. These differ-
ences, including the gain difference, are shown in Figs. 18
(1-turn coil) and 19 (2-turn coil). Compared with the gain
difference measured by utilizing the exciting coil, the differ-
ence measured by utilizing the test train for the 1-turn unified
coil deviated by a maximum of approximately 6 dB, whereas
for the 2-turn coil, the difference deviated by a maximum of
approximately 4 dB. Notably, the gain difference obtained
by utilizing the exciting coil remained consistent in the
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FIGURE 19. Gain difference of the 2-turn unified coil (octal input
zero-span mode analyzer).
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(Red Pitaya STEMLab125-14)

LN

FIGURE 20. Quad frequency zero-span mode analyzer.
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FIGURE 21. Example chart (quad frequency zero-span mode analyzer).

measurement performed by utilizing an actual vehicle,
as explained in the previous section, considering the maxi-
mum variation of approximately 4 dB among the powering
tests in Table 5.

C. VALIDATION OF THE MEASUREMENTS AT VARIOUS
FREQUENCIES

Building upon the reproducibility of the measurements estab-
lished in the previous section, this section aims to validate the
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TABLE 7. Maximum and peak value fluctuations at various frequencies
(using a quad frequency zero-span mode analyzer).

CF, RBW PSD balise 1-turn 2-turn
(kHz) Max. Fluc. Max. Fluc. Max. Fluc.
(dBV) (dB) (dBV) (dB) | (dBV) (dB)
200, 10 -47.90 088 | —54.94  0.69 | -48.07 1.57
500, 10 —-45.34 030 | —51.48 2.09 | -5343 2.8
700, 10 -36.98 1.16 | —46.15 131 | -4746 085
1000, 10 -27.80 0.89 | -36.93 0.20 | -37.09 2.06
1500, 30 -32.26 024 | —42.12 1.40 | —-4326  0.99
2500, 30 -40.98 052 | —46.59 0.53 | -47.06 0.22
3500, 30 -46.43 057 | —-49.77 091 | -50.46 1.96
4000, 30 -39.16 1.14 | —46.27 1.22 | -46.27 1.31

Fluc: Fluctuation

0 ® Train
x Exciting coil

Difference (dB)

100 1000
Frequency (kHz)

FIGURE 22. Gain difference for the 1-turn unified coil (Quad frequency
zero-span mode analyzer).

Difference (dB)
»

12 ® Train

* Exciting coil 2-turn

100 1000
Frequency (kHz)

FIGURE 23. Gain difference for the 2-turn unified coil (quad frequency
zero-span mode analyzer).

measurements at a wider range of CFs. The quad frequency
zero-span mode analyzer was utilized as the measuring instru-
ment in this section, as shown in Fig. 20. This instrument
based on Red Pitaya STEMLab 125-14, an FPGA board
with analog inputs, enables simultaneous zero-span mode
measurements at four CFs. An example chart is shown in
Fig. 21.
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FIGURE 24. Difference between by train and by exciting coil (quad
frequency zero-span mode analyzer).

For each CF and CUT, three powering tests were per-
formed. The maximum and fluctuations in the peak values are
listed in Table 7. Notably, the maximum fluctuation in this
measurement was 2.2 dB, indicating a high level of repro-
ducibility. The gain differences calculated from Table 7 for
the 1-turn unified coil, as described in Section III-A and I1I-B
are shown in Figs. 22 and 23. Comparing these results with
those obtained by the exciting coil, the measured difference
was within 3 to 6 dB for both 1-turn and 2-turn coils. Similar
to the previous results, this consistency indicates that the
gain difference obtained by utilizing the exciting coil at a
CF ranging from 200 kHz to 4 MHz was maintained in the
measurement obtained by utilizing the actual vehicle.

IV. DISCUSSIONS

A. GAIN DIFFERENCE OBTAINED BY UTILIZING THE
EXCITING COIL AND TEST TRAIN

The gain differences observed between the test train and
exciting coil, for both the 1-turn and 2-turn unified coils,
as shown in Sections III-A, III-B, and III-C are notewor-
thy. This discrepancy can be attributed to the nature of the
magnetic field generated. First, the exciting coil generates
uniform magnetic fields. When using the exciting coil, the
difference gain between the unified coils and the PSD balise
is proportional to their coil area or the number of turns. The
reason for the negative values in Figs. 18, 19, 22, and 23 is
that the PSD balise, which has the largest area, is used as the
reference (0 dB). On the other hand, Figs. 18, 19, 22, and 23
show that the gain difference by train is larger than that by
the exciting coil. This means that the average magnetic field
in the unified coils, which has a smaller area, is larger than
that of the PSD balise when using train. It indicates that the
magnetic field generated by the train is localized. It is also
deduced from Fig. 24, which shows the difference between
by train and by exciting among all coils. It highlights that
the difference for coils of identical area but varying numbers
of turns (1-turn vs. 2-turn) is smaller than the difference
compared with the PSD balise.
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FIGURE 25. Gain calculation circuit.

TABLE 8. Calculation result of the gain from parameters (2968 kHz).

1-turn 2-turn

Parameters . .
coil coil
Coil area S (m?) 0.13 0.13
No. of turns 1 2
Coil impedance L (uH) 1.69 6.77
Calculated 2.00 1.75
Gain [V/A] Measured 1.70 3.02
Error (dB) 14 4.7

This finding also suggests that a smaller unified coil can be
utilized as a substitute for a larger balise. Although a certain
PSD balise may be 2 m long, the gain difference obtained
by utilizing the unified coil and long PSD balise can be
determined using the proposed method.

However, extremely long balises, such as those exceeding
10 m in length can cover magnetic fields from multiple motor
cables. Consequently, the gain difference in such cases would
significantly deviate from that observed with the unified coil.
However, by examining the waveforms, we can determine
whether the magnetic fields originate from multiple sources.
Therefore, this scenario does not negate the effectiveness of
pre-accreditation using a unified coil.

B. POSSIBILITY OF CALCULATING THE GAIN OF UNIFIED
COILS USING CIRCUIT PARAMETERS

Suppose the gain for balises or unified coils can be calculated.
In that case, the gain must not be measured using real devices.
In some studies, the EMC limit for signaling devices was
converted into the CM current limit using coil geometries
and simple equivalent circuits of the receiver [51], [52]. This
section explores the possibility of calculating the gain of the
unified coils.
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FIGURE 27. Measured phase between V¢ and I}, in Fig. 7.

The equivalent circuit for measuring the gain V./I. is
shown in Fig. 25. In this circuit, the ratio of the magnetic field
generated by the exciting coil’s current was set to 0.81, based
on the value at the center of the exciting coil as calculated
in Section II-B (Fig. 4). The self-inductance was determined
from the coil geometry. A comparison between the measure-
ment and calculation results is shown in Table 8 and Fig. 26.

At the CF (2968 kHz) of the PSD balise, the calculated and
measurement results for the 1-turn unified coil were almost
consistent, whereas a discrepancy of approximately 5 dB was
observed for the 2-turn unified coil. The gain characteristics
shown in Fig. 26 indicate that frequencies above 700 kHz
deviated from the two gains. This deviation was primarily
caused by the rotation of the measured phase characteristics,
as shown in Fig. 27, resulting from the 16.5 m coaxial cable.
In rail depots, the distance between the test track and mea-
surement site often exceeds 10 m on double-track systems,
making it impractical to shorten the coaxial cable. Conse-
quently, the gain characteristics of the PSD balise, as shown in
Fig. 9, did not vary linearly with frequency. This nonlinearity
poses challenges in calculating the gain based on the balise’s
parameters.

The proposed method offers a solution to eliminate uncer-
tainties in specifications and equivalent circuits. Although
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preliminary measurements on the actual device were
required, our approach provided the advantage of converting
the limits of the unified coil from any balise even if their
internal parameters are completely unknown.

C. ACCREDITATION RESULT

The EMC limit for the PSD balise is set at —38 dBV by
the manucafture of the PSD balise. The highest measure-
ment reported in this study was —41.9 dBYV, as detailed in
Section III-A (Table 4), utilizing a setup identical to that of
the final EMC compliance test. Four weeks following the
measurements presented herein, the test train successfully
passed the final EMC compliance test and has been opera-
tional in commercial service since December 16, 2023. With
the capability to translate the EMC limit of the PSD balise
into the equivalent for unified coils, pre-accreditation testing
using these coils is now feasible.

V. CONCLUSION

This study developed a novel pre-accreditation method to
enhance EMC management between rolling stock and sig-
naling equipment. The proposed method utilized a unified
coil, which can be easily fabricated, as a substitute for real
signaling devices. In particular, a PSD balise was chosen as
the representative railway signaling device. A real train (an
8-car train) was also used in validation.

The effectiveness of the pre-accreditation was validated
by measuring the induced voltage difference between the
real signaling device and unified coil under the same mag-
netic flux. This measurement was conducted using two
magnetic sources: the exciting coil and an 8-car test train.
To ensure accurate results, the validation measurements were
performed at three different setups: similar to that of the EMC
compliance test, simultaneous measurements using two coils,
and measurements at various frequencies.

The validation results obtained from all measurement
setups clearly demonstrated the effectiveness of pre-
accreditation. The gain differences obtained by utilizing the
exciting coil and those obtained by conducting measurements
using the test train were within 6 dB in the frequency range of
200 kHz to 4 MHz. This outcome allowed for the conversion
of the EMC limit for the unified coil from that of signaling
devices.

The pre-accreditation method proposed in this study
offered several advantages. It can be easily implemented by
rolling stock manufacturers and facilitates the comparison of
immunity levels among different types of balises.

The findings of this study are applicable up to 4 MHz,
a limitation imposed by the large dimensions of the unified
coils utilized. If balises used higher frequencies in the future,
smaller unified coils would be more suitable, representing an
area for future research.
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