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Abstract—This paper investigates of the efficiency of using
different ways of placing conductors with identical and unequal
characteristics before and after switching under different types
of pulse disturbances in differential and common modes of
influence, obtained on the example of a four-wire modal filter
(MF). The results show that the location of the main and
redundant conductors in the MF and the type of the interfering
signal significantly affect its efficiency. When a digitized
interference signal C9-11 is used, an increase in the amplitude at
the output of the structure is observed for two configurations in
common (by 11.3% and 10.4%, respectively) and one in
differential modes (by 18.7%). However, when a bipolar pulse is
used, amplitude changes are observed for only one configuration,
in differential mode (2.4% increase). Using the conductor
configurations discussed above can help account for channel
degradation due to aging or component wear, allowing prediction
of performance degradation in different modes of operation.
Switching to the appropriate configuration at the right time
allows the performance changes to be compensated for.

Keywords—modal redundancy, modal filter, protection device,
common mode, differential mode, ultra-wideband

I. INTRODUCTION

Modern electronic systems and devices are crucial to the
operating of many important processes. They are becoming
increasingly complex and demanding in terms of operating
conditions. Therefore, there is a growing need to develop and
apply effective methods to improve their protection, efficiency,
and reliability [1]. Higher quality of electrical energy is
essential to ensure safe and reliable operation of electrical
systems. Power outages or power surges can lead to accidents,
damage to equipment and even human damage [2]. The
operation of these systems can be impaired by various
disturbances, including pulse excitation [3]. To reduce the
pulse excitation and enhance device reliability while
facilitating modal filtering (MF), developers commonly
employ redundancy [4]. This is achieved by incorporating
reserved circuits alongside active ones, known as single modal
redundancy (MR) [5]. This approach is widely used in
industries such as power supply, telecommunications, and
industrial automation [6, 7]. However, inconsistent switching
can cause changes in the characteristics of reserved and active
circuits in certain configurations.
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Additionally, natural degradation of electrical circuits can
result in inconsistent electrical parameter sets. These factors
can lead to unpredictable quality in MR implementation. It is
therefore imperative to perform an initial assessment of the
electrical circuits to ensure their stable operation when
incorporating MR configurations with both unequal and equal
characteristics before and after switching. For a more precise
analysis, it is essential to consider not only the switching
between active and passive circuits but also the circuits
characteristics and potential changes in the devices operating
conditions. This preliminary analysis will help to predict the
potential minimum voltage levels. The objective of this study
is to investigate how MR configurations affect the output
signal amplitude under different types of pulse interference in
differential and common modes.

II. CHOICE AND VALIDATION

To evaluate the influence of the conductor placement of the
protective device on the attenuation coefficients, at various
types of pulse interference in differential and common modes,
a cross section of the modal filter is developed, which allows to
configure the conductors so that before and after switching the
electrical parameters of the protective device can be with the
same and unequal characteristics. Heuristic search
algorithms [8] were applied to quickly find the cross section
parameters. As a result, the cross section MF with the
following parameters is obtained (w=5mm, wl=10mm,
=35um, s=0.55mm, g=lmm, A=0.36mm, H=2.65 MM,
€1=4.6 and &,=1) due to a current load of 2.5 A, according to
the TPC-2221A standard [9]. At the near end of the passive
line, open circuit (OC) termination loads are selected, and at
the far end, short circuit (SC) termination loads are
selected [10]. This termination configuration provides the
greatest attenuation of unwanted pulse excitations. FR-4
fiberglass textolite is used as dielectric substrate
material [11] (Fig. 1).

Two signals were used as test excitation EMF. One of them
is a digitized signal from a computing combined oscilloscope
C9-11, having a pulse duration of 300 ps at a level of 0.5, with
an EMF amplitude of £F=0.5V (Fig. 2, a). The second is a
typical ultra-wideband (UWB) bipolar electromagnetic pulse
(EMP), regulated by the standard IEC 61000-2-13 [12], with a
duration of 1 ns (Fig. 2, b).
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Fig. 1. Cross section of the structure MF operating in differential and
common modes
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Fig. 2. EMF waveforms of the input signals: digitized signal C9-11 (a),
bipolar (b) UWB EMP.

To modeling the common mode, EMF Egl and Eg2 were
equal to each other and were fed to the input MF. For modeling
the differential mode, Egl and Eg2 had different polarity [13].
However, it should be noted that the EMF of each excitation
pulse in the differential mode is equal to half of the EMF in the
common modelt should be noted that the EMF of the excitation
pulses in the differential mode is equal to half of the EMF in
the common mode.

The common voltage at the MF output is defined as

Vew =5 (1) (1)

where V> is the signal at the output of the second conductor
relative to the reference, V; is the signal at the output of the
first conductor relative to the reference [14]

The differential mode voltage at the MF output is defined
as

Vou=W-", 2

The amplitude deviations are calculated as

=X

X +x2

o= -100% (3)

where x; is the maximum amplitude at the output of the
structure before switching, x; is the maximum amplitude at the
output of the structure after switching [15].

For switching between the reserved and reserving
conductor pairs at the near and far ends of the MF, switches are
supposed to be used. Fig. 3 shows the electrical connection
diagram of a redundant MF operating in differential and
common modes. Two redundancy configurations, with equal
and unequal characteristics, are investigated. The configuration
with equal characteristics is obtained by switching the EMF
sources from a pair of conductors 1and3 to a pair of
conductors 2 and 4, while the distance between them remains
unchanged. A configuration with unequal characteristics is
obtained by switching the EMF sources from the most distant
pair of conductors 1 and4 to the closest pair of conductors
2 and 3, thereby reducing the distance between the lines. At the
near end, the switch switches the EMF sources to different
pairs of conductors, while the conductors not connected to the
EMF sources remain in the OC mode. At the far end, the
commutator switches different conductors between matched
loads and SC mode. The near and far ends of the active
conductors are connected resistors R=50 Q.

Switch 2
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Fig. 3. Electrical connection diagram of MF with redundancy, operating in
differential and common modes

Computer modelling was performed in the TALGAT
system, without considering losses in conductors and
dielectrics [16, 17]. Fig. 4 shows the voltage waveforms at the
MF output for the configuration with switching from conductor
pair 1 and 4 to pair 2 and 3, when exposed to the digitized
signal C9-11. Fig. 5 shows the voltage waveforms at the MF
output for the configuration with switching from conductor
pair 1 and 3 to conductor pair 2 and 4, when the digitized
signal C9-11 is applied.
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Fig. 4. Voltage waveforms at the MF output in common (—) and differential (— —) modes, for conductors: 1 and 4 (@), 2 and 3 (b)
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Fig. 5. Voltage waveforms at the MF output in common (—) and differential (— —) modes, for conductors: 1 and 3 (@), 2 and 4 (b)
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Tables I and II show the amplitudes of the first 5 pulses in
common and differential modes.

TABLE L AMPLITUDES IN COMMON MODE
Conductors U;, mV U;, mV U;, mV Uy, mV Us, mV
1 and 4 33 43 41 47 24
2 and 3 39 31 26 59 21
1 and 3 31 40 35 47 26
2 and 4 39 31 26 58 21

Fig. 6 shows the voltage waveforms at the MF output for
the configuration with switching from conductor pair 1 and 4
to pair 2 and 3, when subjected to a bipolar pulse.

TABLE IL AMPLITUDES IN DIFFERENTIAL MODE
Conductors | U, mV U, mV Us;, mV Uy, mV Us, mV
1 and 4 59 91 74 82 55
2 and 3 87 58 43 133 36
1 and 3 74 75 59 108 47
2 and 4 74 75 59 108 47

Fig. 7 shows the voltage waveforms at the MF output for
the configuration with switching from conductor pair 1 and 3
to pair 2 and 4, when subjected to a bipolar pulse.

Tables III and IV show the amplitudes of the first 5 pulses
in common and differential modes.

TABLE III. AMPLITUDES IN COMMON MODE
Conductors Ui, mV Us, mV Us, mV Uy mV Us,mV
1 and 4 62 30 —78 68 34
2 and 3 78 -31 -62 50 69
1 and 3 60 30 —78 65 34
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TABLE IV. AMPLITUDES IN DIFFERENTIAL MODE
Conductors | U, mV Uy, mV Us, mV Uy mV Us, mV
1 and 4 116 101 —182 148 79
2 and 3 173 —101 -117 91 191
1 and 3 148 75 -150 123 132
2 and 4 148 75 —150 123 132

It can be seen from the results that the location of redundant
and backup conductors in the MF has a significant influence.
The amplitude deviations are calculated obtained by (3). When
using digitized interference signal C9-11 as input influence, an
increase in the amplitude at the output of the structure is
observed for configurations with unequal and equal
characteristics. After common mode switching, by 11.3%
(from conductor pair 1 and 4 to pair 2 and 3) and 10.4% (from
conductor pair 1 and 3 to pair 2 and 4), respectively. For the
case with unequal (from conductor pair 1 and 4 to pair 2 and 3)
characteristics after switching in differential mode, by 18.7%.
The configuration with equal characteristics after switching
(from conductor pair 1and 3 to pair 2 and 4) in differential
mode shows no change in amplitude. When a bipolar pulse is
used as an interfering signal, the opposite picture is observed: a
change in the maximum amplitude at the output of the structure
was observed only for the configuration with unequal (from
conductor pair 1 and 4 to pair 2 and 3) characteristics before
and after switching in differential mode - by 2.4%. The
remaining configurations demonstrated no change in the
maximum amplitude at the output of the structure.

Fig. 6. Voltage waveforms at the MF output in common (—) and differential (— —) modes, for conductors: 1 and 4 (@), 2 and 3 (b)
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Fig. 7. Voltage waveforms at the MF output in common (—) and differential (— —) modes, for conductors: 1 and 3 (@), 2 and 4 (b)

III.  CONCLUSION

Using a configuration with unequal characteristics can be
useful to account for channel degradation due to component
aging or wear. Using this configuration allows predicting the
degradation trend of their characteristics in common and
differential modes. Knowing the trends of component
characteristics as they degrade, it is possible to switch to the
required circuit at the right moment, thus compensating for the
change in their characteristics. Configuration with equal
characteristics can be used in cases where it is necessary to
ensure the continuity of system operation without any change
in its characteristics during the transition between active and
passive circuits. The approach considered is acceptable in areas
where it is acceptable to use switches at both the beginning and
the end of a conductor with MR. Thus, it may be appropriate
for dedicated and critical traces, allowing to achieve stable and
reliable system operation in a wide range of operating
conditions.
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