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Abstract—Electromechanical relays continue to play a
vital role in modern control and protection systems, yet they
are inherently prone to electromagnetic interference
(EMI) and electromagnetic compatibility (EMC) issues
caused by contact bounce and arcing phenomena. This
paper presents a detailed simulation-based analysis of EMI
and transient behavior for various relay contact materials,
including Silver, Copper, Gold, Tungsten, and Silver Tin
Oxide (AgSnO0:). The proposed MATLAB model integrates
both bounce and arc effects as a single overlapping event,
providing a realistic representation of dynamic contact
behavior during  switching. Multiple suppression
techniques, such as RC snubbers, metal oxide varistors
(MOYV), flyback diodes, and hybrid RC-MOV
configurations, are evaluated across a broad frequency
range to determine their effectiveness in reducing radiated
and conducted emissions. The results demonstrate that
AgSn0:, when paired with a combined RC-MOV
suppression network, yields the lowest EMI energy and the
most stable transient response. This study establishes a
quantitative foundation for selecting optimal contact
materials and suppression strategies to achieve improved
EMC performance in electromechanical systems.
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I.  INTRODUCTION

Electromechanical relays are among the most
fundamental switching components in electrical and
electronic systems, used extensively in automation,
power distribution, and protection circuits [1]. Despite
their reliability and simplicity, these relays generate
significant electromagnetic interference (EMI) due to
the high-frequency transients produced during contact
closure and separation. The transient phenomena,
primarily contact bounce and arcing, introduce
unwanted voltage and current oscillations that radiate
through the circuit, thereby compromising the overall
electromagnetic compatibility (EMC) of the system

[2].
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The contact bounce occurs when the movable relay
contact rapidly oscillates before settling, causing
repetitive  mechanical impacts and electrical
discontinuities. This mechanical instability is often
accompanied by electrical arcing, a process where
ionized air bridges the contact gap, producing intense
short-duration discharges [3]. The combined effect of
bounce and arcing generates
components extending into the megahertz range, which
can adversely affect circuits and
communication channels.

broadband noise

sensitive

Recent advancements in suppression techniques have
aimed to mitigate these issues through the application
of RC snubbers, metal oxide varistors (MOV), flyback
diodes, and hybrid RC-MOV configurations.
However, the efficiency of these suppression methods
strongly depends on the contact material used in the
relay, as each material exhibits distinct conductivity,
hardness, and oxidation characteristics that influence
the formation and extinction of arcs [4], [5].

This research focuses on simulating the EMI and EMC
behaviour of different contact materials—namely
Silver, Copper, Gold, Tungsten, and Silver Tin Oxide
(AgSnO2)—under realistic bounce and arc overlap
conditions. A high-resolution MATLAB model is
developed to evaluate the performance of various
suppression networks by analyzing both time-domain
and frequency-domain responses [6], [7], [8]. The
study further identifies the material-suppression pair
that achieves the optimal EMI reduction, providing
valuable insight for designing noise-resilient relay
systems.

II. THEORETICAL BACKGROUND AND
MODELING

Electromechanical relays are widely used in industrial
and control applications for electrical switching,
isolation, and protection [9]. during
mechanical switching, the rapid transition between

However,
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open and closed contacts can generate severe
electromagnetic interference (EMI) due to contact
bounce and arcing phenomena. This section explains
the underlying physics, mathematical modeling, and
parameters considered in the analysis.

A. Contact Bounce Phenomenon

When the relay armature closes, the moving and
stationary contacts collide with residual kinetic energy.
Due to mechanical elasticity, the contacts rebound
several times before settling [10], [11]. This produces
a rapid series of voltage fluctuations known as contact
bounce.

Mathematically, the bounce voltage V,(t) can be
modeled as a damped oscillatory waveform:

V,(t) = Ay e~ %tsin (21 f,t)
where:
e  A,is the bounce amplitude (V),
e  a,is the mechanical damping factor (s'), and
e f,is the bounce frequency (typically 1-5
kHz).

The bounce duration depends on the contact stiffness,
impact velocity, and surface finish of the contact
material.

Bounce Bounce
Time Time
1 - ——
ON

OFF OFF

0
-
Fig. 1. Contact Bounce Waveform

B. Arc Generation During Contact Separation

At the moment of opening, as the contacts begin to
separate, the electric field across the small air gap
ionizes the medium, forming a plasma path. This
transient arc allows current to continue momentarily
even after mechanical separation, creating a high-
frequency burst of EMI [12], [13].

The arc voltage V, (t)is approximated as:
Vo(t) = Aq et/ Tesin 2mf, (¢ — to))

where:
e  A,is the arc amplitude (V),
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e 7,is the decay constant related to plasma
cooling time,
e f,is the arc oscillation frequency (0.6-2
MHz), and
e t,is the arc initiation instant.
Different contact materials exhibit distinct arc
characteristics. For instance, tungsten shows longer,
high-energy arcs, while AgSnO: exhibits shorter, low-
energy arcs due to better oxidation resistance and
thermal conductivity.

- Typlcal contact
breskdown characterlstc

Fig.2. Arcing Waveform

C. Combined EMI Model

During practical switching, arcing and bouncing
overlap in time [14]. Hence, the overall EMI voltage
waveform is modeled as:

Vemi(t) = Videal(t) + Vb (t) + Va(t)

where Vg, (t)is the ideal relay switching signal (5 V
when closed, 0 V when open).This combined signal
contains both low-frequency mechanical disturbances
and high-frequency electrical noise components.

D. EMI Quantification

To quantify electromagnetic disturbance, the signal is
analyzed in the frequency domain using Fast Fourier
Transform (FFT) [15]. The voltage spectrum V (f)is
derived as:

V(f) = FFT{Vemi(t)}

The band energy within a specified EMI range (100
kHz—2 MHz) is computed as:

f2
Buna = ) V() P

f=h
and the peak amplitude in dBpV is calculated as:

Voeak
Vpeak, dBuv = 20108 10(1p:;/)
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These two metrics — band energy and peak EMI level
— are used to compare the efficiency of various
suppression techniques and contact materials.

E. EMI Quantification
Each contact material affects the EMI level through its
physical and electrical properties:
e Thermal conductivity — affects arc cooling
rate.
e Work function and hardness — influence
bounce energy.
determines arc

e Oxidation resistance —

persistence.

In the simulation, five materials are considered: Silver,
Copper, Gold, Tungsten, and AgSnO:, each assigned
unique arc amplitude, duration, and frequency
parameters based on experimental literature.

1. SIMULATION METHODOLOGY

This section describes the complete approach used to
simulate and analyze the electromagnetic interference
(EMI) behavior of an electromechanical relay during
switching events. The model is implemented in
MATLAB to study the combined effects of contact
bounce, suppression
techniques for different contact materials.

arcing, and various EMI

A. Simulation Overview

The main goal of the simulation is to observe the
transient voltage and frequency-domain behavior of a
relay during mechanical operation. The model captures
both low-frequency (bounce-induced) and high-
frequency (arc-induced) components and evaluates the
impact of multiple suppression methods.

The simulation workflow consists of the following
major steps:
1. Define physical and timing parameters of the
relay.
2. Model the combined arc-bounce waveform
for each contact material.
3. Apply different suppression techniques (RC

snubber, MOV clamp, flyback diode,
combined RC+MOV).

4. Perform frequency-domain analysis using
FFT.

IRE 1711979

ICONIC RESEARCH AND ENGINEERING JOURNALS

5. Compute EMI metrics such as peak
magnitude (in dBpV) and band energy (100
kHz-2 MHz).

6. Compare results across materials and
suppression techniques to identify the best-
performing configuration.

B. Signal Construction

The switching signal is simulated in a time window of
1.2 milliseconds, with a high sampling rate of 5 MHz
to capture high-frequency EMI details. The relay closes
at —0.2 ms and opens at +0.2 ms.

1. Ideal waveform — a perfect 5 V rectangular
pulse representing the relay conduction
period.

2. Bounce model — a decaying

oscillation added immediately after closing.

square

3. Arc model — a short, exponentially decaying
high-frequency burst that overlaps with the
bounce region during opening.

4., Combined EMI waveform — formed by
summing all three, representing the real
physical relay behavior.

This ensures that the arc occurs during contact bounce,
accurately imitating practical switching dynamics.

C. Suppression Techniques
The equations are an exception to the prescribed
specifications of this template. Five suppression
configurations are evaluated:

1. No suppression (Baseline) — unfiltered EMI
signal.

2. RC Snubber — a low-pass filter simulating an
RC network across the contact terminals,
designed with a 200 kHz cutoff.

3. MOV Clamp — limits voltage excursions
above £3 V, modeling a metal oxide varistor
behavior.

4. Flyback Diode — reduces arc energy by
shortening the exponential decay constant
(Ta).

5. Combined RC + MOV - integrates both low-
pass filtering and voltage clamping to provide
compound EMI reduction.

Each suppression technique is individually applied to
every material model for comparison.

D. Material Parameterization

For accurate modeling, the following contact materials
are considered, each with experimentally inspired
parameters:
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TABLE 1
MATERIAL PROPERTIES TABLE

Material Arc Amplitude Arc Duration Arc Frequency Bounce Amplitude
V) (1s) (MHz) V)
Nickel 1.2 30 0.9 0.6
Copper 1.6 50 1.1 0.8
Gold 0.6 20 0.6 0.35
Tungsten 24 70 1.6 1.0
AgSn0: 1.0 35 1.0 0.5

These parameters reflect practical trends, where
tungsten produces stronger arcs due to higher hardness,
while gold and AgSnO: exhibit more stable behavior
with lower EMI intensity.

L
] 0.2
Time (ms)

E. MATLAB Implementation

The MATLAB code constructs the composite EMI
waveform and applies each suppression case using Arc bursts
signal-processing methods. '
Filtering and voltage clamping are implemented
through digital equivalents of analog RC and MOV
circuits. The frequency-domain plots are automatically | , .

generated to visualize the EMI spectrum under each - B B e (msl;'2

suppression condition. Fig. 5. Simulated Arc Bursts Waveform
The computed metrics are tabulated for all materials,
and the configuration with the lowest band energy is
selected as the optimal one.

Fig. 4. Simulated Bounce Waveform

Combined
T

IV.  RESULTS AND DISCUSSION

L h
0 0.2
Time (ms)

Fig. 6. Combined Bounce and Arc Waveform

This section presents the simulated time-domain and
frequency-domain results obtained for various contact
materials and suppression techniques. The analysis
focuses on understanding the transient voltage
behavior, arc-bounce interaction, and overall EMI
reduction effectiveness achieved by different
suppression configurations.

1. For Nickel

A. Time-Domain Analysis

Ideal Relay

0 02
Time (ms)

Fig. 3. Ideal Relay Waveform

Tine (ms) - Time (ms)
(c) (d)
Fig. 7. Filtered Waveform using (a) RC Snubber.
(b) MOV Clamp. (c) Flyback Diode. (d) RC Snubber
+ MOV Clamp.
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ii.  For Copper

(©) (d
Fig. 8. Filtered Waveform using (a) RC Snubber.
(b) MOV Clamp. (c) Flyback Diode. (d) RC Snubber
+ MOV Clamp.

1. For Gold

(d)
Fig. 9. Filtered Waveform using (a) RC Snubber.
(b) MOV Clamp. (¢) Flyback Diode. (d) RC Snubber
+ MOV Clamp.

iv. For Tungsten

0 02
Time (ms)
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(c) (d)
Fig. 10. Filtered Waveform using (a) RC Snubber.
(b) MOV Clamp. (c) Flyback Diode. (d) RC Snubber
+ MOV Clamp.

v.  For Silver Tin Oxide (AgSnO:)

!
02 0! 06 (5@ 46 04 02 0 02
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02

Time (ms]
(c) (d)
Fig. 11. Filtered Waveform using (a) RC Snubber.
(b) MOV Clamp. (c) Flyback Diode. (d) RC Snubber
+ MOV Clamp.

Each waveform consists of three distinct regions:

1. Contact Closure Phase — the relay initially
closes at —0.2 ms. A sequence of micro-
bounces is observed, lasting between 0.3-0.6
ms, depending on material hardness and
elasticity.

2. Stable Conduction Region — steady voltage at
5V, representing normal relay operation.

3. Contact Opening Phase — at +0.2 ms, the arc
discharge appears as a high-frequency
decaying burst overlapping with the tail of the
bounce waveform.

The arc waveform amplitude and decay rate differ
significantly across materials. Tungsten and Copper
show stronger transient peaks due to higher arc energy,
while Gold and AgSnO: exhibit smoother closures with
reduced transient energy.
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When suppression methods are applied:

e The RC snubber smooths rapid oscillations
and effectively reduces
voltage components.

e The MOV clamp limits the transient
amplitude by clamping excessive voltage
peaks beyond +3 V.
Both methods substantially suppress the
magnitude of the arc and bounce transitions in
the time domain.

high-frequency

B. Frequency-Domain Analysis

The spectral characteristics of the EMI waveform were
analyzed using the single-sided magnitude spectrum,
obtained via the Fast Fourier Transform (FFT).

1. For Nickel

Spectrum - Nickel

1000 1500
Frequency (kHz)

Fig. 12. Spectrum of Nickel

ii.  For Copper

Spectrum - Copper
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Fig. 13. Spectrum of Copper
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iii. For Gold

Spectrum - Gold

1000
Frequency (kH;

Fig. 14. Spectrum of Gold

iv. For Tungsten

Spectrum - Tungsten

1000 1500
Frequency (kHz)

Fig. 15. Spectrum of Tungsten

v. For Silver Tin Oxide (AgSnO:)

Spectrum - Silver tin Oxide

The unsuppressed waveform displays strong harmonic
content up to 2 MHz, primarily originating from the
contact bounce and arc-induced oscillations.
Application of suppression techniques modifies the
frequency distribution as follows:
e RC Snubber: acts as a low-pass filter,
significantly reducing harmonic amplitudes
above the 200 kHz cutoff.
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e MOV Clamp: introduces clipping distortion
but prevents sharp voltage transients,
resulting in reduced broadband EMI energy.

The combined suppression effect is evaluated
quantitatively using two metrics:
1. Peak Voltage Level (dBuV):
Vieak
Vpeak,dBpV = 2010g 10(%)
2. Band Energy (100 kHz — 2 MHz):
f2
Eband = [ V(f) |2
f=hn
where f; = 100 kHzand f, = 2 MHz.
Lower wvalues of E,, indicate superior EMI
suppression performance.
C. Comparative Material Behavior
The following trends were observed:
TABLE 11
COMPARISON OF CONTACT MATERIALS
Material Best Peak Band
Suppression  (dBuV)  Energy (a.u.)
RC
il L M
Silver Snubber ow oderate
MOV . .
Copper Clamp High High
RC Very Very
Gold
© Snubber Low Low
MOV
T High High
ungsten Clamp ighest ig
RC
AgSn0: Snubber Low Lowest

AgSnO: achieved the lowest band energy, confirming
its superior EMI behavior among the tested materials.
Tungsten exhibited the largest EMI emission due to its
strong arc discharge but remains ideal for high-load
switching due to its durability.

Gold showed the smoothest switching and minimal

spectral energy, making it suitable for precision low-
current applications.
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D. Suppression Effectiveness

e Band Energy per Material

1.53e+04
1.43e+04

1.22e+04

>
2
(]
c
Ll
o
c
34
m
s
7]
(<]
m

Fig. 17. Band Energy of Each Materials

Results indicate that:

e The RC snubber achieves broad-spectrum
suppression by attenuating both bounce and
arc harmonics.

e The MOV clamp effectively limits voltage
overshoot but is less efficient in controlling
lower-frequency bounce oscillations.

e Combining both methods yields optimal
attenuation across the entire EMI spectrum.

The relative improvement in band energy can be
quantified as:

Enone - Esupp % 100%

Nsupp = E
none

where E,..and E, are the band energies before and

upp
after suppression, respectively.

An average suppression efficiency of 65-80% was
achieved using the RC snubber, depending on the
material properties.

E. Overall Performance Interpretation

The simulation demonstrates that EMI suppression
performance is highly dependent on the material and
suppression configuration.

The findings can be summarized as:

e  Material factor: Contact materials with lower
arc energy (Gold, AgSnO:) naturally exhibit
lower EMI emission.

e Suppression factor: Passive suppression
techniques (RC, MOV) significantly mitigate
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broadband EMI without altering switching
speed.

e Combined behavior: The interaction of
contact physics and suppression networks
defines the overall EMI signature of the relay
system.

These results validate the MATLAB-based approach as
a reliable EMI prediction model for electromechanical
relays.

V. CONCLUSION AND FUTURE SCOPE

This study presented a comprehensive analysis of
arcing and phenomena in
electromechanical relays using different contact
materials, emphasizing their EMI and EMC
characteristics. By integrating material properties such
as arc amplitude, arc duration, arc frequency, and
bounce amplitude (Table I), the simulation accurately
reproduced realistic arcing behavior within the relay
switching cycle. The inclusion of bounce-induced
arcing events (Fig. 6) provided a more authentic

contact  bounce

representation of transient EMI bursts typically
observed in physical systems.

Time-domain results (Fig. 7-11) revealed that contact
materials with higher conductivity and lower melting
voltage exhibited smoother voltage recovery and
reduced arc duration, while those with higher melting
voltages  generated stronger transient peaks.
Frequency-domain analysis (Fig. 12-16) demonstrated
the EMI spectral spread across 0-2 MHz, and
comparative suppression analysis identified the RC +
MOV hybrid network as the most effective suppression
technique for reducing both peak dBuV levels and total
band energy. The overall performance comparison
across all materials (Fig. 17) confirmed that AgSnO-
offers optimal balance between arc suppression,
conductivity, and thermal endurance.

Future work will focus on experimental validation of
the simulated results using high-speed data acquisition
from physical relays under identical switching
conditions. Additional improvements such as adaptive
RC-MOV networks, dynamic clamping control, and
real-time EMI spectral monitoring can further enhance
system robustness. This study thus provides a
quantitative foundation for designing next-generation
low-EMI relay systems suitable for automotive,
aerospace, and precision instrumentation applications.
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