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Presenter Notes
Presentation Notes
Good morning, everyone. My name is Tanima Bal, and I am a Ph.D. student in Electrical and Computer Engineering at the New Jersey Institute of Technology. Today, I will present the progress of our NSRP project, titled Multiphysics-Driven Arc-Fault Detection for Shipboard Electrical Systems via Sensor Fusion and Machine Learning. This project is led by our principal investigator, Professor Philip Pong, in collaboration with Ingalls Shipbuilding, Bath Iron Works, NAVSEA Philadelphia, NJIT, and ABB
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Presentation Notes
This project is a collaboration between multiple groups, and all the project team members are listed on this slide.


Tanima Bal

PhD Student ¢ Electrical
Engineering

BACKGROUND & EXPERIENCE

e Ph.D. student in Electrical Engineering — NJIT

e M.Tech. in Power Electronics & Drives — NIT India

e Developed an underground fault detection and
localization prototype

e Designed control strategies for microgrid bidirectional
converters.

e Applied real-time, data-driven optimization for net-zero
energy buildings.

¢ Focused on improving system reliability via controller
configurations.

CURRENT RESEARCH FOCUS

e Smart sensors for power-system monitoring
¢ Finite-element and real-time fault modeling
* Machine-learning methods for system resilience

Prototype of the underground
fault detector

Bidirectional S cries
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Real-time NZEB controller validation
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Overview and Project Objectives

Project Overview

* Protect personnel, critical equipment, and mission
continuity from shipboard arc-fault hazards

* Modernize arc-fault protection by addressing false
alarms

* Obsolescence

* Compatibility limitations

Project Objectives
e Toreduce False Alarm Rate to less

than 1% Rule-Based Approach with Fixed Threshold
 Toenhance Detection Speed to less Rulea |

than 2.5 milliseconds For any single ; e {13} and for VX, c X

* Toadaptto harsh andvariable -
conditions of Shipboard IF PI(p, (k))>PI™ (p, (k)) for 1<k <nk,

Environments THEN Schedule appropriate control for X, (p)
* To comply with stringent naval
safety standards and regulations.

switchboard [2]

Parameter 0, associated with state X is the dominant
violator contributing to the arc fault.

[1] Arc flash assessment on naval vessels: https://lectromec.com/arc-flash-assessment-on-naval-vessels/ 5
[2] Evolution of Arc Fault Protection Technology at APL: https://www.jhuapl.edu/techdigest/content/techdigest/pdf/V25-N02/25-02-Land.pdf
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Presentation Notes
This project focuses on improving arc-fault protection in shipboard electrical systems. Arc faults can damage cables and switchboards, as shown in these images, and may threaten personnel safety, critical equipment, and mission continuity.
Existing arc-fault protection systems commonly use fixed-threshold, rule-based methods. However, these methods can produce false alarms, become obsolete as electrical systems evolve, and face compatibility limitations across different shipboard environments.
Therefore, our objectives are to reduce the false-alarm rate to below 1%, achieve detection in less than 2.5 milliseconds, and develop a system that can adapt to harsh and variable operating conditions. The final system must also comply with applicable naval safety standards and regulations.
To achieve this, we are investigating a multiphysics and sensor-fusion approach that can distinguish actual arc faults from normal switching events more reliably than a single fixed threshold.


Proposed Solution

current, and acoustic sensors.

 Speed, Compatibility and Environmental Hardening : Adopt ABB
REX615 protective relay for high-speed reliable fault detection

with up-to-code communication.
* Reliability: taking machine learning and statistical approaches. clecrade | (Cathod?)

« Compliance: Lab and On-Site Testings with Shipyard and Navy

partners.

Acoustic sensor Current sensor Optical sensor

IR Camera
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* Accuracy: Multiphysics approach by sensor fusion: light,
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Presenter Notes
Presentation Notes
Our proposed solution combines multiphysics modeling, sensor fusion, machine learning, and high-speed protection.
First, we use COMSOL to model the physical behavior of an arc and understand how it generates multiple signatures, including current disturbances, optical radiation, acoustic pressure, and heat. We then measure these signatures using current, optical, acoustic, and infrared sensors.
Instead of relying on only one signal or a fixed threshold, the sensor data will be fused and analyzed using machine-learning and statistical methods. This should improve detection accuracy, distinguish actual arc faults from normal disturbances, and reduce false alarms.
For high-speed protection and compatibility with existing shipboard systems, we plan to integrate the detection framework with the ABB REX615 protective relay and its communication architecture.
Finally, the complete system will be validated through laboratory and on-site testing in collaboration with our shipyard and Navy partners. This validation will help ensure reliability, environmental robustness, and compliance with applicable naval requirements.
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Multiphysics Simulation

Considerations: Axisymmetric geometry ® LTE air plasma
e Temperature-dependent properties ¢ Joule heating ® Radiation

losses ¢ Refined arc-region mesh

* Joule heating initiates and sustains the high-temperature arc

channel.

* Temperature-dependent air-plasma properties are incorporated.
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Figure: Electrical conductivity of air plasma as a
function of temperature

Figure: Multiphysics simulation model

*Z.Chen, X. Zou, H. Li, H. Luo and X. Wang, "Numerical Simulation of Acoustic Wave Generated by the AC Arc," in IEEE Transactions on Plasma Science, vol. 47, no. 8, pp. 4136-4141, Aug. 2019, doi: 10.1109/TPS.2019.2924370. 7
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Presenter Notes
Presentation Notes
This slide presents the basic configuration of our multiphysics arc simulation. To reduce computational complexity, we developed a two-dimensional axisymmetric model consisting of two copper electrodes surrounded by an air domain. The model dimensions and the selected measurement location are shown on the right.
The arc is represented as a high-temperature, locally thermodynamic equilibrium—or LTE—air plasma. Joule heating acts as the primary energy source: the applied electric field drives current through the plasma, and the resulting electrical power heats and sustains the arc channel. Radiation losses are also included in the energy balance.
Because plasma properties change significantly with temperature, temperature-dependent material properties are incorporated. The graph shows that electrical conductivity is initially very low, but increases sharply once the air becomes sufficiently ionized. This creates a feedback mechanism: increasing temperature raises conductivity, which supports greater current flow and further Joule heating.
Finally, a refined mesh is applied around the narrow arc region to accurately capture the steep gradients in temperature, conductivity, and electromagnetic fields.


Multiphysics Simulation
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 The maximum temperature reaches 6330 K for
0.03 sec of simulation time.

* Arcvoltage varies and it decreases 20V for a
continuous 20A AC current supply at 60 Hz.

Figure: Axisymmetric temperature (K) distributions at
different time instants. 8
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Initially, the air gap is close to room temperature. After arc initiation, Joule heating rapidly increases the gas temperature and forms a conductive plasma channel. The channel then expands and becomes more uniformly distributed across the electrode gap.
The maximum temperature increases from approximately 3,060 kelvin at 1.2 milliseconds to about 6,330 kelvin at 30 milliseconds. The hottest region remains concentrated in the central arc channel, while the surrounding air stays comparatively cooler.
The graph on the left shows the instantaneous supply voltage, current, and power. A continuous 20-ampere, 60-hertz AC current is applied. As the plasma temperature and conductivity increase, the arc-channel resistance decreases, producing an approximately 20-volt reduction in the arc-voltage amplitude. The instantaneous power remains positive because the voltage and current reverse polarity together during each AC half-cycle.
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Multiphysics Simulation
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Figure: Arc acoustic sound pressure with time

* High arc temperature creates strongly radiating
plasma.

 Radiation intensity increases as the plasma
temperature rises.

* lrradiance decreases with distance as the radiation
spreads.

 These trends help optimize sensor placement for
rapid detection.

Rapid plasma expansion generates initial high-
pressure oscillations.

Periodic heating and plasma expansion produce
sustained pressure variations.

The pressure signature supports acoustic arc
detection.
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Figure: Arc irradiance variations w.r.t distance and time
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This slide presents the acoustic and optical signatures produced by the simulated arc.
The upper graph shows the acoustic-pressure variation. Rapid Joule heating causes the arc plasma to expand, compressing the surrounding air and generating a pressure wave. The larger oscillations at the beginning represent the transient response during arc formation. The oscillations then decrease and approach a periodic pattern as the arc becomes more stable. Because these pressure fluctuations persist during the arc, they can be measured using an acoustic sensor for arc detection.
The lower graphs show the optical irradiance. As the plasma temperature increases, the excited and ionized particles emit stronger radiation, so the irradiance increases with time. However, irradiance decreases rapidly as the distance from the arc increases because the emitted radiation spreads through the surrounding space.
These acoustic and optical trends help us understand the arc’s physical signatures and determine suitable sensor locations and detection thresholds.



Low-Voltage Experimental Set-up
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Main supply 120V, 60 Hz
UDISEAVRITEIZE 2 KW, 1000 VA. (0-135V AC, 13 A)
Autotransformer
MCB 10 A, Single-Pole, type B AC/DC

Wirewound Chassis
Mount Resistor

10 Ohms, 1000W, tolerance £5%

TMR sensor CT433
(Pololu)

+70 A (bidirectional), 3.0V to 3.6 V, 14.3
mV/A, 1 MHz

Ni mioDAQ USB-6451

20-bit, 1 MS/s/ch, 16 analog input channels,
2 analog output channels, and 16 digital I/0
lines

Arduino Uno

ATmega328P Microcontroller, 16MHz, 14
Digital I/0 Pins, 6 Analog Inputs, 32KB
Flash, Medialek MT8125

Ball Screw Linear

2-phase NEMA 23, a ball screw mechanism,

Guide Stage (100 mm Stroke)
23 Nema, 24V, 3A, Torque: 0.9 N.m, Lead:
0.16°. Ball Screw Guide Sliding Table:
5:\'2‘:2 SHDRIPET M Model: 100mm/4"; Accuracy:

0.03mm/0.0012"; Speed: 1.5"-4" per
second

Copper conductor
(SZLIZHUO)

99.98% Bare Solid Copper Rod, 0.20" Dia x
12" Length
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Real-Time Arc Current Monitoring

Developed a LabVIEW-
based control and data-
acquisition system.

An AC arc is generated by
separating the electrodes.

The linear actuator adjusts
the electrode gap in
increments of 0.05 mm.

Motor control
command

Current sensor measurement

Current data |

B

Arc Current saving\g |

L]

Arduino Control

stop

Motor voltage! |
data N e
M

-—'100
Time dey

Time synchronization loop

xMDtDr Command
a°

Send command

Figure: Switches for electrode gap control

Figure: LabView control model for real-time arc monitoring
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Figure: Arc current monitoring window at real-time
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This slide presents the LabVIEW-based control and data-acquisition system developed for real-time arc-current monitoring.
The LabVIEW block diagram integrates electrode-gap control with continuous current acquisition and visualization. The operator sends one of three motor commands: zero stops the motor, one moves the electrode forward, and two moves it backward.
The command is transmitted to the linear actuator, which changes the electrode separation in increments of 0.05 millimeters. The electrodes are initially in contact, and then one electrode is gradually moved backward. As the electrodes separate while current is flowing, an AC arc is initiated across the gap.
At the same time, the current sensor and DAQ continuously acquire the arc-current signal, which is displayed in real time on the LabVIEW waveform chart. This integrated system provides controlled and repeatable arc generation while allowing us to observe and record the corresponding electrical response.



Real-Time Arc Current Monitoring
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Figure: (a) Screenshot of real-time arc current monitoring; (b) Arc captured in a
controlled environment

Tiny gap of 0.05
cm between the
electrodes after
the experiment

Figure: Electrode position
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This slide shows the experimental demonstration of real-time arc-current monitoring.
Figure (a) shows the LabVIEW front panel. From this interface, the motor command is sent through the selected serial communication port, while the measured current waveform is displayed continuously in real time.
Figure (b) shows the arc generated between the two copper electrodes in a controlled laboratory environment. The electrodes were initially placed in contact, and the linear actuator then separated them gradually until an arc formed.
The lower image shows the electrode tips after the experiment. The small gap and visible surface discoloration indicate localized heating, oxidation, and erosion caused by the arc. These results confirm that the system can control the electrode movement, generate an arc, and simultaneously capture its current signature.



Experimental Results

Without Arc With Arc
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Statistical Analysis
Signal Mean (A) | Median (A) | Std. Dev. (A) RMS (A) Min. (A) Max. (A) Peak-to- Crest Skewness Kurtosis
g ) ) ) ) Peak (A) Factor
Without
Arc 0.0924 0.0934 4.9590 4.9599 -7.1050 7.3264 14.4314 1.4772 0.0004 1.5044
With Arc 0.1092 0.1048 6.9285 6.9294 [ -20.5616 22.8869 43.4485 3.3029 0.0023 1.5531
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This slide compares the measured current under normal and arcing conditions.
The waveform on the left represents operation without an arc. It remains periodic and relatively stable, with a consistent amplitude. In contrast, the waveform with an arc becomes highly irregular and contains rapid fluctuations and large current spikes. The enlarged section shows that the basic AC periodicity is still present, but it is distorted by the unstable arc behavior.
The statistical results quantify these differences. The RMS current increases from approximately 4.96 amperes without an arc to 6.93 amperes with an arc. More importantly, the peak-to-peak current increases significantly from 14.43 to 43.45 amperes. The crest factor also rises from 1.48 to 3.30, indicating that the arcing signal contains much larger impulsive peaks relative to its RMS value.
The mean and median remain close to zero because this is an AC waveform with positive and negative half-cycles. Skewness and kurtosis change only slightly in this dataset, so they may not be strong indicators by themselves.
Overall, the increased RMS value, standard deviation, peak-to-peak amplitude, and crest factor clearly distinguish the arc condition from normal operation. These preliminary features can later be combined with other sensor measurements for arc classification.



Machine-Learning Detection Framework

2 MULTIMODAL SENSING
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Overview of the Proposed Multisensor Arc-Fault Detection Approach
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3. filtering, normalization, segmentation, feature extraction, and image preparation.
The intelligent detection framework then independently analyzes the relevant features from each sensing modality.
4. The individual detection results are combined through confidence-based multisensor fusion. Using complementary information improves reliability and reduces the likelihood that noise from one sensor will produce a false alarm.
5. Finally, the framework classifies the system into three operating states: normal, pre-arc, or arc fault. This decision can then be sent to the protective relay for monitoring, warning, or high-speed fault isolation.


Challenges Encountered

TESTBED & MEASUREMENT

| a Repeatable arc initiation

Automated 0.05-mm gap control

Ball-screw positioning and gap checks

| e Electrode-gap stability

REAL-TIME CONTROL & SYNCHRONIZATION

Continuous data acquisition

Separated DAQ and motor-control tasks

Refined DAQ and channel settings

| e Noisy arc transients

Motor-DAQ synchronization

Added coordinated timing and event markers

Repeated motor commands

Implemented one-shot serial control

15


Presenter Notes
Presentation Notes
This slide summarizes the main challenges encountered while developing the experimental testbed and real-time monitoring system, along with the solutions we implemented.
The first challenge was achieving repeatable arc initiation. Because arc formation is highly sensitive to the electrode separation, we automated the actuator movement using 0.05-millimeter increments.
The second challenge was maintaining a stable and reproducible electrode gap. We addressed this through precise ball-screw positioning and repeated gap verification.
The third challenge was capturing the rapid and noisy arc-current transients. To improve signal quality and prevent clipping, we refined the DAQ configuration, including the channel settings and input range.
For real-time operation, the DAQ needed to acquire data continuously while the motor was controlled independently. Therefore, we separated the acquisition and motor-control tasks within LabVIEW.
We also needed to synchronize the motor movement with the measured waveform. Coordinated timing and event markers were added so that the electrode motion could be identified in the recorded data.
Finally, repeated motor commands initially caused unintended continuous movement. We resolved this by implementing one-shot serial control, so each command is executed only once.



KEY ACCOMPLISHMENTS

-

Developed the multiphysics arc model

Built the real-time low-voltage arc testbed

-
Integrated LabVIEW, DAQ, current sensor, and

linear actuator

4 N\

-

Collected preliminary normal and arc-current
data

Designed the proposed suitable machine
learning detection algorithm framework

Progression: validated measurements > multisensor dataset > real-time fault assessment

e[
\_

FUTURE WORK

Gegrate voltage, acoustic, optical, and \

thermal sensing

‘ e = =4
Voltage sensor Sound Pressure IR Camera
sensor

Implementation of detection algorithm

Validate the model and develop multisensor
detection

detection

Integration of REX615 with sensor fusion i—-:
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Project Timeline and Finance

We are here H

___ Monhl1 |2 |3 14 |5 |6 |7 |8 [9 |10 |11 |12
1. Multiphysics Simulation ---

2. Experimenting
3. Prototyping and Algorithm

4. Compliance and Adaptation
for Shipboard

5. Demonstration

6. Reporting and
Documentation

* Program Funds: $199,700
* Project Duration: 27 March 2026 - 27 March 2027
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Thank You

* Questions?

* For further inquiries, please contact:
Tanima Bal
tb445@njit.edu
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