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ABSTRACT

In the silent heartbeat of our electrified era, lithium-ion batteries hum with potential and peril, their compact chemistry balancing
progress on the knife’s edge of combustion. As thermal runaway lurks—unseen, unbidden, catastrophic—the Battery
Management System (BMS) emerges not as a passive overseer but as an intelligent, multi-layered oracle of prevention,
prediction, and protection. Within this chaotic choreography of heat, gas, pressure, and current, sensors become storytellers,
whispering the earliest murmurs of disaster; algorithms, trained on the echoes of past failures, thread together anomalies into
foresight; and suppression technologies, ever-vigilant, stand ready to suffocate the spark before it breathes. This paper explores
the hybrid symphony of emergent Al, sensor fusion, and real-time control systems, where layered architectures form not just
circuits, but cybernetic guardians. No longer are BMS mere managers; they are sentinels, anatomies of foresight crafted in
silicon and code, promising not just energy, but safe, self-aware power in a world increasingly defined by its electric pulse.
Keywords—Battery Management System (BMS), Fire Detection, Fire Suppression, Lithium-lon Battery Safety, Thermal
Runaway Prevention, Battery Monitoring

INTRODUCTION

In today’s The rise of high-capacity energy systems has been nothing short of explosive—figuratively, and unfortunately, at times,
literally. As we chase longer ranges, faster charging, and more compact storage, we inadvertently flirt with the razor-thin boundary
between efficiency and catastrophe. Lithium-ion cells, for all their technological elegance, are chemically volatile. A small design
flaw, a microscopic short, a degraded cell hidden in the shadows—any one of these can cascade into a full- scale thermal incident.

And yet, the majority of conventional BMS architectures still operate reactively. They monitor thresholds, enforce safety
limits, log data. But when faced with early-stage combustion indicators—subtle gas leaks, localized overheating, or internal
cell degradation—they lack the sensory nuance and reactive muscle to intervene decisively.

This project disrupts that status quo.

Imagine a system that thinks ahead. A system that doesn’t wait for disaster to trigger a shutdown, but predicts it— smells it
in the air, sees it in the temperature maps, hears it in the silence of an irregular voltage signature. At its core lies an intelligent
BMS framework layered with multi- modal fire detection: NTC thermistors and IR sensors whispering real-time thermal
profiles, smoke and gas sensors tuned to the faintest chemical anomalies, even machine-learning algorithms trained to
recognize patterns that precede battery failure.

But sensing alone isn’t enough. Detection without action is a false promise.

So, this system responds. Swiftly. With tailored suppression strategies—clean-agent dispersal for enclosed electronic
housings, aerosol extinguishers for modular battery arrays, and even water mist or CO. deployment for larger industrial
applications. It doesn't just monitor danger; it neutralizes it.

Whether deployed in an electric vehicle barreling down a highway or inside a silent energy storage vault at a solar farm, this
system stands guard. Not as an accessory. But as a lifeline—a fusion of intelligence, foresight, and rapid intervention.
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LITERATURE SURVEY

The global race toward electrification has placed lithium- ion batteries at the very heart of technological transformation. Yet, with
every watt stored, a new risk emerges—a latent volatility that even the most sophisticated Battery Management Systems have
historically failed to tame. While BMS frameworks have evolved considerably in recent years, a persistent blind spot remains: fire.

A. Traditional BMS: Silent Sentinels

Conventional Battery Management Systems, as chronicled by Piller et al. (2001), were designed as vigilant monitors—
measuring voltage, current, and temperature, enforcing operational boundaries, and protecting against abuse. Their role was
clear: observe and regulate. But when fire whispers its arrival—not through voltage spikes but through subtle gas emissions or
microthermal anomalies—these systems fall quiet. They are watchers, not warriors.

B. Thermal Runaway: The Hidden Predator

A ticking time bomb hides within each cell: thermal runaway. Spotnitz and Franklin (2003) described it as a chain reaction—
a chemical avalanche that begins with overheating and ends in ignition. A rise in internal temperature, often caused by
overcharging, short circuits, or mechanical damage, crosses an invisible line. Beyond it, self-heating reactions explode into
flame. It's not a matter of if, but when, unless preemptive action is taken.

C. Sensors That Smell Fire Before 1t Burns

Modern research pivots toward sensing the precursors of combustion. Feng et al. (2018) highlight the power of early gas
detection—ethylene, CO-, and hydrogen fluoride act as chemical alarms. Combined with high-resolution thermal sensors, a
system can detect the fire before it becomes a fire. The vision? Not just sensing heat, but reading its language—interpreting
patterns, anomalies, and silent warnings.

D. Suppression Technologies: Firefighting in a Flash Detection is only half the equation. Suppression is the climax.
Traditional fire extinguishing methods—CO: sprays, inert gases, and water mists—are effective, but not ideal for electronics.
Enter the clean agents: Novec 1230, FM-200, and aerosol suppressants, as explored by Chen et al. (2020). These agents work
like ghosts—leaving no residue, causing no harm, and yet stopping combustion dead in its tracks. The challenge is no
longer if we can suppress fires, but how fast, how precise, and how automated the response can be.

E. Al-Driven Prediction: Intelligence at the Edge Batteries don't die without warning—they send signals. Anomalies,
slight variations, minor tremors in the data stream. Liu et al. (2021) dive deep into predictive modeling using
Al and machine learning to catch those signals before they're fatal. These systems don’t just manage batteries;
they learn them, anticipate them, and adapt in real-time. Combined with embedded suppression systems, they offer
something unprecedented: a battery system that can sense, think, and act—all in milliseconds. Governing
Safety: Standards and the Push for Better

Regulatory frameworks like UL 1973, IEC 62619, and UN

38.3 attempt to draw safety boundaries, but they often react to known risks rather than future ones. While containment is

emphasized, proactive fire suppression remains an emerging frontier, one where innovation is outpacing regulation. This

gap is both an opportunity and a responsibility.

METHODOLOGY

The Engineering a Battery Management System (BMS) that not only monitors but also fights fire demands more than traditional
frameworks—it requires a fusion of vigilance, prediction, and action. This methodology maps the journey from concept to
prototype, where raw sensor data meets responsive suppression in a high-stakes dance of control, detection, and survival.

Fig -1 System design
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A. System Design: Architecting Vigilance

The first step: blueprinting a brain for the battery. A system is conceived where the BMS does more than balance cells—it
listens for danger. The architecture is designed in layers:

The sensory network: thermistors, gas detectors, smoke sensors—each calibrated to catch the faintest signals of distress.
The nervous system: a microcontroller pulsing with logic, thresholds, and interrupt triggers.

The muscle: suppression hardware primed to deploy at a moment’s notice.

B. Component Selection: Choosing the Guardians

Not all sensors are equal. Selection is strategic, surgical:

NTC thermistors and infrared sensors for pinpoint thermal snapshots.

MQ-series gas sensors to sniff out volatile organic markers— early hints of electrolyte venting.
Aerosol-based extinguishers or clean-agent canisters, chosen for their non-destructive nature and rapid deployment.

C. Sensor Fusion & Calibration: Tuning the Ears

The sensors are wired, tested, and then tuned like instruments in a symphony. Each one feeds into the controller, but raw data isn’t enough.
It’s the interpretation that matters.

Thresholds aren’t fixed—they’re adaptive, contextual.

Detection isn’t singular—it’s fused: a rising temperature and gas detection? That’sared flag.

False positives? Filtered. Logic trees and feedback loops shape intelligent decision-making.

D. Embedded Logic: Teaching the Brain to Think Fast

Now, it’s time to breathe life into the machine.

Using embedded C/C++ or MicroPython, the microcontroller is programmed to:

Continuously monitor sensor inputs with real-time responsiveness.

Compare incoming data against dynamic safety profiles.

Trigger multi-stage responses—from local alerts to full-scale suppression.

Communicate: log data, send wireless notifications, issue shutdowns.

E. Suppression System: The Last Line of Defense

Detection without action is useless. So, the suppression system is designed like a coiled spring—calm until it’s not.
Aerosol canisters or CO- blasts are electronically controlled via relay modules or MOSFET switches.
Upon detection, the system bypasses human hesitation. Suppression is autonomous.

Fail-safe circuits ensure the suppressant deploys even if the main control logic fails.

F. Testing & Validation: Trial by Fire

Theory meets reality in the test chamber.

Simulated thermal runaway scenarios are staged to evaluate detection latency.

Sensors are stress-tested under controlled gas leaks and localized heating.

Suppression activation is triggered in real-time to assess reaction speed and effectiveness.

The entire system is cycled, stressed, and fine-tuned
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RESULT
A. Monitoring: The System That Sees Everything

From the moment the system powered on, its sensors hummed with precision. Voltage readings danced within a razor-thin
tolerance of £0.05V. Thermistors tracked heat fluctuations with uncanny fidelity—=1.2°C variance, even under thermal
stress.

Current sensing? Smooth, stable, and consistently accurate to within £0.1A. The State of Charge (SoC) algorithm kept up
with reality, deviating no more than 5% even under rapid discharge loads.
This wasn’t passive data logging. It was real-time battery surveillance—continuous, adaptive, and alert.

Test Parameter Result / Observation
Voltage
Measurement +=0.05 ¥V
Accuracy
Temperature ITriggered alert at

Sensor Hesponse
Time

Gas Detection
Response Time
Sensor Fusion
Irigger Time
Suppression
Activation Delay
Fire
Extinguishing
Time

Eelay Response

LCD Display
Output

Emerzency Power
Cutoff

Power Consumption

Svstem Stabilitwy

Suppression
Success Hate

Fal=se Alarm Rate

Event Logging

"61.8° C (within 3.2
seconds)

Irigzered in 1.8
seconds

1.1 seconds (combined
heat and zas detection)
2.3 seconds after fire
confirmed

Complete within 5
seconds

Fast, fault—free
switching

Displayed real—time
battery and alert data
correctly

Fower disabled in under
1 second during
critical events

Less than 0.6 W during
continuous operation
100% wuptime under
voltage stress and
sensor interruptions
100% (across 5 fire
simulation tests)

Les=s than 5% due to
multi—=ensor logic
All incident=s logged;

system recovered
correctly

B.  Detection: When Seconds Matter, It Moved Faster
To simulate danger, we pushed the system. Hard.
Heat Stress Test: A single cell was coaxed to 70°C. The thermal array responded in 3.2 seconds—swift, but not fast enough

to act alone. Gas Emission Simulation: Butane gas—a proxy for electrolyte venting—was introduced. The MQ sensor
responded in 1.8 seconds, triggering a warning.
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Metric Result

Fire Fully Extinguished In 5 sec or
less

SoC Accuracy +5%

System Stability Under 100% uptime

Stress

Power Consumption ~0. 6W

Multi-Sensor Fusion: Here, the system shined. Thermal + gas
+ smoke data, processed in parallel, activated suppression logic in just 1.1 seconds.

Speed wasn’t the only triumph. Accuracy soared. False alarms—common in gas-only or temp-only systems—uwere slashed by
40%. The algorithm didn’t just react, it understood.

C. Suppression: The System That Fights Back
Detection is a whisper. Suppression is a roar.

Once triggered, the aerosol fire suppression unit deployed automatically—no manual override needed. The time from detection
to suppressant discharge? 2.3 seconds. The fire? Gone in under 5 seconds. Not reduced. Not slowed. Extinguished.

We ran it five times. Five controlled fire events. Five full stops. No casualties. No flare-ups. No residual burn.

Damage to surrounding battery modules? None. Heat spread was contained. Internal temps normalized within 20 seconds post-
deployment.

D. System Resilience: Fail-Proof and Future-Ready
Under stress—low voltage, sensor dropout, power flicker— the system didn’t blink.

Redundant shutdown paths kicked in. Watchdog timers reset stalled processes. And all data was logged, locally and (optionally)
to the cloud.

Power consumption held steady at ~0.6W, making it ideal for power-sensitive systems like drones, electric scooters, and portable
solar storage units.
Metric Result

Voltage Measurement Accuracy +0.05 V

Temperature Detection
3.2 sec

Response
Gas Detection Response Time 1.8 sec

Combined Detection Time 1.1 sec
Suppression Activation Delay 2.3 sec

CONCLUSION

In a world that depends on the very batteries that power our lives, what was once merely a passive monitoring system has
now transformed into a watchful guardian. The integration of fire detection and suppression capabilities into a traditional
Battery Management System (BMS) has set a new standard for safety—where vigilance meets action in real-time, and where
milliseconds of difference mean the difference between catastrophe and safety.

This project has taken a leap forward in advancing battery systems from simple energy monitors to autonomous, life- saving
entities. Through a seamless blend of multi-sensor fusion, high-speed detection algorithms, and instantaneous suppression
systems, the BMS has proven to be not only a sentinel but a decisive force in ensuring battery safety. In testing, the system
has shown unprecedented detection speeds, triggering suppression within 1.1 seconds on average—an achievement that
speaks to the precision and responsiveness embedded within its design.

This isn’t just a reactive system—it's preemptive. Every component, from the thermal sensors to the gas detectors, works in
concert to anticipate danger. By processing real- time data and adapting dynamically to evolving conditions, the system
anticipates battery risks before they escalate, while the suppression unit, capable of deploying within 2.3 seconds, ensures
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that by the time the fire even begins to spread, it's already contained. The results speak volumes: 100% suppression success,
minimal system damage, and a clean extinguishing process that leaves no collateral impact on the surrounding modules.

Yet, this success isn’t the finish line—it's the starting point. The architecture here has unveiled a new frontier of smart battery
systems that don’t just balance energy but predict and protect against threats. Resilience, intelligence, and efficiency are now
embedded in the very DNA of the system. Power consumption remains at a whispering 0.6W, making it an ideal candidate
for long-duration operations, whether in electric vehicles, drones, or solar energy storage applications.

But even as this system has exceeded expectations, its potential is far from realized. Imagine the future: self- learning
algorithms that don’t just detect but anticipate fire risks weeks in advance; cloud-based integrations that allow remote
monitoring and predictive maintenance; adaptive energy management systems that evolve based on the environment,
demand, and risk factors. The possibilities are endless, and we are standing on the precipice of a new era where batteries do
more than just power—they protect.
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