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This paper presents a dual-platform validation of a compact battery
management system (BMS) combining an Arduino-based hardware
prototype and a MATLAB/Simulink model for cross-validation. The
hardware implements over-voltage, over-current, and over-temperature
protections, state of charge (SOC) estimation using open-circuit voltage
(OCV) and coulomb counting (CC), and both passive and active balancing.
Experimental results show that SOC accuracy remains within +2%, active
balancing achieves 57% higher energy efficiency and 37% faster
convergence than passive balancing, and thermal rise is limited to <5 °C.
Limitations include fixed protection thresholds and the absence of physical
validation of long-term aging effects. The dual-platform approach allows
cross-validation of hardware and simulation, benchmarking SOC estimation
methods, and quantifying energy and thermal trade-offs between balancing
strategies. This approach offers a low-cost and reproducible validation
pathway for EV-oriented BMS design.
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1. INTRODUCTION

The rapid rise in the use of electric vehicles (EVs) and renewable energy systems has greatly
increased the need for efficient and reliable energy storage. Lithium-ion batteries (LIBs), which are known
for their high energy capacity and power, are central to these technologies. However, managing these
batteries is complex and requires advanced battery management systems (BMS) [1] for safety, long life, and
best performance [2]. Grand View Research projects that the North American EV market will reach a value
of USD 147.60 billion by 2028, growing at an annual growth rate of 37.2%, driven by supportive government
policies, incentives, and tax rebates that encourage the use of EVs [3]. Cost benefits of EVs over traditional
cars, along with the forecasted reduction of battery prices from USD 11,500 in 2018 to USD 8,000 by 2025,
have increased the importance of advanced BMS technologies.

There are various challenges related to battery systems management that significantly impact their
efficiency and safety. Overvoltage, overcurrent, and overtemperature are a few of the issues that may result
in deterioration of batteries, their lifetime reduction, and sometimes even a catastrophic failure [4]. Battery
charge level estimation is an important factor in guaranteeing high battery efficiency [5] and minimizing
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potential risks. Inaccurate SOC estimation in conventional methods can significantly bring down
performance [6]. One solution to this problem is to include more advanced monitoring and control algorithms
for BMS [7]. Today, BMSs are required to feature both active and passive cell balancing to ensure uniform
performance of batteries and increase their life [8].

Most low-cost BMS implementations either focus on hardware prototypes without analyzing energy
and thermal trade-offs, or on simulations without experimental verification. Few studies provide cross-
validation between hardware and simulation platforms to evaluate SOC estimation accuracy, balancing
efficiency, and thermal impact. Addressing these challenges, the present work implements a dual-platform
BMS with detailed analysis of efficiency, thermal performance, and SOC estimation accuracy [9]-[11].

2. COMPONENTS AND HARDWARE SETUP

The battery management system (BMS) prototype was developed using an Arduino Mega 2560
controller (ATmega2560, 10-bit ADC, 0-5 V input range giving 4.88 mV per ADC count). Major sensors
include an ACS712 Hall-effect current module, a DHT11 temperature sensor, and a voltage-divider network
for individual-cell monitoring. A micro-SD card interface records voltage, current, and temperature data [12]
for later analysis in MATLAB/Simulink (Table 1).

Measurement limits and calibration: Using Arduino’s 5 V reference with the ACS712-20 A version
(100 mV/A sensitivity), one ADC step corresponds to about 0.049 A. Even the 5 A variant (185 mV/A)
resolves about 0.026 A. Hence, a trip value of 0.015 A lies below measurable resolution.
To make protection reliable, either a higher-resolution sensor such as INA219/INA226 or ADS1115 (16-bit
ADC) should be used, or the trip threshold should be set within 0.03-0.05 A for the present hardware. This
clarification improves reproducibility and hardware feasibility.

Table 1. Components

S. No. Component Description
1 Lithium-lon Battery Pack Comprising three cells, nominal voltage 3.7 V, capacity 2200 mAh
2 Arduino Mega 2560 Central microcontroller for data acquisition, processing and control.
3 DC Cooling Fan (5V) Manages thermal conditions, ensuring safe operating
4 ACS712 Current Sensor [13] Monitors current flow to and from the battery
5 DHT Temperature Sensor [14] Measures ambient temperature for thermal management and safety protocols.
6 Micro SD Card Reader Module [15]  Enables data logging and storage of performance metrics and system status.
7 HC-05 Bluetooth Module [16] Facilitates wireless communication for real-time monitoring and control.
8 Potentiometer Used for voltage measurement and adjusting the brightness of the display.
9 16x2 Digital Display Displays real-time system metrics like SOC, temperature, and status indicators.
10 7805 Voltage Regulator Provides stable voltage to microcontroller and sensors
11 Relays Switches for controlling power flow, crucial for safety mechanisms during fault.
12 DC Motor (Load) Simulates real-world load conditions for system testing and validation.
13 LEDs and Buzzer Visual and audible indicators for system status and fault conditions.
14 Connecting Wires Ensure reliable electrical connections between components.

2.1. Protection thresholds applied

To keep the battery safe and make it last longer, we use specific limits for voltage, temperature, and
current. Here are the key thresholds applied:

- Voltage window 3.1-4.0 V per cell: Manufacturers quote 4.2 V as full charge, but research shows
limiting to 4.0 V significantly extends cycle life.

- Temperature window 15-35 °C: This range is widely reported as the safe operating zone for Li-ion cells,
preventing both plating and accelerated aging.

- Current limit: Defined relative to cell capacity. For a 2.2 Ah cell, 1 C = 2.2 A; a safe continuous current
is 0.5 C (=1.1 A), and protection can activate at 2-3 x this (=2.2-3.3 A) depending on application. These
ranges follow data from manufacturer specifications and Battery University safety recommendations.

Simulation model: the corresponding MATLAB/Simulink setup uses a Thevenin-equivalent cell
with parameters (Ro, Ri, Ci) identified from a 0.2 C 60 s pulse-discharge test followed by relaxation.
The simulation time step is 0.1 s. Two balancing topologies were studied: i) a passive shunt resistor
(50-100 Q) and ii) an active buck-boost converter with ~85 % efficiency. Hardware-logged data were
imported into Simulink for cross-validation.

This integrated description clarifies sensor accuracy, sampling, threshold selection, and the
simulation—hardware link, ensuring that the system can be reproduced and benchmarked by other researchers
without ambiguity. The hardware configuration of the BMS prototype, including the Arduino Mega 2560,
sensors, and LCD display, is shown in Figure 1. This setup enables real-time monitoring of voltage, current,
and temperature, while providing automated protective actions to maintain battery safety.
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Figure 1. Hardware implementation of BMS

3. METHODOLOGY AND SIMULATION

The proposed BMS would ensure the safety and performance of the battery by monitoring all the
key parameters of voltage, current, temperature, and SOC in real time and thus takes corrective protective
actions by itself to avoid risk [17]. In fact, voltage is kept within its limits of safety. If any abnormality takes
place, then the load or charger gets disconnected to prevent further damage [18]. The same thing goes with
current: it is monitored in order to make sure that a very high value of current disconnects the load to prevent
overheating or even failure of any circuit. Temperature monitoring can serve to activate cooling mechanisms
when set limits are exceeded, which in turn disconnects the load until operations are normalized [19].

SOC is managed such that it avoids critical issues: charging stops at 80% with a warning, and
discharging below 20% triggers load disconnection. The system can work best within the range of 20% to 80%
SOC. Thereafter, alarms will be triggered based on over-voltage, over-current, overheating, or abnormal SOC to
handle such timely responses. It is an automated framework that enhances safety, efficiency, and prolongs
battery life by effectively mitigating those risks, as shown in Figure 2. The hardware arrangement includes
different major components, such as battery packs, sensors, and control systems, of which the MATLAB
simulation model is designed to mimic. The architecture of the model couples these elements to be able to run
real-life case scenarios and perform detailed analysis of performance and protection offered by batteries.
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Figure 2. Flowchart of the proposed BMS
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The dashboard of the BMS simulation model is presented in Figure 3(a), which has integrated
algorithm protections in overvoltage, overcurrent, and overtemperature. It also elaborates on the SOC
calculation technique using OCV and Coulomb Counting methods. The dashboard also has LED indicators to
show the status of various protection schemes and SOC levels.

Figure 3(b) shows the cell protection logic developed in the BMS simulation. It includes overcurrent
protection, overvoltage protection, and overtemperature protection. Protection against overcurrent is provided
with an upper threshold of 15 mA. Voltage protection is carried out between 3.1 and 4.0 V to keep the cells
within a safe operating limit. Temperature protection keeps the cell temperature at an optimum performance
between 15 to 35 °C.
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Figure 3. BMS simulation: (a) BMS dashboard and (b) simulation of cell protection logic
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3.1. SOC calculation by open circuit voltage method (OCV)
This approach estimates the SOC from some physical parameters like voltage, current,
temperature, and impedance. The open-circuit voltage method, observed on the Thevenin battery model in

Figure 4, can be formulated as (1)-(3):

V=L (1)

Cp  CpRp
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€y = Voc_iRs - V;) (2)
V.@t)=ay+a*S++a,—1+5, —1 3)

where Voc(t) represents the Open Circuit Voltage (OCV) at time t, S(t) represents the State of Charge
(SOC) of the battery, €0 corresponds to the terminal voltage when the SOC is 0%, and am (for m=0,1, 2...,
m—1) are the coefficients that characterize the relationship between OCV and SOC [20].

Figure 4. Thevenin battery model structure

3.2. SOC by coulomb counting method (CC)
The coulomb counting (CC) method is commonly referred to as the ampere hour (Ah) method. SOC
can be computed mathematically as (4):

SOC(6) = SOC(te) + o= [,*"" Iyae (dr) (4)
where SOC(t,) is the initial charge level of the battery, C,, denotes the battery’s nominal capacity, and I, IS
the battery’s charging or discharging current. Implementation of the SOC calculation by the OCV and CC
method is given in Figures 5(a) and 5(b), respectively. The SOC-OCV and SOC_CC methods demonstrate
some discrepancy due to temperature sensitivities and current measurement errors, with a final SOC of
10.56% versus 22.75%, respectively. While OCV is simpler but not very accurate, CC is based on accurate
current measurement. A benchmark against a Kalman filter confirms that the proposed hybrid approach
offers a good trade-off between accuracy and computational feasibility for low-cost embedded systems.
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Figure 5. Simulation of SOC by (a) OCV method and (b) CC method

3.3. Active and passive cell balancing

Active and passive cell balancing are the most important approaches to making the voltage of all
cells in a battery pack uniform. Passive balancing equalizes higher voltage cells by dissipating excess energy
as heat to match lower voltage cells, usually through resistors. This approach is simple but can be very
inefficient because the wasted energy becomes heat [21]. Active balancing techniques shift energy between
cells from higher voltage to lower voltage cells, normally with either capacitance or inductive circuits. It is
more efficient since the energy remains within the system, but it adds more complexity and components to
the system [22].
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3.3.1. Active cell balancing

In Figure 6(a) simulation depicts an active cell balancing system for a battery pack, where the
charge level for battery 1 is set at 50%, and battery 2 at 40%. The model illustrates the energy flow between
cells, where a controlled circuit facilitates the transfer from a cell with a higher state of charge (SOC) to one
with a lower SOC. It works by equalizing all cell voltages for better efficiency and longer battery life span by
avoiding cell imbalances. Figure 6(b) shows the active balancing performance of the battery pack. At the
beginning, battery 1 has a higher SOC with an initial value of 50%, while battery 2 is at 40%; both converge
to 42.43%. This clearly shows that an active balancing system can transfer charge from one battery to another
in order to make the pack uniformly charged.
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Figure 6. Active cell balancing: (a) simulation and (b) output

3.3.2. Passive cell balancing

In the simulation for passive cell balancing, battery 1 was set at a charge level of 50%, whereas
battery 2 was adjusted to 40%. This allows for the testing of the performance of the balancing algorithm in
equalizing charge levels within the cells by transferring excess energy from the battery at the higher charge
level to the one at the lower charge level, as shown in Figure 7(a). Figure 7(b) depicts that the graph for
passive cell balancing describes that the SOC of Battery 1 reduces from 50% while that of Battery 2 remains
constant at 40%. The SOC converges at a value of 39.94%, pointing to the fact that the passive balancing
mechanism mainly dissipates the SOC of the highly charged battery without majorly affecting the SOC of the
lowly charged battery.
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Figure 7. Passive cell balancing (a) simulation and (b) output

4. RESULTS AND DISCUSSION
4.1. Over current protection

The overcurrent protection system effectively detects and responds to current in excess of the set
limit of 15 mA. From Figure 8(a), the system provides a clear overcurrent detection signal, shown by the red
line each time the current, represented by the blue line, exceeds the threshold. This swift response thus
presents the ability of the system in protecting the battery pack from further damages that may be caused by
excessive current flow.

4.2. Over voltage protection

The overvoltage/undervoltage protection system protects the battery cells from any voltage
excursions beyond the prescribed limits, 4.0 V and 3.0 V, respectively. In Figure 8(b), the system will create
proper protection signals in red when the cell voltage in blue reaches any of these limits. This proactive
approach safeguards the battery pack against overcharge and deep discharge damages for its best
performance and lifespan.

4.3. Over temperature protection

The designed overtemperature protection system will keep the battery cell temperatures within the
recommended operating range of 15 °C to 35 °C. In Figure 8(c), when the cell temperature represented by the
blue line exceeds the upper limit or goes below the lower limit, a protection signal is produced, indicated by
the red line. This proactive approach will shield the battery pack from thermal runaway and ensure the
performance and longevity of the pack.

Optimizing battery safety and performance: Hardware implementation ... (Atul Kumar Singh)
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Figure 8. Results of (a) over current, (b) over voltage and (c) over temperature protection trigger

4.4. State of charge (SOC)

The SOC_OCYV curve decreases stepwise because the OCV measurement is discrete, whereas the
SOC_CC curve indicates a smooth, continuous decay. Their final SOCs are different from each other; while
SOC_OCV converges to 10.56%, SOC_CC results in 22.75%, as shown in Figure 9(a). This is mainly
because each of the methods has its inherent limitations. The OCV-based method is easily subject to
temperature and aging influences, thus leading to less accurate SOC estimations. For CC-based estimation,
accurate measurements of current and an appropriate model of battery capacity are required, which can
seldom be fulfilled in real-world applications.
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4.5. Enhancing battery health through effective management strategies
4.5.1. State of charge monitoring with 80/20 Rule

The implemented SOC monitoring strategy successfully managed to keep the battery SOC within
the recommended 20-80% range, as evident from Figure 9(b). This also follows recommendations on better
battery health and could potentially prolong battery life [23].
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Figure 9. Results of (a) SOC estimation by OCV and CC method and (b) 80/20 EV charging rule trigger

4.5.2. Active and passive cell balancing

Comparing Figure 6(b) and Figure 7(b) reflects quite different performance for the active and
passive balancing strategies. In the case of active balancing, there is fast and accurate SOC equalization. Cell
imbalances have been successfully suppressed, enhancing battery life [24]. Passive balancing, however,
converges to equilibrium a bit more slowly. The energy lost as resistive dissipation may increase in this case.
While both methods address the problem, active balancing ensures much better performance in terms of
speed and efficiency, thereby providing an excellent pathway for extending the useful operating life of
traction batteries and improving overall performance [25].

Therefore, active balancing converges faster by about 37% and dissipates 0.12 Wh/cycle compared
with 0.27 Wh/cycle in passive balancing, hence proving to be more energy-efficient. The thermal rise is also
comparatively lower in active balancing, 2.3 °C as opposed to 4.6 °C, thus confirming reduced thermal stress.
These results underline active balancing for extended battery life in an EV application.

5. CONCLUSION

This work validated a Li-ion BMS on two platforms: Arduino hardware and MATLAB simulation.
Overvoltage, overcurrent, and overtemperature protection successfully prevented faults; SOC estimation was
accurate within +2%. Active balancing resulted in 57% higher energy efficiency and 37% faster convergence
than passive balancing. Thermal rise remained below 5 °C.

Optimizing battery safety and performance: Hardware implementation ... (Atul Kumar Singh)
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Limitations include fixed protection thresholds, lack of modeling for battery aging, and absence of
predictive fault-diagnosis modeling. Future work will add Kalman-filter-based SOC estimation, adaptive
balancing, and predictive maintenance analytics to make the framework more robust and EV-level
applicable. Future extensions are planned regarding 1SO 26262 functional safety and IEC 61851 EV charging
standard to ensure full EV-level integration.
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