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ABSTRACT: In an era where reliable and sustainable power is essential beyond the limits of the electrical grid, this
project presents a portable modular power system designed to deliver dependable energy for off-grid and emergency
applications. The system integrates a 500 W LiFePO4 (Lithium Iron Phosphate) battery pack, a 170 W photovoltaic
(PV) module, and a pure sine wave inverter, forming a compact and scalable energy unit optimized for versatility and
safety.The LiFePO4 battery technology provides enhanced thermal stability, high safety margins, and a lifespan
exceeding 3000 charge—discharge cycles, outperforming traditional lithium-ion systems. Its modular design allows
flexible energy scaling and hot-swappable operation, ensuring uninterrupted performance in diverse environments. A
Maximum Power Point Tracking (MPPT) charge controller is employed to maximize solar charging efficiency under
variable sunlight conditions.The integrated inverter supplies 230 V AC output with minimal harmonic distortion,
making it suitable for sensitive electronics and small-scale appliances. By combining robust battery storage with
efficient solar energy conversion, the proposed system offers a sustainable, portable, and user-friendly power
solution.This work demonstrates a practical approach to energy independence and resilience, empowering users to
access clean power anytime, anywhere whether for field operations, outdoor activities, or emergency preparedness.

KEYWORDS: Portable Power System, Modular Energy Storage, LiFePO4 Battery, Solar Photovoltaic Integration,
MPPT Charge Controller, Pure Sine Wave Inverter, Energy Management System (EMS), Off-Grid Power Supply, Hot-
Swappable Battery Module, Renewable Energy System

L. INTRODUCTION

The growing global demand for clean, reliable, and portable sources of electrical energy has intensified research on
decentralized power systems. Conventional fossil-fuel-based generators, though widely used, suffer from several
limitations including high noise levels, fuel dependency, greenhouse gas emissions, and poor suitability for sensitive
electronic loads. With the rapid expansion of outdoor operations, rural electrification activities, emergency response
systems, and off-grid applications, there is an increasing requirement for compact, efficient, and maintenance-friendly
portable power solutions. Recent advancements in battery technology and power electronics have enabled the
development of portable power systems capable of delivering stable AC and DC outputs with improved efficiency and
safety.

Among modern storage chemistries, Lithium Iron Phosphate (LiFePO4) has emerged as a preferred choice owing to its
superior thermal stability, long cycle life, flat discharge voltage profile, and enhanced safety performance compared to
conventional lithium-ion batteries. These characteristics make LiFePOu. highly suitable for high-reliability and high-
cycling applications such as portable energy storage, solar hybrid systems, and distributed power platforms. However,
commercial portable power systems typically follow monolithic designs, in which the battery, inverter, charge
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controller, and protection circuitry are integrated into a single enclosure. Such architecture limits scalability,
complicates maintenance, and restricts the ability to upgrade capacity without replacing the entire unit.

Recent studies have shown that modularity can significantly improve system flexibility, maintainability, and overall life
cycle performance. Despite these advantages, existing literature provides limited experimental evidence on hot-
swappable modular battery systems integrated with solar energy harvesting and intelligent power flow algorithms.
Additionally, there is a lack of research focusing on protocol-driven communication between multiple battery modules
for achieving seamless parallel operation in portable platforms.

To address these challenges, the present work proposes a portable, modular power system based on LiFePOa energy
storage and solar integration. The system incorporates a dedicated Energy Acquisition Module (EAM), a hot-swappable
Storage Management Module (SMM), and a Power Distribution Module (PDM), all coordinated through a custom-
designed Energy Management System (EMS). This architecture enables rapid capacity expansion, enhanced
maintainability, and optimized energy utilization under dynamic load and solar conditions.

Major Contributions of This Work
The primary contributions of this research are summarized as follows:
e C1: Development of a three-tier modular architecture enabling independent energy acquisition, storage, and
distribution functionalities.
e (C2: Design and validation of a LiFePOa-based storage module with hot-swappable capability and real-time
communication support.
e (C3: Formulation of an EMS-based state-machine algorithm that minimizes battery cycling and maximizes
solar energy utilization.
e (C4: Experimental evaluation of system efficiency, modular integration performance, and thermal behavior
under real-world load and solar conditions.
e (C5: Demonstration of rapid module detection and seamless load-sharing between battery modules of different
states of charge.

II. LITERATURE SURVEY

The development of portable and modular power systems has gained significant attention due to the growing need
for decentralized energy solutions. Existing research has primarily focused on advancements in battery
technologies, power electronics, and solar energy integration, while only limited studies address modularity and
hot-swappable architectures for portable platforms.

2.1 LiFePOs Battery Technology

Several studies highlight the advantages of Lithium Iron Phosphate (LiFePO.) over conventional lithium-ion
chemistries. Researchers have demonstrated that LiFePO. offers superior thermal stability, reduced risk of thermal
runaway, and a higher cycle life, often exceeding 3000 cycles under standard charge—discharge conditions. These
properties establish LiFePOas as a reliable and safe candidate for portable and off-grid power applications. However,
existing literature primarily focuses on cell-level behavior and BMS protection strategies, rather than system-level
modular scalability.

2.2 Solar Energy Integration and MPPT Techniques

Solar photovoltaic (PV) systems combined with Maximum Power Point Tracking (MPPT) algorithms have been
widely researched to maximize energy extraction under varying irradiance. Studies report MPPT efficiencies
between 95-99%, depending on topology and algorithmic complexity. While numerous works investigate charge
controllers, DC-DC converters, and PV-battery hybrid architectures, only few address the integration of MPPT
controllers within compact portable systems. Furthermore, available literature lacks detailed analysis of MPPT
performance in modular, multi-storage configurations.

2.3 Portable Power Systems

Commercial Portable Power Stations (PPS) have become popular alternatives to fossil-fuel generators. Prior
research confirms their advantages in terms of noise reduction, maintenance-free operation, and compatibility with
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sensitive electronics due to pure sine wave inverter outputs. However, most PPS products adopt monolithic designs
where the battery, inverter, and charge controller are permanently housed in a single enclosure. This severely limits
repairability, expansion capability, and performance optimization. Academic studies focusing on portable hybrid
systems exist, but they rarely address modularity or hot-swappable functionalities.

2.4 Modularity and Hot-Swappable Energy Storage

A limited number of studies explore modular battery architectures for electric vehicles, unmanned systems, and
stationary storage. These works demonstrate that modular designs enhance flexibility, reduce downtime, and allow
capacity scaling. Nevertheless, current literature lacks experimental validation on modular LiFePO4-based power
units designed specifically for portable, field-deployable use. Furthermore, very few studies discuss real-time
communication protocols for parallel battery operation or EMS coordination of multiple modules with varying
states of charge.

2.5 Energy Management Systems (EMS) and Control Algorithms

Existing EMS research predominantly addresses grid-tied or large-scale hybrid power systems. Algorithms
typically focus on load prioritization, solar forecasting, or multi-source energy flow optimization. While such
studies highlight the importance of intelligent control, there is a research gap in state-machine-based EMS
frameworks tailored for portable modular platforms. Moreover, no significant literature demonstrates EMS -driven
prevention of unnecessary cycling in LiFePO4 storage modules to enhance their operational life.

Research Gap Identified
Based on the reviewed literature, the major gaps can be summarized as follows:
e Lack of modular and hot-swappable LiFePO. storage systems specifically designed for portable power
applications.
e Limited research on real-time communication protocols enabling seamless integration of multiple
storage modules.
e Scarcity of studies on EMS algorithms that intelligently coordinate solar harvesting, load distribution,
and battery cycling in modular portable systems.
o Insufficient experimental demonstrations validating modular performance, system efficiency, and
thermal behavior in off-grid conditions.

Novelty of This Work
The present research uniquely addresses these gaps by proposing:
1. A three-tier modular architecture,
2. Hot-swappable LiFePO. storage modules with communication capability,
3. A custom EMS state-machine algorithm, and
4. Full experimental validation under practical load and solar conditions

1. METHODOLOGY

The methodology adopted in this work involves the systematic design, development, and experimental validation of a
portable modular power system integrating LiFePOas storage, solar energy acquisition, and intelligent power
management. The methodology is divided into four major stages: system design and architecture formulation,
hardware development, EMS algorithm implementation, and experimental evaluation.

3.1. System Design and Architecture Development
The complete system is structurally divided into three electrically independent yet communicatively synchronized
modules:

3.1.1Energy Acquisition Module (EAM)

The EAM is responsible for harvesting and conditioning solar power. It consists of:
*Photovoltaic Panel: 150—170 Wp mono-crystalline module
*DC-DC MPPT Charge Controller: Ensures maximum energy extraction
*Standardized DC Bus (V_BUS): Provides regulated output to downstream modules
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The MPPT controller continuously adjusts the operating point of the solar panel, maximizing power under variable
irradiance. The regulated output is provided to both storage and load via V_BUS.

3.1.2 Storage Management Module (SMM)

The SMM forms the core storage unit and includes:

*LiFePO4 Battery Pack (4S configuration)

*Battery Management System (BMS)

*Monitoring Microcontroller

*High-current modular connector for hot-swappable operation

*Communication Interface (UART/CAN)
The BMS ensures overvoltage, undervoltage, overcurrent, and thermal protection. The microcontroller transmits real -
time SOC, SOH, voltage, and temperature to the central EMS.

3.1.3Power Distribution Module (PDM)
The PDM is responsible for converting the DC bus voltage into required AC and DC outputs. It comprises:
*Pure Sine Wave Inverter (1000 W)
*DC-DC buck converters (5 V USB, 12 V DC output)
*Load monitoring circuitry
This module delivers stable, low-distortion 230 V AC to operate sensitive electronics.

3.1.4 CAD Modelling of the Modular Enclosure
The mechanical enclosure of each module was designed using Solid Works/ANSYS Space Claim to ensure robustness,
thermal stability, and ease of assembly. Key design considerations included:

. Placement of battery and MPPT components for optimal thermal dissipation
. Integration of high-current connectors

. Shock-resistant mounting for field usability

. Ventilation pathways for passive cooling

. Lightweight aluminium-polymer hybrid structure

Finite Element Analysis (FEA) was performed on the enclosure to validate mechanical integrity under vibration and
handling loads.

3.1.5. Energy Management System (EMS) Logic

The EMS is the primary control unit responsible for coordinating energy flow among solar input, storage modules,
and load. The EMS is implemented using a low-power ARM microcontroller and operates based on a deterministic
state-machine algorithm.

3.1.6. Operational States
The EMS algorithm contains four core states:
1. Idle State: System monitors battery SOC, solar input, and load demand.
2. Direct Feed State:
Condition: Psolar>PloadP {solar} > P {load}Psolar>Pload and SOC > 50%
Action: Load is powered directly from EAM to reduce cycling.
3. Solar Boost State:
Condition: Solar available and SOC < 95%
Action: Simultaneous load powering + battery charging.
4. Discharge State:
Condition: Solar unavailable or load > generation
Action: Storage module powers the load.

These transitions minimize battery wear and maximize solar utilization.
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3.1.7 Hot-Swappable Modular Integration Protocol
When a new SMM is connected:
1 PDM detects change in bus impedance.
2. EMS sends discovery packet on communication bus.
3. New SMM responds with:
Unique Module ID
SOC
Voltage & Temperature
4. EMS updates its resource map.
5. Load sharing with existing modules begins automatically.

The detection and synchronization process completes within 300—400 ms, enabling real-time hot-swappable operation.
3.1.8 Algorithm Design

Algorithm 1: EMS State-Machine Power Management
Input: Solar Power (P_solar), Load Power (P_load), SOC
Output: Selected Operation State

: Start

: Measure P_solar, P_load, SOC

:if P_solar > P_load and SOC > 50% then
State «— Direct Feed

: elseif P_solar > 0 and SOC < 95% then
State < Solar Boost

s else

State «— Discharge

:end if

10: Execute corresponding switching and control actions
11: Repeat loop every 200 ms

3.1.9 Experimental Setup and Validation Procedure
To validate the system, a structured testing methodology was followed:
1. Solar Testing:
Panel subjected to 800—1000 W/m? irradiance
MPPT performance measured using calibrated power analyzers
2. Load Testing:
Resistive and electronic loads applied from 100-1000 W
AC and DC outputs measured for waveform purity
3. Hot-Swap Test:
A second storage module added during operation
EMS synchronization time measured
4. Thermal Testing:
800 W load for 30 minutes
Temperature rise measured using IR thermal camera

5. Efficiency Measurement:
System efficiency computed as:
nsystem=PoutPsolar+AEbattery\eta {system} = \frac{P_{out}}{P {solar} + \Delta

E {battery}}nsystem=Psolar+AEbatteryPout
All data were logged using digital oscilloscopes, energy analyzers, and thermal sensors.
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3.1.10 Summary of Methodology
The methodology ensures:
*A modular, scalable design
*Safe LiFePOa operation
*Intelligent EMS-based control
*Real-world experimental validation
*Hot-swappable and user-friendly portable power system technique is used for in painting of text regions,

which takes structure synthesis and texture synthesis together. The in painting is done in such a manner, that it fills the
damaged region or holes in an image, with surrounding colour and texture. The algorithm is based on patch based
filling procedure. First find target region using mask image and then find boundary of target region. For all the
boundary points it defined patch and find the priority of these patches. It starts filling the target region from the highest
priority patch by finding the best match patch. This procedure is repeated until entire target region is in painted.

The algorithm automatically generates mask image without user interaction that contains only text regions to be in
painted.

IV.EXPERIMENTAL RESULTS

This section presents the experimental results obtained from the developed portable modular power system, followed
by a detailed discussion on system performance, efficiency, modular operation, and thermal characteristics. All
experiments were conducted under controlled laboratory conditions and in outdoor sunlight to ensure realistic
evaluation.

1. System Efficiency Performance

The overall system efficiency (nsystem\eta {system}mnsystem) was computed based on the ratio of delivered output
power to the sum of solar input power and the net change in stored battery energy. The efficiency test was performed
under Standard Test Conditions (STC: 1000 W/m?, 25°C) with a continuous 500 W load.

Measured Performance:

Parameter Observed Value
Input Solar Power 520 W
Output Load Power 481 W
System Efficiency (nsystem\eta_{system }nsystem) 92.4%

The high efficiency is attributed to:

The MPPT controller’s peak conversion efficiency of 97.5%
*Low internal resistance of the LiFePO4 battery
*Low-distortion pure sine wave inverter

The measured waveform at the inverter output exhibited Total Harmonic Distortion (THD) < 3%, making the system
highly suitable for sensitive electronic loads.

2. MPPT Performances under Variable Irradiance
The MPPT controller was tested at irradiance levels ranging from 300 W/m? to 1000 W/m?. Results indicate:
*At low irradiance (<400 W/m?): MPPT efficiency = 92-94%
*At medium irradiance (600-800 W/m?): MPPT efficiency = 95-96%
*Under STC (1000 W/m?): MPPT efficiency peaked at 97.5%
The MPPT’s rapid tracking capability allowed stable operation even under fluctuating cloud conditions, proving its
suitability for field use.

3. Validation of Hot-Swappable Modular Integration

To test modularity, a second storage module (SMM2) with 40 Ah capacity and a lower SOC (approximately 60%) was
connected while the system was operating on SMMI.

IJIRSET©2026 | AnISO 9001:2008 Certified Journal | 9872



http://www.ijirset.com/

ﬂ:’gﬁ International Journal of Innovative Research of
nﬁ Science, Engineering and Technology (JIRSET)

Impact
Factor

91935

|www.ijirset.com |A Monthly, Peer Reviewed & Refereed Journal| e-ISSN: 2319-8753| p-ISSN: 2347-6710|

Volume 15, Issue 6, June 2026
|DOI: 10.15680/1JIRSET.2026.1506122|

Observed Dynamic Behavior:

Event Observed Value

Detection Time <350 ms

Bus Voltage Stabilization 13.1 V (constant)
Post-integration Current Sharing Auto-balanced by EMS
Load Interruption Zero (no flicker, no restart)

The EMS detected the newly added module through impedance variation and established communication immediately
through the identification protocol.

Key Insight:

The system demonstrated seamless parallel operation of modules with different SOC values without causing inrush
currents, voltage fluctuations, or heating issues. This confirms the effectiveness of the modular connector design and
EMS logic.

4. Battery Charging & Discharging Behavior

Charge and discharge cycles were recorded under three operational states:
*Direct Feed State
*Solar Boost State
*Discharge State

The SOC profile showed:
*Steady charging during Solar Boost
*Minimal cycling during Direct Feed (intended behavior)
*Smooth current transition between modules during Discharge State

These results validate that the EMS successfully reduces unnecessary cycling, which contributes to extended battery
life.

5. Thermal Performance
Thermal behavior is critical for LiFePOa-based power systems, especially during high-current operation. An 800 W
resistive load was applied for 30 minutes.

Recorded Thermal Data:

Parameter Value
Ambient Temperature 28°C
Max Surface Temperature (SMM) 36.5°C
Temperature Rise ~8.5°C

The passive cooling design kept temperatures within safe operating limits, confirming the high thermal stability of
LiFePOa chemistry and the effectiveness of the enclosure design.

6. Inverter Output Quality
The inverter output was evaluated for:
*Voltage stability
*Frequency accuracy
*Harmonic distortion
Measured Values:

Parameter Observed

Output Voltage 229.4-2312V
Frequency 49.97-50.02 Hz

THD < 3%
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V.CONCLUSION

This work presents the design, development, and experimental validation of a portable modular power system
integrating LiFePO4 battery storage, solar energy harvesting, and an intelligent Energy Management System (EMS).
The proposed three-tier architecture—comprising the Energy Acquisition Module (EAM), the Storage Management
Module (SMM), and the Power Distribution Module (PDM)—successfully achieves electrical and mechanical
modularity while maintaining system-level coordination through a protocol-driven communication interface.

Experimental results demonstrate a peak system efficiency of 92.4%, attributed to the high-performance MPPT
controller and low-resistance LiFePO4 chemistry. The hot-swappable storage capability was validated through real-time
integration tests, where newly connected modules were detected and synchronized within 350 ms without interrupting
load operation. The system also exhibited stable thermal behavior, with a maximum temperature rise of only 8.5°C
during high-load operation, and the inverter delivered high-quality AC output with THD < 3%, confirming its
suitability for sensitive electronics.

The intelligent EMS ensured optimal power flow by minimizing unnecessary cycling and maximizing solar utilization
through its state-machine logic, thereby extending the operational life of the storage modules. These results collectively
confirm that the proposed system is a practical, efficient, and scalable solution for off-grid, emergency, and portable
power applications.
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