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ABSTRACT 

This work presents the modeling, simulation and analysis of a Home Energy Management 

System (HEMS) specifically designed to manage domestic load. The aim of this project is to 

model and analyze the HEMS for efficient energy harvesting, storage and consumption. 

To implement this, the HEMS system was modeled and simulated using MATLAB/Simulink. 

Each subsystem of the HEMS; the PV system, DC bus, DC-DC converter, DC/AC inverter, 

battery subsystem, home subsystem, AC/grid interface are modelled using the Simulink blocks 

and all design considerations are taken account for. The system is rated at 5kw and it was 

designed to power two test loads of 3KW each which was connected to the home energy 

management system (HEMS) i.e a total 6KW load. In this project, we used Simulink to simulate 

a photovoltaic system, grid power and a battery connected to a home energy management system 

(HEMS) as complementary power sources to address issues of power shortages and to also 

minimize and control the rate of energy consumption in homes thus reducing the cost of power 

consumption as much as possible. 

Having designed, simulated and analyzed the HEMS, the results were studied and the system 

was effective in managing the loads under different grid and power scenarios. The system’s 

response during a 6-second simulation period showed how the system managed the two 3kW 

loads under different scenarios. The PV system initially powers both loads, drawing the 1KW 

deficit from the Grid. A grid outage is then simulated, and the loads previously powered by the 

sun and grid are then powered by the battery system, reducing grid usage and reliance. The grid 

is later restored and it resynchronizes with the system. This indicates the system success in 

managing the load under different power and grid scenarios.         
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CHAPTER ONE 

INTRODUCTION 

 1.1 Background of Study 

Energy demand worldwide continues to rise as the global population increases, creating a 

growing need for efficient energy production and distribution systems. In many regions, the lack 

of reliable electricity grids has resulted in frequent load shedding and energy management 

schemes, where power supply is intentionally interrupted to prevent the grid from becoming 

overloaded. This issue is particularly severe in developing countries, where electricity 

infrastructure may be underdeveloped or unable to meet the demand. 

A promising solution to mitigate this problem is the integration of renewable energy sources, 

particularly solar power, with load profiling and energy management systems. Solar power 

systems are sustainable, produce no emissions, and can be used to power homes, businesses, and 

communities.  

1.2 AIM 

The aim of this study is to model, simulate and analyze a home energy management system for 

efficient energy harvesting, storage, and consumption.  

1.3 SCOPE OF STUDY 

This study will focus on the modeling, simulation, and analysis of a home energy management 

system (HEMS). The scope includes the following key components: 

1. Solar Power Generation: The study will examine various solar power generation methods, 

such as photovoltaic panels, and how home energy management systems interact with them. 
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2. Home Energy Management Systems: The application of HEMS will be studied, explored, 

designed and simulated and its interaction with domestic loads and grid. 

3. Energy Storage Systems: The research will explore the use of energy storage solutions such 

as batteries to store excess energy generated during the day for use during periods of low solar 

output or grid instability. 

4. Load Management: The study will investigate the use of HEMS to monitor energy 

consumption patterns and implement load management techniques to reduce the impact of excess 

load. 

5. Grid Interaction: The study will also evaluate how the solar power system can interact with 

the main electricity grid to provide power during peak demand periods and offload surplus 

energy when demand is low. 

1.4 Significance of Study 

This project uses MATLAB/Simulink to model and simulate a Home Energy Management 

System. As the world works on becoming a more energy efficient place, energy management 

systems will help the solar energy industry in managing load demands. Increasing residential 

electricity consumption and environmental concerns drive the integration of renewable energy, 

especially solar photovoltaic (PV) systems, into home energy management. Home Energy 

Management Systems (HEMS) serve as critical tools to optimize energy usage, enhance self-

consumption of solar generation, reduce electricity costs, and maintain user comfort. This 

research addresses the design and analysis of HEMS tailored for residential environments with 

PV systems, focusing on maximization of renewable utilization, load scheduling, and storage 

management. 
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1.5 Methodology 

The methodology for this study will involve the following key steps: 

1. Literature Review: A comprehensive review of existing research will be conducted to 

understand the current state of solar power systems and home energy management systems. This 

will help identify gaps in knowledge and opportunities for innovation. 

2. HEMS Design, Simulation &Modelling: A Home Energy Management System(HEMS) will 

be modelled and simulated, incorporating photovoltaic panels and energy storage solutions. The 

system will be modeled to predict energy generation, consumption, and load shedding events. 

The simulation of the HEMS will be carried out to evaluate its behavior under different load 

shedding conditions and to optimize the system's performance.  

3. Data Collection and Analysis: Simulated data will be collected from the system using 

different scenarios, including varying time of day, and grid availability. This data will be 

analyzed to evaluate the accuracy and efficiency of the HEMS in managing load. 

4. Performance Evaluation: The performance of the home energy management system will be 

evaluated based on its ability to optimize solar energy usage, interact with the grid, and minimize 

the impact of excess load. 

1.6 Expected Outcomes 

At the end of this study, we should’ve been able to design and simulate a Home Energy 

Management System, study its interaction with a PV system and main grid and draw suitable 

conclusions from our results. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Introduction 

The increasing demand for electricity in residential sectors has made energy management a 

critical concern for sustainable development and grid stability. Worldwide, residential energy 

consumption constitutes a significant proportion of total electricity use, contributing substantially 

to peak demand periods and environmental degradation through the use of fossil-fuel-based 

electricity generation. Hence, optimizing energy usage within homes not only enhances 

economic efficiency but also supports global environmental goals. 

In particular, the growing integration of Renewable Energy Sources (RES) such as solar 

photovoltaic (PV) systems into residential settings has transformed the energy landscape. Solar 

PV systems offer a clean, sustainable alternative to conventional energy sources, enabling 

households to produce electricity on-site, reducing reliance on grid power and associated carbon 

emissions. However, the intermittent and variable nature of solar energy poses challenges in 

aligning power generation with household consumption patterns. 

Home Energy Management Systems (HEMS) emerge as pivotal technological solutions designed 

to coordinate and optimize electricity demand alongside distributed generation resources like 

solar PV panels. These systems employ diverse criteria including cost minimization, consumer 

comfort, weather conditions, and load profiles to orchestrate the scheduling and operation of 

household appliances and energy storage devices. By managing both consumption and local 

generation, HEMS contribute to peak load reduction, improved energy efficiency, and increased 

integration of renewables without compromising user comfort (Zafar et al., 2020). 
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Furthermore, the advent of smart grid infrastructure facilitates the incorporation of HEMS, 

enabling enhanced communication, control, and feedback mechanisms between consumers and 

utilities, thus fostering a more interactive and responsive energy ecosystem. This interplay 

magnifies the potential benefits of HEMS through dynamic demand response strategies and real-

time adjustments, thereby reinforcing their relevance in contemporary residential energy 

management paradigms (Shareef et al., 2018). 

Rapid increase in electricity consumption globally, alongside the imperative transition toward 

low-carbon economies, has heightened the importance of efficient energy management 

frameworks within residential sectors. Home Energy Management Systems (HEMSs) have 

emerged as integral solutions to optimize energy consumption, particularly with the extensive 

integration of renewable energy sources (RESs) such as solar photovoltaic (PV) systems. 

HEMSs manage electrical loads, facilitate demand response, reduce operational costs, and 

mitigate environmental impacts by intelligently scheduling household appliances and 

coordinating with energy resources. They do so by leveraging advancements in information and 

communication technologies (ICT), data analytics, and emerging technologies like artificial 

intelligence (AI), ultimately promoting sustainability and socioeconomic benefits at the 

consumer and utility levels (Han et al., 2023). 

2.2. Need for HEMS 

The growing electricity demand, combined with fluctuations inherent in renewable energy 

generation and increasing consumer awareness of environmental and economic benefits, 

necessitates the deployment of robust home energy management frameworks. HEMSs provide 

tools to monitor, analyze, and control domestic electrical consumption, harness solar PV 
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generation effectively, and balance demand and supply dynamically. This aids households in 

reducing energy bills, optimizing self-consumption of locally generated solar energy, and 

minimizing carbon dioxide emissions, thus aligning with climate targets such as the European 

Union’s 2030 zero-net emission goal (Han et al., 2023). Furthermore, with the proliferation of 

smart meters and intelligent devices, HEMSs capitalize on detailed consumption data to enhance 

demand-side flexibility and promote active consumer engagement in energy markets (Gualandri 

& Kuzior, 2023). 

2.2.1. Rising Residential Energy Demand and Grid Challenges 

Residential energy consumption has witnessed consistent growth influenced by population 

increases, urbanization, and rising standards of living. Studies analyzing detailed load profiles 

reveal a trend of escalating peak demand periods, which stress power grid infrastructure and 

exacerbate operational inefficiencies. The variability and unpredictability of household usage 

patterns complicate reliable grid management, leading to stability concerns and elevated 

operational costs for utilities. 

This rising demand aggravates the challenges of supply-demand balancing, as conventional grids 

are predominantly designed for unidirectional power flow, constrained by the limitations of 

centralized generation and insufficient grid flexibility. The overshoot during peak periods 

imposes the need for expensive peaking power plants and leads to environmental penalties due to 

higher fossil fuel combustion. 

Efficient energy management at the household level can alleviate some of these challenges by 

smoothing demand curves, reducing peak load, and enhancing overall system efficiency. Home 

Energy Management Systems enable such optimization by facilitating intelligent scheduling of 
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appliances, deferring non-critical loads, and integrating distributed generation effectively to 

lower environmental impacts and improve grid resilience (Anvari et al., 2022). 

2.2.2. Role of Renewable Energy Integration in Residential Settings 

Integrating renewable energy sources such as solar PV within residential architectures provides a 

promising pathway to reduce carbon footprints and energy costs. However, the intrinsic 

variability of solar energy—subject to weather fluctuations and diurnal cycles—compounds the 

complexity of energy management, requiring dynamic adaptation of consumption profiles to 

local generation availability. 

The variability introduces intermittency challenges, necessitating backup supply or energy 

storage to maintain power quality and reliability. This unpredictability demands advanced 

management schemes capable of forecasting generation, regulating loads, and coordinating 

storage devices in real-time or near real-time. 

By incorporating HEMS equipped with predictive control and optimization algorithms, 

households can dynamically balance their power consumption with on-site generation, 

maximizing self-consumption and minimizing grid dependence. Such integration also facilitates 

participation in grid demand response initiatives, leveraging local renewable resources for grid 

support. 

Moreover, advancing HEMS architectures accommodate hybrid systems combining multiple 

generation and storage types, thereby enhancing reliability and flexibility in residential 

settings (Sayed et al., 2023). Simulation and pilot studies demonstrate that properly managed 

standalone or grid-tied microgrids, utilizing solar PV and batteries, exhibit improved economic 
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and technical performance, reinforcing the rationale for such energy management 

solutions (Mariano & Urbanetz Jr, 2022). 

2.2.3. Consumer Comfort and Cost Optimization 

While energy savings and environmental benefits are key drivers for adopting HEMS, 

maintaining consumer comfort remains paramount to ensure user acceptance and sustained 

engagement. Effective HEMS must reconcile conflicting objectives—optimizing operational 

costs, such as electricity bills, and preserving user convenience by respecting comfort constraints 

like temperature settings, appliance usability, and lifestyle preferences. 

Time-of-use pricing models and demand response programs incentivize consumers to shift or 

curtail loads to off-peak periods, potentially reducing bills. However, optimal scheduling must 

account for human factors to prevent undesirable discomfort or inconvenience. 

Intelligent HEMS incorporate adaptive algorithms that learn consumer habits, preferences, and 

priority patterns, enabling tailored scheduling that maximizes financial benefits without 

compromising quality of life. Machine learning and artificial neural networks contribute to such 

adaptive systems by predicting load demands and integrating these insights into scheduling 

decisions (Balakrishnan et al., 2023). 

Cost optimization further involves managing electricity procurement, battery usage, and grid 

interaction strategically, effectively minimizing energy costs while reducing greenhouse gas 

emissions. In doing so, HEMS uphold consumer satisfaction alongside environmental 

stewardship, forming a sustainable value proposition for end users (Zafar et al., 2020). 
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2.3. Historical Background of Study 

The concept of managing residential energy demand dates back to early automation frameworks 

aimed mainly at load monitoring and control through rudimentary timers and thermostats. 

However, increasing penetration of distributed energy resources (DERs), especially solar PV 

panels, along with the evolution of smart grids, propelled the advancement of HEMS. Early 

studies focused on integrating sensing capabilities and load scheduling algorithms but were 

limited by communication technologies and computational resources. As digitalization 

improved, attention shifted towards bi-directional communication, enabling real-time data 

exchange between utilities and consumers, forming the foundation for contemporary intelligent 

HEMS designs (Lobaccaro et al., 2016). 

2.3.1. Early Energy Management Concepts 

The concept of managing residential energy dates back decades, initially centered on load control 

techniques to reduce peak demands and improve overall system reliability. Early mechanisms 

involved manual or semi-automated interventions such as time-of-day tariffs and direct load 

control switches operated by utilities. 

Homes employed rudimentary scheduling mainly as analog or mechanical timer devices enabling 

fixed operation schedules for appliances like water heaters or air conditioners. These approaches 

relied heavily on static scheduling dictated by utility policies or consumer programming, lacking 

real-time responsiveness or integration with on-site generation. 

Although primitive in scope, these early systems laid the groundwork for understanding demand-

side management and the importance of appliance-level control for contributing to grid stability 

and efficiency (Lobaccaro et al., 2016). The transition from manual control to automated 

scheduling marked a vital initial step towards the more complex HEMS employed today. 

https://app.answerthis.io/answer/c4b41639921b65cd#chunk_76da0568f27f776b6056ef38f5bea8c2abe6c45853e6889f82e2ceb107a84a77
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2.3.2. Emergence of Smart Grids and Their Impact on Energy Management 

The advent of smart grid technologies revolutionized energy management by introducing 

advanced communication and control infrastructures. The deployment of Advanced Metering 

Infrastructure (AMI) enabled two-way communication between utilities and consumers, 

providing granular consumption data and facilitating dynamic pricing, real-time monitoring, and 

demand response programs. 

Integration of Internet of Things (IoT) devices further empowered homes to interconnect 

appliances, sensors, and energy resources within cyber-physical systems. This networked 

framework fostered the development of fully integrated Home Energy Management Systems 

capable of orchestrating appliances in response to external signals, local renewable generation, 

and consumer preferences. 

Smart grid advancements expanded the scope of energy management beyond simple scheduling 

into predictive analytics, automated demand response, and distributed energy resource 

coordination, thus embedding intelligence and adaptability into residential energy 

consumption (Gngr et al., 2012). 

2.3.3. Early Integration of Renewable Energy Technologies in Homes 

Concurrent with smart grid developments, early adoption of renewable energy technologies, 

particularly solar PV, began at residential scales. Initial implementations involved basic grid-tied 

PV systems with limited or no local control capabilities, where excess generation was exported 

to the grid, often incentivized through feed-in tariffs. 
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Energy storage systems entered the residential market later, offering promise for enhanced self-

consumption and backup power. Early automation attempts aimed to regulate these systems 

manually or via basic controllers, lacking integrated energy management. 

Government incentives and regulatory policies played a critical role in accelerating adoption, 

creating market demand for innovative energy management solutions. These dynamics spurred 

research into localized control systems seeking to maximize renewable usage and optimize 

overall household energy profiles (Sayed et al., 2023). 

Development of these initial systems catalyzed subsequent innovations integrating energy 

storage, PV generation, and automated scheduling under the broader umbrella of Home Energy 

Management Systems (Mariano & Urbanetz Jr, 2022). 

2.4. Early Developments in HEMS Technology 

Initial developments in HEMS primarily targeted enhancing energy consumption awareness and 

basic automation through centralized controllers and smart meters. Control strategies employed 

simple rule-based or time-of-use scheduling with limited consideration of user preferences or 

renewable integration. Research highlighted the potential of demand response (DR) programs to 

flatten peak demand curves and improve grid reliability, yet practical implementations faced 

barriers due to lack of user involvement and technological complexity. Early algorithms were 

generally heuristic or optimization-based, focusing on cost minimization without dynamic 

adaptability or predictive capabilities (Alfaverh et al., 2020). The introduction of artificial 

intelligence and machine learning techniques marked a significant leap, enabling more precise 

forecasting, adaptive scheduling, and seamless incorporation of PV generation 

forecasts (Antonopoulos et al., 2020). 
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2.4.1. Basic Architectures and System Configurations 

Early HEMS architectures predominantly followed centralized or decentralized configurations. 

Centralized architectures comprised a single controller—often a local home gateway—that 

coordinated all appliance scheduling and energy flow decisions based on limited inputs. 

Decentralized systems allocated control responsibilities among multiple appliances or 

subsystems, communicating peer-to-peer or via a home area network. Their designs aimed for 

scalability and fault tolerance but necessitated more complex communication management. 

Initial HEMS focused mainly on appliance scheduling under simple objectives such as 

minimizing electricity costs or shifting loads to off-peak periods. Communication protocols 

utilized in these early systems were predominantly proprietary or based on standards such as 

ZigBee or Power Line Communication (PLC), each facing challenges regarding interoperability 

and reliability. 

Although foundational, these early system designs captured the essential principle of matching 

household electricity demand to external and internal factors while setting the stage for more 

sophisticated, data-driven systems (Zafar et al., 2020). 

2.4.2. Enabling Technologies: Sensors, Actuators, and Communication 

The effective operation of HEMS depends heavily on embedded sensors and actuators capable of 

real-time monitoring and control. Early implementations integrated sensors measuring power 

consumption, temperature, and ambient environmental parameters, enabling situational 

awareness of household energy dynamics. 

The communication backbone employed a range of wireless technologies, including ZigBee and 

Wi-Fi, facilitating data exchange between appliances and central controllers. Additionally, PLC 
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enabled control signals over existing electrical wiring, simplifying deployment without extra 

cabling. 

Challenges faced during this phase included data latency, limited bandwidth, and reliability 

concerns, impacting the timeliness and accuracy of control actions. Moreover, sensor precision 

and robustness influenced the overall system performance and reliability, compelling continuous 

enhancements in device selection and integration strategies (Lobaccaro et al., 2016). 

2.4.3. Initial Algorithms for Load Scheduling and Demand Response 

Algorithmic approaches in early HEMS centered on rule-based control schemes and heuristic 

optimization methods. These algorithms utilized predefined rules or simple heuristic models to 

switch appliances on or off based on time-of-use pricing signals or scheduled priorities. 

Computational intelligence techniques such as fuzzy logic and neural networks were introduced 

to handle uncertainty and imprecision inherent in demand response and load prediction. Adaptive 

inference systems helped derive energy management decisions that respected user preferences 

and environmental variables. 

Despite their innovative nature, these algorithms were constrained by limited computational 

resources and the availability of training data, resulting in suboptimal performance when 

confronted with complex or dynamic operating conditions (Shareef et al., 2018). Nonetheless, 

they demonstrated proof-of-concept for incorporating artificial intelligence elements into HEMS 

operations (Balakrishnan et al., 2023). 

2.5. Shift from Traditional Methods to Modern Technologies 

Traditional HEMS methodologies relied heavily on static schedules and basic price signals, 

lacking real-time adaptation or occupant interaction. The modern paradigm shift embraces smart 
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technologies that employ AI, big data analytics, and IoT infrastructures to optimize energy 

consumption dynamically. Reinforcement learning combined with fuzzy reasoning algorithms 

now allows HEMS to learn from occupant behavior and preferences while effectively shifting 

loads in response to real-time pricing, renewable generation, and grid conditions. This transition 

also enables integration with electric vehicle (EV) charging management, battery storage 

systems, and flexible grid services (Antonopoulos et al., 2020). Furthermore, cloud and edge 

computing facilitate distributed data processing, ensuring scalability and responsiveness required 

for large-scale penetration of solar PV-equipped households (Billanes et al., 2025). 

2.5.1. Limitations of Conventional HEMS Approaches 

Traditional HEMS approaches, relying heavily on rule-based scheduling and static optimization, 

face significant limitations in scalability and adaptability. Such methods struggle with high 

variability in user behavior, renewable generation patterns, and evolving grid conditions. 

Conventional systems are often unable to manage real-time uncertainties or learn from historical 

data, resulting in suboptimal energy management and reduced consumer satisfaction. 

Furthermore, the lack of integration with digital and smart grid technologies restricts their ability 

to participate in modern demand response and transactive energy markets (Shareef et al., 2018). 

2.5.2. Adoption of IoT, Cloud, and Edge Computing Technologies 

Modern HEMS capitalize on the proliferation of IoT devices, enabling continuous and fine-

grained monitoring of appliances, environmental variables, and energy flows. These networks 

enhance situational awareness and empower remote management. 

https://app.answerthis.io/answer/c4b41639921b65cd#chunk_dcef0e52c89f0dbd5a349bbe01ff82647f591d89249aec5bfaa471df1b010c6e
https://app.answerthis.io/answer/c4b41639921b65cd#chunk_bc1ebad51c8bea7edd702a5070bcbbbb28c6dce43a98b35577fb50d01f00b291


15 
 

Cloud platforms support heavy computational workloads and data analytics, opening avenues for 

advanced energy optimization and personalized services. Edge computing complements this by 

providing localized, low-latency decision-making capabilities critical for responsive control. 

Together, these technologies overcome latency, scalability, and computational constraints, 

enabling real-time, robust energy management suitable for complex residential 

environments (Billanes et al., 2025). 

2.5.3. Machine Learning and Artificial Intelligence Revolution 

The revolution brought about by machine learning (ML) and artificial intelligence (AI) in HEMS 

manifests through improved forecasting, anomaly detection, and control strategy formulation. 

Deep neural networks can model intricate temporal patterns in energy consumption and solar 

generation. 

Reinforcement learning approaches enable autonomous system operation by learning optimal 

policies through interaction with the environment. Ensemble learning and unsupervised methods 

enhance prediction accuracy and adaptiveness. 

These AI-driven methods provide unprecedented flexibility and performance improvements in 

HEMS, enabling scalable, efficient, and user-tailored energy management (Lissa et al., 2020) 

2.6. Evolution of HEMS 

Over the past decade, HEMS have evolved from isolated, appliance-level control units to 

comprehensive integrated platforms combining smart meters, IoT devices, renewable energy 

sources, and storage systems. This progression encompasses advances in communication 

protocols such as Zigbee, Z-Wave, and Wi-Fi, facilitating inter-operability and enhanced control 

over distributed appliances (Kaa et al., 2021). The adoption of artificial neural networks, 
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reinforcement learning, and fuzzy reasoning further enhanced system intelligence, allowing real-

time demand response and efficient load shifting tailored to user preferences and market 

signals (Alfaverh et al., 2020). Moreover, integration with cloud computing and edge analytics 

has improved scalability and responsiveness, enabling more sophisticated scheduling algorithms 

for households equipped with solar PV and battery storage (Bot et al., 2021). 

2.6.1. Advancements in Smart Grid Integration 

With the maturation of smart grid technologies, HEMS evolved to leverage bidirectional 

communication facilities, enabling real-time interactive control between consumers and utilities. 

This allowed integration with utility demand response programs, where HEMS responded to 

price signals or grid contingencies by adjusting load patterns. 

Coordination extended to distributed energy resources (DERs), including solar PV, battery 

energy storage systems, and electric vehicles, enhancing the scope of home-based energy 

management. Such integration required advanced control frameworks capable of harmonizing 

generation schedules, consumption demand, and grid feedback signals. 

Research highlighted improved operational efficiency and cost savings through these coordinated 

strategies, demonstrating HEMS as vital enablers of grid flexibility and renewable 

integration (Galvan et al., 2019). 

2.6.2. Incorporation of Advanced Artificial Intelligence Techniques 

Contemporary HEMS increasingly adopt advanced AI methodologies including machine 

learning, deep learning, and reinforcement learning. These techniques enhance decision-making 

capabilities by enabling systems to learn from historical data, model complex nonlinear 

relationships, and adapt dynamically to changing conditions. 
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Predictive analytics facilitate load and solar generation forecasting, essential for proactive 

scheduling and demand response. Deep reinforcement learning algorithms have shown 

effectiveness in appliance control, achieving cost reductions while maintaining user 

comfort (Lissa et al., 2020). 

Moreover, AI-powered adaptive systems personalize control strategies according to individual 

household behavior, improving system responsiveness and energy efficiency. Such evolution 

marks a significant shift from static rule-based approaches to intelligent, data-driven energy 

management (Liu et al., 2020). 

2.6.3. Emergence of Data-Driven and Cloud-Based Solutions 

The explosion of data availability and cloud computing has catalyzed the development of 

scalable, data-driven HEMS solutions. Big data analytics processes vast datasets from smart 

meters, weather forecasts, and user interactions to optimize energy usage patterns. 

Edge and cloud computing frameworks distribute computational tasks, balancing latency 

requirements and resource availability. Cloud platforms provide extensive storage and 

processing power, enabling sophisticated optimization algorithms and AI services. 

These architectures raise critical considerations including data privacy, cybersecurity, and 

interoperability, which are addressed through ongoing research and development of secure 

protocols and user-centric designs. 

Business models evolve toward offering HEMS as a service, with cloud-based energy 

management packages appealing to diverse residential markets (Billanes et al., 2025). 
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2.7. Milestones in HEMS Technology 

Several milestones are notable in the trajectory of HEMS technology development. The initial 

deployment of smart meters enabling fine-grained consumption data collection laid the 

groundwork for advanced load disaggregation and appliance-specific monitoring. The advent of 

non-intrusive load monitoring (NILM) techniques allowed HEMS to identify and differentiate 

appliance operations without invasive hardware installations (Ruano et al., 2019). 

Simultaneously, the integration of PV generation forecasting and maximum power point tracking 

(MPPT) algorithms maximized renewable energy utilization (Balakrishnan et al., 2023). The 

emergence of hybrid optimization algorithms, such as the improved bald eagle search method 

combined with dynamic programming, optimized device scheduling under varying pricing 

schemes and user comfort constraints (Youssef et al., 2023). Additionally, the inclusion of 

battery storage modeling and prosumer behavior in stochastic programming frameworks enabled 

more realistic and economically viable operations (Beraldi et al., 2020). These advancements 

collectively have propelled HEMS toward becoming intelligent, adaptive, and user-centric 

platforms. 

2.7.1. Integration of Renewable Energy and Energy Storage 

A major milestone in HEMS development has been the integration of renewable energy 

generation, particularly solar PV, with energy storage systems. The implementation of Maximum 

Power Point Tracking (MPPT) algorithms has optimized solar panel output, maximizing energy 

harvested from variable sunlight conditions. 

Battery management systems interfacing with HEMS coordinate charging and discharging 

cycles, prolonging device lifespan while harnessing excess solar energy for later use. Electric 
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vehicle integration further complexifies HEMS, as vehicle-to-grid (V2G) and smart charging 

functionalities allow EVs to act as mobile energy storage units (Balakrishnan et al., 2023). 

Sophisticated control schemes balancing these diverse resources enhance residential energy 

autonomy and grid support, marking a significant advance in system capabilities (Rajagopalan et 

al., 2024). 

2.7.2. Advanced Control Algorithms and Optimization Methods 

HEMS now employ heuristic and metaheuristic optimization techniques, including particle 

swarm optimization, genetic algorithms, and crystal structure-inspired algorithms, to resolve 

complex scheduling problems involving multiple conflicting objectives. 

Deep reinforcement learning facilitates dynamic decision-making, optimizing appliance 

operation and energy storage use under varying conditions. Multi-objective optimization 

frameworks balance financial costs, environmental impact, and user comfort to deliver 

comprehensive solutions. 

Studies reveal that these advanced algorithms outperform traditional methods in cost savings, 

emission reductions, and operational efficiency, validating their utility in state-of-the-art HEMS 

design (Liu et al., 2020). 

2.7.3. Development of Transactive Energy Systems and Peer-to-Peer Models 

Emerging concepts of transactive energy systems (TES) and peer-to-peer (P2P) local energy 

markets represent a paradigm shift in energy management, emphasizing prosumer participation 

where households act as both producers and consumers. 
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These models use distributed ledger technologies such as blockchain to ensure secure, 

transparent, and decentralized energy transactions among participants, facilitating local energy 

exchanges and demand aggregation. 

HEMS play a key role in enabling prosumers to participate in these markets, managing energy 

generation, consumption, and trading activities autonomously. The integration of such 

frameworks underscores the transformative potential of HEMS beyond individual households 

toward broader energy ecosystems (Siano et al., 2019). 

2.8. Core Components of HEMS 

A typical advanced HEMS architecture comprises several interrelated components: 

Sensing and Monitoring Devices: These include smart meters, appliance-level sensors, 

voltage/current monitors, and environmental sensors that collect real-time data on consumption, 

generation, and ambient conditions (Cheragee et al., 2021). 

Communication Networks: Wireless protocols, such as Zigbee and Wi-Fi, enable seamless data 

exchange between devices, the HEMS controller, and the utility or cloud services (Kaa et al., 

2021). 

Data Analytics and Forecasting Modules: They utilize machine learning algorithms and 

ensemble forecasting models to predict load demands and PV generation, facilitating optimized 

scheduling (Bot et al., 2021). 

Control and Decision-making Units: Employ intelligent algorithms, including reinforcement 

learning and heuristic optimization, to determine optimal appliance control strategies while 

balancing cost, comfort, and grid interaction (Alfaverh et al., 2020). 
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User Interface: Provides occupants with real-time consumption information, control options, 

and feedback mechanisms to enhance engagement and acceptability (Park et al., 2017). 

2.8.1. Hardware Components 

At the hardware level, HEMS consist of smart meters that accurately record energy consumption 

and generation data. Sensors embedded in appliances and the environment provide real-time 

information critical for decision-making. 

Actuators such as smart plugs and switches enable direct control over appliance operation. 

Energy storage systems, including batteries and bidirectional inverters, interface with HEMS to 

manage charge-discharge cycles optimally. 

Communication gateways facilitate interaction between hardware units and external networks, 

ensuring seamless data transmission and receiving operational commands (Zafar et al., 2020). 

2.8.2. Software and Control Algorithms 

The software backbone comprises optimization engines utilizing heuristic or data-based 

algorithms to determine optimal scheduling of appliances and storage devices. Forecasting 

modules leveraging weather data and historical patterns anticipate solar generation and load 

demand. 

User interfaces allow consumers to monitor energy usage, receive recommendations, and set 

preferences, fostering active participation and transparency in energy management 

processes (Shareef et al., 2018). 
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2.8.3. Communication and Networking Protocols 

Communication within HEMS employs a mix of wireless technologies, including ZigBee, Wi-Fi, 

and Bluetooth, tailored for low-power and short-range appliance connectivity. Wired solutions 

like Power Line Communication offer reliability over existing electrical infrastructure. 

Integration with internet and cloud services uses standardized protocols to ensure interoperability 

and secure data exchange. Effective networking protocols are essential for coordinating 

distributed devices and enabling remote control operations (Gngr et al., 2012). 

Integration with Renewable Energy and Storage: Incorporation of PV panels, battery storage 

systems, and energy flow controllers to maximize self-consumption and support grid 

reliability (Balakrishnan et al., 2023) 

2.9. Challenges Faced by HEMS Technology 

Despite significant advances, HEMS face multifaceted challenges that hinder widespread 

adoption and optimal performance. Technical barriers include the complexity of accurate load 

forecasting under stochastic renewable generation and variable occupant behavior, 

communication interoperability issues due to competing standards, and cybersecurity concerns 

arising from extensive connectivity (Han et al., 2023). The integration of heterogeneous devices 

from multiple manufacturers complicates seamless operation. Additionally, computational 

complexity poses challenges in real-time optimization, especially in resource-constrained 

embedded systems. User acceptance and trust are crucial social factors often overlooked; 

concerns regarding privacy, autonomy, and perceived control impact willingness to adopt 

HEMS (Washizu et al., 2019). Economically, initial investment costs and unclear return on 
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investment create adoption barriers, especially in regions lacking supportive policies or 

incentives (Deotti et al., 2020) 

2.9.1. Technical and Computational Challenges 

Managing high-dimensional data streams generated by various sensors and smart devices 

presents computational challenges, particularly for real-time control and optimization. 

Communication failures, network latency, and cyber-security threats pose risks to system 

reliability, requiring robust architectures and secure protocols. 

Additionally, integrating heterogeneous distributed energy resources and diverse appliances into 

coherent control frameworks demands advanced interoperability standards and sophisticated 

engineering (Kumar et al., 2019). 

2.9.2. User Acceptance and Behavioral Challenges 

User acceptance of HEMS depends on the system’s ability to operate unobtrusively without 

compromising comfort, requiring intuitive interfaces and feedback mechanisms. 

Concerns over data privacy and cloud security influence adoption rates, necessitating transparent 

policies and privacy-preserving technologies. 

Moreover, motivating behavioral changes towards energy conservation requires incorporating 

behavioral economics and social incentives within HEMS designs (Billanes et al., 2025). 

2.9.3. Economic and Regulatory Challenges 

The high upfront investment costs for HEMS and associated renewable assets deter widespread 

consumer adoption, especially in regions lacking clear return-on-investment models. 



24 
 

Regulatory heterogeneity complicates DER integration and demand response participation, with 

varying policies across jurisdictions. 

Developing market incentives and frameworks supportive of residential energy management 

remains an ongoing challenge, affecting scalability and business viability (Ponds et al., 2018). 

 

2.10. Future Research Directions and Opportunities 

2.10.1. Integration of Emerging Technologies 

Blockchain technology offers secure, decentralized transaction frameworks ideal for transactive 

energy and peer-to-peer trading within HEMS-supported communities. 

Digital twins and simulation-based optimization hold promise for virtual testing and iterative 

design enhancements, enabling greater predictive control accuracy. 

Flexible electronics and novel sensor technologies are anticipated to improve hardware 

adaptability and monitoring granularity, augmenting HEMS flexibility (Siano et al., 2019). 

2.10.2. Advanced AI and Data-Driven Methods 

Research into explainable AI techniques aims to improve trust and transparency in complex 

HEMS control systems. 

Federated learning frameworks offer avenues for privacy-preserving distributed model training 

across multiple homes, enhancing collective intelligence without data sharing. 

Multi-agent systems facilitate decentralized coordination among multiple HEMS, supporting 

scalable and resilient community energy management strategies (Antonopoulos et al., 2020). 
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2.10.3. Expanding HEMS to Smart Communities and Microgrids 

Extending HEMS functionalities to coordinate multiple households enables optimized resource 

sharing and load balancing at the community level. 

Prosumer-centric microgrid management strategies leverage local generation and storage assets 

holistically, improving energy autonomy and grid interaction. 

Electric vehicle integration and aggregated demand management further enrich these 

frameworks, creating dynamic, interactive energy networks (Galvan et al., 2019). 
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CHAPTER THREE 

METHODOLOGY 

This chapter outlines the methodological approach in designing a Home Energy Management 

System (HEMS) switching between grid power and distributed power sources using Matlab 

simulink as the software for the design.  

This system is a Photovoltaic system, grid power and a battery connected to a home energy 

management system (HEMS) as complementary power sources. The photovoltaic system is 

connected directly to the home energy management system (HEMS) and the system is rated 

5KW and is defined by a current-voltage look-up table.  

This system was designed to power two test loads of 3KW each which was connected to the 

home energy management system (HEMS) ie a total 6KW load. In this project we used Matlab 

simulink to simulate a Photovoltaic system, grid power and a battery connected to a home energy 

management system (HEMS) as complementary power sources to address issues of power 

shortages and to also minimize and control the rate of energy consumption in homes thus 

reducing the cost of power consumption as much as possible. 

3.1. PROBLEM DEFINITION 

Objective: Develop a HEMS that efficiently manages power from a solar photovoltaic system, 

grid power, and battery sources to meet residential energy demands while considering load 

shedding. 
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3.2. SYSTEM SIMULATION OVERVIEW 

The Home Energy Management System (HEMS) presented in this work was designed and 

modeled in MATLAB/Simulink as a modular hybrid architecture, integrating photovoltaic (PV) 

generation, battery storage, a bidirectional inverter, household loads, and a grid power interface. 

The system was structured around a centralized DC bus which acted as the primary energy 

exchange node. Every figure in the model represents a subsystem or controller that contributes to 

the coordinated management of power flows. The purpose of this is to detail how these 

subsystems are interconnected, how each component functions, and why each block is essential 

to the robust performance of the HEMS strategy in consideration to load management. 

The complete HEMS model (Fig 1) shows all major subsystems and their interconnections. The 

PV subsystem connects to the DC bus through a unidirectional DC–DC converter with 

Maximum Power Point Tracking (MPPT). The battery subsystem is linked to the same DC bus 

via a bidirectional DC–DC converter, enabling both charging and discharging. The DC bus then 

supplies a bidirectional DC/AC inverter which interfaces with the household AC loads and the 

utility grid through a pole-mounted transformer and a grid breaker. A supervisory management 

system, implemented using State-flow, provides logic for SOC control, load prioritization, grid 

islanding, and recovery. Finally, scopes and measurement subsystems are distributed throughout 

the model to record voltages, currents, powers, and state-of-charge for validation purposes. This 

modular representation enables scenario-based simulation and performance analysis under 

varying irradiance, load, and grid conditions. 
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3.2.1. System Topology and Modeling Specifics 

The HEMS topology is a DC-coupled hybrid system, meaning all sources (PV and Battery) are 

on the DC bus, and a single bidirectional inverter interfaces the DC bus with the AC grid and 

home loads. 

The system connects components via two main buses: 

DC Bus: Connects the PV array (via a DC-DC converter with MPPT) and the Battery (via a 

bidirectional DC-DC converter). 

 

AC Bus (Home): Connects the DC Bus (via a bidirectional DC/AC inverter) and the Power Grid 

(via a pole-mounted transformer). The loads (L1 and L2) are directly attached to the AC Bus. 

 

Table 3.1. Table showing subsystems, key components modelled and configuration 

Subsystem Key Components Modelled Configuration/Engineering Purpose 

PV Subsystem Current controlled source, Look-

up Table (I-V curve), Voltage 

measurement, Algebraic Loop 

Break 

Rated at 5 kW.  

Uses a Look-up Table for current-

voltage characteristics under constant 

irradiance (600W/m2). The Look-up 

Table defines the non-linear I-V 

characteristics, a realistic representation 

of PV. 
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 A transfer function is used to break the 

algebraic loop. The transfer function is a 

common numerical technique in 

Simulink to avoid an infinite 

impedance/algebraic loop error when 

connecting a controlled source directly 

to a measurement block measurement 

block. 

DC Bus 

 

Series RLC branches, Capacitive 

filter measurement. 

 

The DC bus acts as the crucial point of 

common coupling for DC sources. Its 

filter components stabilize against 

voltage ripple induced by the switching 

of the DC/DC and DC/AC converters, 

ensuring stable operation for all 

connected power electronics. 

 

DC-DC Converter 

 

IGBT, Diode, Series RLC branch. Acts as a boost converter to interface the 

PV output to the DC bus and facilitate 

MPPT control 

Bi-directional DC/AC 

Inverter 

Four IGBT/Diode pairs (H-bridge 

configuration) 

Necessary for inverting DC power from 

the PV/Battery to AC for the home 

loads/grid, and rectifying AC power 
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from the grid to DC to charge the 

battery (bidirectional operation). Rated 

at  to support the 6 kW load 

Battery Subsystem Lithium-Ion "Battery" block, 

Bidirectional DC/DC converter 

(Buck/Boost) 

Rated 200V, 40 Ah 

The second battery response time 

suggests separate time constants for 

charging and discharging dynamics. 

The converter acts as a buck (charging) 

or boost (discharging) to regulate 

current flow to/from the 370V DC bus 

 

Home Subsystem 

(Loads) 

RLC Loads, Ideal Switches. Consists of L1 (critical) and L2 

(sheddable). L2 shedding is controlled 

by the HEMS command 

AC/Grid Interface 

 

Multi-Winding Transformer, 

Three Phase Source, PI Section 

Line 

Models a realistic utility interface 

(source reduced by transformers at the 

home). The Pole-Mounted Transformer 

serves as the critical coupling point 

where anti-islanding protection is 

implemented via a breaker/relay. 
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The power flow can be summarized as follows: 

PV to DC Bus: Power generated by the PV array is fed through a DC-DC converter, which 

performs the critical task of Maximum Power Point Tracking (MPPT), ensuring the panels 

operate at peak efficiency. This power is then delivered to a central DC bus. 

Battery to DC Bus: The Lithium-Ion battery is connected to the same DC bus via a bidirectional 

DC-DC converter. This allows the battery to both draw power from the bus for charging and 

inject power into the bus for discharging. 

Grid to AC Bus: The external power grid is connected to the home's AC bus through a pole-

mounted transformer, with a breaker at the Point of Common Coupling (PCC) to allow for 

complete isolation from the grid when necessary. 

DC Bus to AC Bus: A bidirectional DC/AC inverter forms the heart of the system, linking the 

DC bus (where the PV and battery reside) to the AC bus (where the home's loads and grid 

connection are). This device can invert DC power from the solar array or battery into AC power 

for the home, and can also rectify AC power from the grid to charge the battery. 

This architecture provides extraordinary flexibility, allowing the management system to source, 

store, and distribute power in the most optimal way at any given moment. 

3.2.2. Key Design Parameters 

The system was designed around a realistic and challenging set of specifications that define a 

typical modern household's energy profile. 
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Solar Generation Capacity: A 5 kW photovoltaic (PV) system serves as the primary, renewable 

energy source. This is a substantial capacity, capable of powering a home during peak sunlight 

hours. 

Residential Load Demand: The system is designed to power a total load of 6 kW, strategically 

divided into two distinct 3 kW loads. This division is not arbitrary; it is central to the system's 

intelligence. The loads are defined as:-L1 (3 kW): A critical, high-priority load that must be 

maintained whenever possible. 

L2 (3 kW): A non-critical, sheddable load that can be disconnected to preserve power for 

essential functions during periods of energy scarcity. 

Energy Storage: A 200V, 40 Ah Lithium-Ion battery provides the crucial buffer, storing excess 

solar energy and discharging it to meet demand when the sun is not shining or the grid is 

unavailable. 

Grid Connection: The system remains connected to a 230/400 V, 60 Hz utility grid, treating it 

not as the primary source, but as a supplementary one to be used strategically. 

3.2.3. The Power Balance Equation 

At any instant, the system must obey the fundamental law of conservation of energy. This is 

expressed in the power balance equation:  

Ppv + Pgrid + Pbatt = PL1 + PL2 + Ploss 

Here, the sum of power from the photovoltaic array (Ppv), the grid (Pgrid), and the battery 

(Pbatt) must equal the sum of the power consumed by the two loads (PL1 and PL2) and any 
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system losses (Ploss). The entire control system is dedicated to managing the terms on the left 

side of this equation to satisfy the terms on the right side according to a set of optimal rules. 

 

 

Figure 3.1. System Overview 

  

3.3. Modeling in MATLAB Simulink 

I. PV Subsystem 

The PV subsystem (Figure 3.2) is the primary source of renewable generation. It consists of a PV 

array modeled with irradiance and temperature inputs, producing a nonlinear current–voltage (I–

V) characteristic. 

 To extract the maximum available power from the PV array under varying conditions, the 

subsystem is connected to the DC bus through a DC–DC boost converter. The MPPT algorithm 
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governs the duty cycle of the converter, adjusting the operating point to track the maximum 

power point. In the model, MPPT was implemented as a perturb-and-observe method within a 

Stateflow block, comparing present and previous PV power outputs and updating the reference 

voltage accordingly. 

 The PV subsystem plays a crucial role in reducing grid dependency by supplying the household 

loads directly whenever solar irradiance is sufficient. Its importance lies in its ability to minimize 

operating costs, provide clean energy, and act as the first tier of supply in the PV-first strategy. 

 

 

Figure 3.2. PV subsystem 

Blocks: Current controlled source, Look up table with constant irradiance (I V Table) , 

temperature & irradiance inputs, voltage measurement, connection port ,Break algebraic loop 

with transfer function (1/(1𝑒 − 6𝑥 + 1)) , I_pv and V_pv Goto blocks 
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II. DC- DC Converter Subsystem 

Located between the PV and the DC bus, the DC–DC converter adjusts the PV array 

voltage/current to operate at its maximum power point. It prevents mismatch losses and 

optimizes efficiency. It uses switching mechanisms such as IGBTs, diodes, inductors, and 

capacitors to step-up (boost) or step-down (buck) voltage. 

Connectivity: Links PV output to the DC bus. Supplies the inverter and charges the battery 

indirectly. 

Importance: Without the DC–DC converter, the PV would not operate optimally, leading to 

reduced energy harvest. 

 

 

Figure 3.3. DC-DC Converter subsystem 

Blocks:  IGBT, Diode, Series RLC branch, connection port. 
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III. DC Bus Subsystem 

The DC bus (Figure 3.4) is the central node of the HEMS. It aggregates power from the PV and 

battery subsystems and serves as the input to the bidirectional inverter. Maintaining the stability 

of the DC bus voltage is crucial for proper system operation, and in the model, this was achieved 

through voltage controllers that held the DC link close to its reference value of approximately 

370 V. The DC bus serves as an energy buffer, smoothing out short-term imbalances between 

supply and demand. Its importance is amplified during cloud passages or load switching events, 

where rapid compensation is required. Without a stable DC bus, the inverter would be unable to 

deliver quality AC power to the loads. 

 

 

Figure 3.4. DC bus 

 

Blocks: Series RLC branch, Transfer function ( 1/(1𝑒 − 4𝑥 + 1)) , connection port, Vdc  Goto 

block and Voltage measurement. 
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IV. Bi – directional DC/AC Inverter Subsystem 

The bi-directional DC/AC inverter (Figure 3.5) converts the DC bus energy into AC power for 

the home loads and the grid. The inverter in this model is a PWM-controlled IGBT bridge 

synchronized with the grid via a Phase-Locked Loop (PLL). Its functions include generating 

sinusoidal AC voltage from the DC bus, supplying the household loads, exporting surplus energy 

to the grid, and enabling charging of the battery from the grid when required. 

The inverter also enforces anti-islanding protection by opening the PCC breaker during grid loss 

and implements current limiting to protect itself during overloads. The importance of the inverter 

lies in its role as the gateway between the DC energy domain and the AC household/grid 

domain. Without it, the PV and battery would not be able to serve conventional AC appliances or 

interact with the utility. 

 

Figure 3.5. Bi – directional DC/AC Inverter Subsystem 
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Blocks: IGBT/Diode, DC/AC Inverter control pulse merge, Pulse_UI and Pulse_B from Blocks, 

DEMUX, connection port. 

V. Battery Subsystem 

The battery subsystem (Figure 3.6) provides the second major source of energy, offering storage 

capability to complement the intermittency of PV. The battery is connected to the DC bus 

through a bidirectional DC–DC converter. During periods of surplus PV generation, the battery 

operates in charging mode, absorbing energy and increasing its state of charge (SOC). 

Conversely, during night or cloud passage—the battery discharges, supplying power to the DC 

bus.  

The supervisory management system enforces SOC constraints, typically allowing the battery to 

operate between 20% and 90% SOC. Load-shedding thresholds were also defined in terms of 

SOC: L2 was shed at SOC = 25% and restored at SOC = 35%, preventing deep cycling and 

prolonging battery life. 

The battery subsystem is crucial for system resilience, providing backup during grid outages and 

stabilizing PV variability. Its benefits include improved reliability, reduced grid import, and the 

ability to sustain critical loads (L1) even in islanded mode. 
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Figure 3.6. Battery Subsystem 

Blocks: “Battery” (lithium-ion) + Bidirectional DC/DC (buck/boost, current-controlled). 

Controls: charge/discharge current commands from HEMS; current limit; SOC estimator 

(Coulomb counting + voltage correction). 

VI. Bi – directional DC/DC Converter Subsystem 

The bi-directional DC–DC converter (Figure 3.7) changes one DC voltage level into another and 

its association with the battery is important for controlled charge and discharge. In boost (step 

up) mode, the converter enables battery discharge to support the DC bus when loads exceed PV 

generation. In buck (step down) mode, it allows controlled charging of the battery during PV 

surplus or grid charging. The converter is governed by the management system, which issues 

commands such as Battery ON, G1_B, and G2_B depending on SOC and load conditions. The 

converter’s bidirectional nature is essential for enabling the battery to act as both source (gives 

power) and sink (absorbs power), thereby maximizing its usefulness in balancing the system. 
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Figure 3.7. Bi – directional DC/DC Converter Subsystem 

Blocks: IGBT/Diode, ideal Switch, Series RLC branch, Connection port, Battery_ON, G1_B and 

G2_B From blocks, Current Measurement, Ibt Goto block. 

VII. Home Subsystem (AC Bus & Loads) 

The household load subsystem (Figure 3.8) consists of two separate loads: L1, a critical non-

sheddable load rated at 3 kW, and L2, a sheddable load also rated at 3 kW. Both loads are 

modeled as RLC components to represent active and reactive power consumption. The 

management system controls the connection of L2 via switches, disconnecting it during 

shortages or when SOC falls below the shedding threshold. L1 is always prioritized and kept 

online. This load prioritization strategy ensures that essential household services are never 

interrupted, while flexible or luxury loads can be dropped when resources are scarce. The benefit 

of this design is improved reliability and user comfort, as the most critical functions are always 

preserved.    
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Figure 3.8. Home Subsystem 

Blocks: Ideal Switch, Series  RLC branch, connection port, Grid connection _ON and 

Battery_ON from Blocks, V_ Sys Secondary and I_Sys Secondary Goto Blocks, Current and 

voltage measurements 

controllable load blocks: L1 (always on when power  

available), L2 (sheddable via HEMS command). 

Each load comprises of ideal switch, series RLC load, current measurement, I_load Goto block, 

Load_sw From Block. 

VIII. Pole Mounted Transformer Subsystem 

The pole-mounted transformer and grid interface (Figure 3.9 & 3.10) connect the household AC 

system to the external utility grid. The transformer steps voltage up or down as required, while 

the three-phase grid source is modeled as a 66 kV source stepped down to the household voltage. 
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The connection is made through a breaker at the point of common coupling (PCC). During grid 

outages, the breaker opens to prevent islanding, isolating the household system. During recovery, 

the inverter resynchronizes using its PLL before the breaker is reclosed. 

The grid serves as both backup supply and export sink. Its importance lies in providing stability, 

ensuring that household demand can always be met even when local resources are insufficient, 

and enabling the sale of surplus PV energy. 

 

 

Figure 3.9. Pole Mounted Transformer 

 

 Blocks: Multi –Winding Transformer, connection ports. 
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IX. Power Grid Subsystem 

 

Figure 3.10. Power grid subsystem 

Blocks: 66KV Three phase source, 6.6KV Three phase Transformer (Two winding), Three phase 

PI section line, current and voltage measurement , connection ports, I_Sys Primary and V_Sys 

Primary Goto blocks 

X. Management Subsystem 

The supervisory management system (Figure 3.11 & 3.12) is the brain of the HEMS. 

Implemented in Stateflow, it coordinates PV, battery, load, and grid operations. It monitors SOC, 

DC bus voltage, PV output, and grid status. Based on these inputs, it enforces policies such as 

PV-first dispatch, SOC-based charge/discharge, L2 shedding, and anti-islanding. The 

management system also governs the MPPT, battery controller, inverter controller, and PWM 

generation (Figure 3.13–3.16). 

Each controller subsystem has a specific role: the MPPT controller adjusts PV reference voltage, 

the PV controller regulates converter operation, the inverter controller ensures stable AC power 
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and PLL synchronization, and the battery controller manages charging and discharging currents. 

Together, these controllers ensure stable, efficient, and reliable operation of the HEMS. 

 

 

Figure 3.11. Controllers subsystem 

Blocks:  

MPPT and PV Controller Subsytem 

Transfer function ( 1/(1𝑒 − 5𝑥 + 1)) ,I_pv and V_pv From block, Pulse_pv Goto block. 

MPPT: Stateflow  

Inputs: V_pv, I_pv 

          Set points: 

         { P_pv = I_pv*V_pv} 
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L1 (on/off) [Last_P_pv >= P_pv] 

                    {Vref = Vref – dV} 

 L2(on/off) [Last_P_pv < P_pv] 

                   {Vref = Vref + dV;} 

{Last_P_pv = P_pv;}. 

Output: Vref 

 

Figure 3.12. MPPT controller subsystem 

  

PV Controller Subsystem Blocks: 

 PID(s),PWM Generator 2-level, Transfer function ( 1/(1𝑒 − 4𝑥 + 1)) ,Saturation, Add, 

DEMUX, Constants, Gain, Terminator , Out ports . 
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Figure 3.13. PV controller subsystem 

Inverter Controller Subsystem: 

Transfer function ( 1/(1𝑒 − 5𝑥 + 1)) , Vdc ,I_Sys Secondary and V_Sys Secondary From 

blocks, constant block(value = 370) , Pulse_UI  Goto block, Grid Connection_On From Block.. 

PID(s), PWM Generator 2-level, Transfer function ( 1/(1𝑒 − 4 + 1)), out port , Add , 

Saturation, Constants , Divide, sum, Phase-Locked Loop (PLL),Trigonometric function (Sin), 

Product, In port , Enable. 
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Figure 3.14. Inverter controller subsystem 

  

 

Battery Controller and PWM controller 2 Subsystem: 

Transfer function ( 1/0.01𝑥 + 1)), Transfer function ( 1/(1𝑒 − 4𝑥 + 1)), Transfer function ( 

1/(1𝑒 − 𝑥 + 1)),  constant (value 370) , Vdc, Ibt and Battery_ON From Blocks, Pulse_B, G2_B 

and G1_B Goto Blocks 

PWM Controller 2: 

 PWM Generator 2-level, Sine wave (Uref Generator(60Hz)), in port, out port, Enable, constant 

(200*sqrt2), Constant (1e-6), Add, Divide, Product. 
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Figure 3.15. PWM controller  

  

Battery Controller: 

 PID(s), PWM Generator 2-level, Transfer function ( 1/(1𝑒 − 4𝑥 + 1)), out port , in port , sum , 

DEMUX, Add , Saturation , Gain, constant, Enable. 

 

 

Figure 3.16. Battery Controller subsystem 
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XI. Additional Scopes Subsystem 

The scopes subsystem (Fig 4.17) records simulation outputs such as PV power, battery SOC, DC 

bus voltage, inverter currents, and load status. These plots were used to analyze the performance 

of the HEMS under different validation scenarios. The benefit of these measurement systems is 

that they provide transparency and quantitative verification of how the HEMS performs across 

normal sunny operation, cloud passages, evening peak demand, grid outages, recovery events, 

and overload tests. 

 

 

Figure 3.17. Scopes subsystem  

 Blocks: 

PV Panel: V_pv ,I_pv,and Vdc From Blocks, constant (value 370) , MUX, Scope 
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Grid: V_Grid_Primary[V], I_Grid_Primary[A], V_Xfo_Secondary[V] and I_Xfo_Secondary[A] 

From blocks, Scope. 

Powers: V_ Sys_ Secondary,  I_Sys_ Secondary From Blocks, Power_Battery,V_pv , I_pv , 

I_Load 1and I_Load2 From Blocks, Power Block, Product, MUX, Scope. 

Events:Load_SW1,Load_SW2, Battery_ON and Grid_Connection_ON Goto blocks, Logical 

operator (NOT), Signal builder (load Switching), Signal builder(Power Source), Scope. 

Powergui 

 Simulation type: Discrete 

 Sample time (s): 5e-6 

 

3.4. Advanced Control System Detail 

The Management Subsystem contains three distinct control hierarchies necessary for system 

operation. 

A. MPPT and PV Controller 

P&O Logic (Stateflow): The Maximum Power Point Tracking (MPPT) uses a Stateflow chart, 

which implements the Perturb and Observe (P&O) logic. As a key feature, the MPPT logic is 

implemented in Stateflow, which is ideal for modeling supervisory control and discrete-time 

logic. The logic is a classic P&O implementation, adjusting the voltage reference based on the 

current power change. If the new PV power is greater than the last power, the voltage reference 

is adjusted in the same direction to track the maximum power point 
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Cascaded PID: The output of the MPPT Stateflow is then used by the PV Controller (a cascaded 

PID loop) to generate the PWM pulses for the DC-DC converter. The PV controller (Figure 

3.13) uses a cascaded loop structure, an outer voltage loop (for comparing) and an inner current 

loop (to control) to ensure stable operation of the DC-DC converter and precise power 

extraction. The error filtering with transfer functions reduces measurement noise.  

 

B. Inverter Controller 

This controller (Figure 3.14) is responsible for the AC-side power quality and power exchange 

with the grid. 

It utilizes a Phase-Locked Loop (PLL) to synchronize the inverter's output voltage and frequency 

with the grid's (230/400 V, 60 Hz). 

The control structure is complex, integrating the DC bus voltage regulation and AC current 

regulation (for grid export/import), usually implemented in a d-q rotating reference frame for 

effective current control. 

C. Battery Controller 

The battery controller (Figure 3.16) is primarily a DC Bus voltage regulator. The outer loop 

compares the actual to the reference voltage. 

The output of the voltage regulator is used as current reference for the battery. The inner loop 

then controls the battery current using a PID controller. 
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This structure ensures the battery acts as a stabilizer for the DC link, sinking surplus PV power 

(charging) or sourcing power (discharging) when loads demand it or PV drops, all while 

maintaining the DC bus voltage. 

3.4.1. Control Strategy Development (priority & switching logic) 

Operating Modes and Priority Logic 

The system employs a state-based control architecture, implemented in Stateflow, to navigate 

different operating conditions. The primary modes include: 

Normal-PV-First Mode: When the grid is available, the system first uses PV power to meet the 

demands of L1 and L2. If the PV generation exceeds the load, the excess energy is used to 

charge the battery. If PV generation is insufficient, the battery discharges to make up the deficit. 

Only when both PV and battery power are inadequate does the system import power from the 

grid. 

Grid-Outage (Islanded) Mode: Upon detecting a grid failure, the system acts decisively. It 

immediately opens the breaker at the PCC to prevent back-feeding power into the grid, a critical 

safety feature known as anti-islanding. It then sheds the non-critical load L2 to conserve energy 

and dedicates all available PV and battery power to serving the critical load L1. 

Charge-From-Grid Mode: The system includes an intelligent economic mode. It can be 

programmed to charge the battery from the grid during off-peak hours when electricity tariffs are 

low, ensuring the battery is ready for the next day or a potential outage. 

In summary, the HEMS adheres to a clear set of operating goals: 

 Use PV first. 



53 
 

 If PV is insufficient, the battery or grid is utilized to meet the demand. 

 Minimize grid import. 

 Load Shedding (L2): Implemented when the total load exceeds the available power from 

PV/Battery/Grid limits, or specifically during grid outages to protect the battery. 

 Grid Outage Logic 

 Islanding Detection: Anti-islanding protection opens the PCC if the grid 

voltage/frequency violates limits (V [0.88, 1.10] p.u. or f [59, 61] Hz) 

 Load Shedding: L2 is immediately shed. 

Critical Load Supply: L1 is served by PV + battery until the SOC reaches (15–20%) 

3.4.2. Protection Parameters 

Table 3.2. Table showing Protection Parameters  

Parameter Value Significance in HEMS 

Operation 

SOC Limits SOCmin = 20–30%, 

SOCmax = 80–90% 

Defines the operational 

window for the battery to 

maximize lifespan and 

availability. Charging stops at 

90%, and the system prepares 

for deep discharge protection 

below 20% 

Load Shedding Thresholds SOC hysteresis: shed at 25%, Implements Hysteresis 
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restore at 35%. 

 

 

Control. L2 is shed at 25% 

SOC during islanded 

operation to preserve power 

for critical load L1. L2 is 

restored only after the SOC 

recovers to a higher 35% to 

prevent rapid cycling around 

the shedding point. 

 

Anti-Islanding Protection 

 

V  [0.88, 1.10] p.u. or f [59, 

61] Hz) for >100ms 

These are industry-standard 

trip limits to immediately open 

the PCC breaker during a grid 

outage, a critical safety and 

protection requirement. 

 

Over-Current/Over-Voltage Disable MPPT if  high, 

emergency shed L2 

Defines the last line of 

defense: if voltage/current 

limits are violated, the system 

must shed the non-critical load 

(L2) and potentially even the 

critical load (L1) as a "last 
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resort" to protect hardware. 

 

The Control Strategy Development and Protection Tuning sections demonstrate a complete 

engineering approach, ensuring not only efficiency (PV-first priority) but also safety and 

component longevity (SOC hysteresis, anti-islanding, and overload logic). 

 

 

3.5. Simulation and Testing 

3.5.1. Detailed Design Steps in Simulink 

Create Data Dictionary  

Define parameters (ratings, limits, SOC thresholds, filter values).  

PV_P_rated=5000KW; SOCmin=0.2; SOCmax=0.9; SOCshed=0.25; SOCrestore=0.35; 

Modelled PV panel as shown in Figure 3.2  

Configured  

Break algebraic loop block 

 numerator : [1] 

 denominator: [1e-6  1] 

Saturation Block 

Upper limit : 100 
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Lower limit :10 

Look up Table 

Vector input values : “V” [0 40 80 120 160 180 200 217 240 260 280] 

Table Data : “I” [26.153846153846153  25.961538461538463 25.76923076923077    

25.576923076923077  25.384615384615383 25.192307692307693  24.615384615384613  

23.076923076923077 18.46153846153846   10.76923076923077 0] 

Modelled DC-DC Converter , DC Bus , Bi – directional DC/AC Inverter as shown in Figure 3.3, 

Figure 3.4, Figure 3.5. 

Modelled the battery system as shown in Figure 3.6 

Configured 

Battery Block 

Type : Lithium-Ion 

Nominal voltage (V) : 200 

Rated capacity(Ah) : 40 

Initial SOC (%) : 80 

Battery response time(s) : 30/10 

Modelled the Bi – directional DC/DC Converter as shown in Figure 3.7 

Modelled the Load and grid interface as shown in figure 3.8 

Configured 
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RLC Load  

Nominal voltage Vn (Vrms): 200 

Nominal frequency(Hz) : 60 

Active power P(W) : 3e3 

Inductive reactive power QL (positive var):100 

Capacitive  reactive power Qc (positive var):100. 

Modelled the power mount transformer and power grid system as shown in Figure 3.9 and 3.10 

Configured 

Three Phase Source 

Configuration :Yg 

Phase to phase voltage (Vrms): 66e3 

Frequency (Hz):60 

3-phase short-circuit level at base voltage(VA): 100e6 

Base voltage (Vrms ph-ph): 25e3 

X/R ratio:7 

Created a Subsystem named Management Sytem  

  In the system: 

Modelled a MPPT controller using Stateflow as shown in Figure 3.12; 
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Implement states :          { P_pv = I_pv*V_pv} 

L1 (on/off) [Last_P_pv >= P_pv] 

{Vref = Vref – dV} 

L2(on/off) [Last_P_pv < P_pv] 

{Vref = Vref + dV;} 

{Last_P_pv = P_pv;}. 

Output: Vref 

Added a PV controller subsystem and connected all blocks and Transfer functions blocks as 

shown in Figure 3.11. 

This forms the MPPT and PV controller 

Modelled the inverter controller subsystem as shown in Figure 14 and connected all blocks as 

shown in Figure 3.11 

This forms the inverter controller system. 

Modelled a PWM controller and a Battery controller as shown in Figure 3.15 and 3.16; 

connected all blocks and transfer function blocks as shown in figure 3.11 

Created a Subsystem called additional Scope 

In the subsystem: 

Modelled the scenarios as shown in Figure 3.17 
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Configured the signal builder for the Loads as shown in the figure below using the Matlab code 

below on the matlab command window 

>> time = {[0 0.5 0.5 1.5 1.5 2.5 2.5 3.5 3.5 4 10];[0 1 1 1.5 1.5 3 3 3.5 3.5 10]}; 

 data = {[0 0 1 1 0 0 1 1 0 0 0];[0 0 1 1 0 0 1 1 0 0]};  

block = signalbuilder([], 'create', time, data); 

>>  time = {[0 0.5 0.5 1.5 1.5 2.5 2.5 3.5 3.5 4 10];[0 1 1 1.5 1.5 3 3 3.5 3.5 10]}; 

>>  data = {[0 0 1 1 0 0 1 1 0 0 0];[0 0 1 1 0 0 1 1 0 0]}; 

>> signalnames = {'load1';'load2'}; 

>> block = signalbuilder([],'create',time,data,signalnames); 

 

Figure 3.18. Signal builder (Scenario/load switching) 

 



60 
 

Configured the signal builder for power as shown in the figure below using the Matlab code 

below on the matlab command window 

>>time = [0 2 2 4 4 10]; 

>> data = [1 1 0 0 1 1]; 

>>signalnames = {'Signal2'}; 

>>block = signalbuilder([],'create',time,data,signalnames); 

 

 

Figure 3.19. Signal builder (Scenario/power source) 

Added a powergui block to the system and set the simulation type to be Discrete and Sample 

time(s) to be 5e-6 

Connect all subsystem and blocks as shown in Figure 3.1 

Set the model simulation stop time to 6 
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Ran the simulation to test all the scenarios in the system. 

3.5.2. Control & Protection Tuning  

MPPT step size: start with 0.5–1% of duty; reduce under fast irradiance change. 

LCL filter: target 20–30 dB attenuation at fsw; ensure damping (active or passive). 

SOC hysteresis: shed at 25%, restore at 35%. 

Anti-islanding: open PCC if grid voltage ∉ [0.88, 1.10] p.u. or frequency ∉ [59, 61] Hz for > 100 

ms. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION  

This chapter presents the results obtained from the simulation of the Home Energy Management 

System (HEMS) model developed in MATLAB/Simulink. The main objective of this chapter is 

to evaluate the performance of the proposed HEMS under different operating conditions and to 

examine how efficiently it manages energy flow from a solar photovoltaic system, battery 

storage, and grid power to meet residential energy demands while considering load shedding. 

The Home Energy Management System (HEMS) is designed to integrate solar photovoltaic (PV) 

power, battery storage, and the utility grid into one coordinated platform that supplies reliable 

electricity to household loads. The system topology was constructed in blocks, each with specific 

roles, and their connectivity ensures that power can be conditioned, converted, stored, or 

delivered depending on availability and demand. The overall goal is to prioritize renewable 

power usage, reduce dependence on the grid, guarantee supply to critical loads, and optimize 

energy cost while ensuring reliability. 

The results are discussed with respect to several performance indicators, including energy 

generation, load consumption, battery storage behavior, cost savings, and overall system 

stability. Graphical outputs from Simulink, such as voltage profiles, power flow graphs, and state 

of charge (SOC) trends, are presented and analyzed to highlight the efficiency of the proposed 

HEMS strategy. 

4.1 RESULTS ANALYSIS 

This project provides compelling evidence from the simulation, showcasing the system's 

dynamic response to a series of challenging events over a 6-second simulation period. The 
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scenarios are driven by signal builders that toggle the loads and the grid connection, mimicking 

real-world conditions. 

4.2 SCENARIOS / TEST SIGNALS 

 

Figure 4.1  Plot of PV Panel Scenarios 
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Figure 4.2  Plot of Power Scenarios 
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Figure 4.3 Plot of Grid Events 

 

Figure 4.4 Plot of Battery Status 
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The plots shown in Figure 4.3 and 4.4 indicate the system's success. The "Grid events" plot is 

referenced as our timeline of "causes" and the "Power scenarios" graph as the "effects."  

i. Time 0 to 2 seconds (Grid ON, Loads Varying): 

○ Initially, with loads off, the ~5 kW of solar power is used to charge the battery (note the 

negative battery power, indicating charging) and export a small amount of power to the 

grid. 

○ At t = 0.5s, Load 1 (3 kW) switches ON. The solar power is immediately redirected to 

the load, and the grid import adjusts slightly. 

○ At t = 1s, Load 2 (3 kW) also switches ON, bringing the total load to 6 kW. As the solar 

power is only 5 kW, the system seamlessly draws the 1 kW deficit from the grid, as 

seen in the rid power" plot. The battery charging ceases. This demonstrates the 

successful Normal-PV-First operation. 

ii. Time 2 to 4 seconds (Grid Outage): 

○ At t = 2s, a grid outage is simulated. The "grid on" signal goes to zero, and the “Grid 

power” plot instantly drops to zero. This is a critical moment. 

○ The HEMS responds flawlessly. The battery immediately begins discharging (its 

power becomes positive), picking up the entire load that was previously supplied by the 

grid and the sun. The "Battery Power" plot shows it sourcing thousands of watts. The 

loads L1 and L2 experience no interruption. This is a powerful demonstration of the 

system's ability to transition to Islanded Mode. 

○ The loads toggle during this period, and the battery and solar power dynamically adjust 

to meet the demand, keeping the home powered. 
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iii. Time 4 to 6 seconds (Grid Returns): 

○ At t = 4s, the grid supply is restored. The system detects this, resynchronizes, and 

seamlessly reconnects. 

○ The "Grid power" plot shows the grid is once again active, and the "Battery Power" plot 

shows the battery has stopped discharging and has resumed a state of 

charging/readiness. The system has smoothly returned to normal operation. 

The Battery Status graph corroborates this narrative, showing the battery's current and power 

becoming negative (charging) when solar is abundant and positive (discharging) during the grid 

outage. The State of Charge (SOC) plot shows a very slight, gradual decline, indicating the 

discharge during the outage, perfectly aligning with expectations. 

4.3 KEY VALIDATION SCENARIOS: 

The system is validated against scenarios testing its core functionality: 

● Normal Sunny Day: Verify L2 remains ON, battery charges and grid import is minimal. 

● Cloud Passages: Check if the battery smoothly handles power deficits, preventing 

unnecessary load shedding, and if the DC bus voltage remains stable. 

● Evening peak (no PV): Battery discharges to SOCmin; grid import fills gap; L2 may shed if 

grid limit set. 

● Grid Outage: Test the instantaneous opening of the PCC, L2 shedding, and L1 being 

served by the PV and battery until the critical SOC is reached. 

● Recovery: Test the system's ability to resynchronize with the grid after an outage and 

resume normal operation.  

Grid returns → resync PLL → close PCC → normal operation with soft-start. 
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● Overload Test (Both loads = 6 KW, with low PV, Battery limited): Confirm timely 

shedding of L2 and inverter current limit. 

4.4 PERFORMANCE METRICS  

The success of the Home Energy Management System (HEMS) is evaluated using several key 

performance metrics. These metrics are directly linked to the system's design, component values, 

and control strategies. 

4.4.1 Energy Balance & Self-Consumption 

This metric assesses how much of the household load is met by the photovoltaic (PV) system and 

the battery, rather than the grid. The system must obey the fundamental power balance equation 

the system: Ppv + Pgrid + Pbatt = PL1 + PL2 + Ploss. The system's design is built to maximize 

self-consumption, using a 5 kW PV system and a 200V, 40 Ah Lithium-Ion battery. The control 

strategy explicitly enforces a "Normal-PV-First Mode" to prioritize using this generated and 

stored energy before importing from the grid. 

4.4.2  Grid Import/Export 

This metric tracks the minimization of grid use, which is a primary operational goal. The HEMS 

is designed to interface with a 230/400V, 60 Hz utility grid, but the control logic dictates that it 

only imports power when both the PV generation and battery power are insufficient to meet the 

load. This metric measures the success of that "grid-as-backup" strategy. 

 

4.4.3  Unmet Load/Shedding Time 

This metric is a key measure of the system's reliability and the effectiveness of its load 

management. The system has a total load of 6 kW, which is strategically divided into two 3 kW 

loads: 



69 
 

 L1 (3 kW): A critical, high-priority load 

 L2(3kW): A non-critical, sheddable load. 

The control strategy is designed to shed L2 during a Grid-Outage (Islanded) Mode to 

conserve power for L1. Furthermore, the protection parameters define a specific SOC 

hysteresis for load shedding: L2 is shed when the battery's State of Charge drops to 25% 

and is only restored when it recovers to 35%.  

This metric quantifies the duration and frequency of these shedding events. 

 

4.4.4.  Battery Cycling 

This metric assesses battery health and longevity by tracking its Depth of Discharge (DoD) and 

throughput. The battery used is a 200V, 40 Ah Lithium-Ion battery and to protect this it, the 

system sets strict operational windows defined in the protection parameters. The system is 

designed to keep the battery between a SOCmin of 20–30% and a SOCmax of 80–90%. This 

metric measures how well the HEMS adheres to these limits during its charge and discharge 

cycles. 

 

4.4.5.  Bus Voltage Regulation/THD 

This is a measure of the system's internal power quality and stability. The system topology is 

built around a central DC bus. The control system must maintain this bus voltage at a reference 

value of approximately 370V. The Battery Controller is specifically designed to function as the 

primary DC Bus voltage regulator, using a PID loop to compare the actual bus voltage to the 

370V reference and charging or discharging the battery to stabilize it. 
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4.4.6.  Controller Switching Events/Response Time 

This metric measures the stability and speed of the system's advanced controllers. This includes 

the MPPT controller (using Perturb and Observe logic), the Inverter Controller (using a Phase-

Locked Loop for grid synchronization), and the Battery Controller (using a cascaded PID loop). 

The system's performance in this metric is evaluated within the simulation's discrete sample time 

of 5e-6 seconds, which sets the time resolution for all control actions. 

 

4.4.7.  Performance Metric Validation from Result Plots 

1. Energy Balance & Grid Import (Time 0-2s) 

o Event: The grid is ON, and the loads are switched on sequentially. 

o Performance: 

 Initially, with loads off, the 5 kW of solar power from the 5 kW PV system is used 

to charge the battery (seen as negative "Battery Power") and export the small 

surplus to the grid. 

 At t = 1s, both L1 (3 kW) and L2 (3 kW) are ON, creating a total 6 kW load. 

 The system perfectly demonstrates the "Normal-PV-First" control strategy. It 

uses all available 5 kW from solar and automatically draws the 1 kW deficit from 

the grid to meet the full 6 kW demand. This directly validates the Energy Balance 

and Grid Import metrics, showing the system minimizes grid use but draws power 

seamlessly when needed. 

 

2. Battery Cycling & Unmet Load (Time 2-4s) 

o Event: A grid outage is simulated at t = 2s. 
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o Performance: 

 The "Grid power" plot instantly drops to zero, and the HEMS flawlessly transitions 

to Islanded Mode. 

 The Battery immediately begins discharging (its power becomes positive) to 

supply the entire load not covered by the sun. 

 Crucially, the loads (L1 and L2) experience no interruption. This is a key success 

for the Unmet Load metric. 

 The "Battery Status" plot (Figure 4.4) confirms this, showing the current and power 

becoming positive (discharging) and the State of Charge (SOC) beginning a 

gradual decline. This demonstrates the Battery Cycling metric in a controlled, 

intentional way. 

 

3. Controller Response & Recovery (Time 4-6s) 

o Event: The grid supply is restored at t = 4s. 

o Performance: 

 The system detects the grid's return, and the Inverter Controller (using the PLL) 

resynchronizes with the grid before seamlessly reconnecting. 

 The "Grid power" plot shows the grid is active again, and the "Battery Power" plot 

shows the battery has stopped discharging and returned to a charging/ready state. 

  This smooth transition validates the Controller Switching/Response Time metric 

and the "Recovery" test scenario. 
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This shows the HEMS successfully prioritizes solar, manages the battery, and uses the grid as a 

backup, all while ensuring continuous power to the loads during a critical grid outage. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

This research was focused on the design and implementation of a Home Energy Management 

System (HEMS) for switching between grid power and distributed power sources. It was 

particularly concerned with the optimal utilization of renewable energy in residential settings. 

The system was developed using MATLAB Simulink as the primary design and simulation 

platform, integrating a 5kW photovoltaic system, grid power, and battery storage as 

complementary power sources. 

The literature review highlighted the critical need for HEMS in addressing the rising residential 

energy demand, facilitating the integration of renewable energy, and balancing consumer 

comfort with cost optimisation. The evolution from traditional rule-based systems to modern AI-

driven, IoT-enabled platforms demonstrates the significant technological advancement in this 

field. 

The methodology employed a comprehensive approach involving problem definition, system 

modeling, control strategy development, and simulation testing. The system was designed to 

power two test loads of 3kW each (total 6kW), with the photovoltaic system rated at 5kW. A 

200V, 40Ah lithium-ion battery was integrated to provide energy storage and ensure continuity 

of supply during grid outages or periods of insufficient solar generation. 

The control strategy implemented through Stateflow incorporated multiple operating modes, 

including Normal-PV-First operation, Grid-Outage (Islanded-Critical) mode, and Charge-From-

Grid functionality. The MPPT (Maximum Power Point Tracking) algorithm successfully 
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optimized solar panel output by dynamically adjusting the reference voltage based on power 

generation patterns. The power balance equation (Ppv + Pgrid + Pbatt = PL1 + PL2 + Ploss) formed the 

foundation of the energy management strategy, ensuring efficient resource allocation across all 

system components. 

Simulation results validated the system's ability to prioritize renewable energy utilization while 

maintaining supply reliability. The scenarios tested demonstrated effective load shedding 

capabilities, with the non-critical load (L2) being disconnected during periods of insufficient 

generation or low battery state of charge (SOC), while maintaining continuous power to the 

critical load (L1). The battery management system successfully maintained SOC within specified 

limits (20-90%), prolonging battery lifespan while maximizing energy autonomy. 

The research demonstrates that HEMS technology, when properly designed with intelligent 

control algorithms and integrated renewable energy sources, can significantly reduce grid 

dependence, minimize electricity costs, and enhance residential energy resilience. The modular 

architecture developed in this project provides a scalable framework that can be adapted for 

various household configurations and energy requirements. 

5.2 RECOMMENDATION 

Based on the findings of this research, several recommendations are presented to enhance the 

design, implementation, and long-term performance of Home Energy Management Systems 

(HEMS). 

Proper system sizing remains fundamental to achieving reliability and efficiency. Accurate load 

profiling should be conducted over extended periods to capture consumption patterns and 
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seasonal variations. The photovoltaic array should be moderately oversized, by about 15 to 20 

percent, to accommodate efficiency losses and transient conditions, while the battery system 

should operate within an optimal state of charge range of 20–80 percent to extend lifespan and 

ensure dependable backup power. 

HEMS designs should employ more advanced and adaptive control strategies. The integration of 

multi-objective optimization and predictive algorithms, incorporating weather forecasts and 

dynamic load data, can significantly improve energy scheduling, minimize grid dependency, and 

enhance user comfort. 

Reliability and safety must remain central to system development. Redundancy in key 

components, such as parallel inverter configurations and distributed battery banks, enhances fault 

tolerance. Comprehensive protection mechanisms, including anti-islanding features, overcurrent 

safeguards, and battery management systems with thermal monitoring, should be incorporated to 

ensure safe operation under all conditions. 

Effective communication and user interaction are also critical. An intuitive user interface 

providing real-time insights into system status, energy flow, and cost savings can improve user 

engagement and facilitate informed decision-making. 

Continuous monitoring and data analytics are recommended to enable performance assessment 

and adaptive optimization. Historical data can be leveraged through machine learning models to 

improve forecasting accuracy, detect component degradation, and enhance overall operational 

efficiency. Compliance with regulatory standards and readiness for participation in future smart 

grid programs should also be considered to ensure long-term system relevance. 
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Finally, economic feasibility must guide implementation decisions. Although the upfront cost of 

HEMS deployment can be significant, life-cycle analysis demonstrates long-term economic 

benefits through reduced grid consumption and possible revenue from energy export. Designing 

modular and scalable systems further supports future expansion without extensive redesigns. 

In conclusion, the success of HEMS lies in the integration of sound engineering design, 

intelligent control strategies, robust safety measures, and effective user engagement. As 

renewable energy technologies mature and smart grid infrastructure expands, HEMS will 

continue to play a pivotal role in advancing sustainable, efficient, and resilient residential energy 

management systems. 
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