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The increasing integration of renewable energy sources into the electrical grid 

has introduced both opportunities and challenges in maintaining grid stability and 

resilience. Smart grids, while offering enhanced flexibility and efficiency, often 

face vulnerabilities such as intermittent renewable energy supply, grid overloads, 

and the risk of widespread outages during disruptions. This research proposes a 

novel method to enhance the resilience of smart grids by integrating multi-source 

distributed renewable energy systems (DRES) with autonomous load-shifting, 

real-time demand management, and hybrid energy storage systems (HESS). The 

approach combines solar, wind, and small-scale hydropower generation sources, 

ensuring a diversified energy mix that mitigates the risks of reliance on a single 

renewable source. Smart load-shifting techniques and demand response strategies 

are employed to optimize energy distribution by rescheduling non-critical loads 

and dynamically balancing the grid. Additionally, battery storage and thermal 

energy storage systems are integrated to provide both short-term and long-term 

energy solutions, optimizing energy usage and minimizing grid stress. Key 

findings from the simulation results show a significant reduction in energy costs 

and improved grid resilience. The system effectively manages supply-demand 

fluctuations and maximizes the utilization of renewable energy. The energy cost 

reduction was found to be up to 20% compared to conventional energy 

distribution methods. Additionally, the proposed method demonstrated reliable 

performance in maintaining voltage stability within 95% of the nominal value 

and ensuring stable power outputs. The novelty of this work lies in the integration 
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of Model Predictive Control (MPC) for autonomous load management and the 

dynamic balancing of renewable energy with energy storage. While the method 

shows promising results, its scalability remains a limitation for larger, real-world 

grids. The proposed work introduces the Renewable Energy Management System 

(REMS), which provides a comprehensive solution for enhancing smart grid 

performance.  

Keywords: Smart Grid, Distributed Renewable Energy, Load Management, 

Energy Storage Systems, Grid Resilience. 

 

 

1. Introduction 

Transition toward sustainable low carbon economy entails advancement and application of a 

variety of low carbon technologies in production and delivery of energy and other services. 

Exploding literature on renewable energies and energy storages indicates that electric power 

storage will enable the use of renewable energy and also assist in construction of smart grids 

[1]. The management of electricity market is still in the process of experiencing significant 

structural and operational change as the system is in the process of transitioning from a 

traditional model to a smart and fully decentralise network with the added bonus of input from 

renewable sources [2]. Just like the conventional grid, the smart grid focuses on the issue of 

service relations with users – specifically, consumption and pricing dynamics; that, however, 

is done using a variety of DSM programs [3]. Demand response learns from SGs two-layered 

communication and information systems and turn the grid multi-layer intelligent by integrating 

intelligent demand response [4]. Demand response is a program designed to encourage end 

use customers to shift from their regular consumption profile in accordance with price signals. 

By electricity demand response, smart grid can assess energy saving measures, peak load 

reduction, optimal utilization of the grid structure, and minimum demand for powers 

investment [5]. 

They cannot support the new problems such as the incorporation of intermittent renewable 

energy sources, distributed generation existing applications, and demand side management. 

Smart grids combine conventional electricity networks and info-com networks, which 

facilitate communication between the power distribution utility and consumer [6]. They 

include renewable power, energy storage, smart meters, storage in the distribution network, as 

well as sensors. Smart grids motivate users to achieve energy saving objectives, cooperate by 

responding directly to demand signals and trade with other prosumers [7]. RESs are more 

environment friendly as compared to conventional power sources, the use of energy efficiency 

has grown in the recent past [8]. Customers’ pressure grows due to higher energy tariffs and 

the necessity to solve the problem of global climatic shifts. The conventional supply system; 

the power distribution networks that exist may be inefficient in terms of power loss during 

transmission through fossil fuel-based generation plants. Besides, conventional energy sources 

have risks such as nuclear, which makes world turn to the renewable energy resources (RERs). 

Thus, it is possible to minimize carbon dioxide emissions through implementation of RERs, 

and thereby improve the environmental efficiency. In addition, RERs offer possibilities for 

DSM that optimizes the economic profits achieved through effective pricing of energy 

products balancing with load fossil fuel and renewable energy resources [9]. 
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Increased power consumption together with the push towards greener solutions in the world 

necessitates that smart grids must be used to bolster energy security. Large centralised 

conventional power systems which are generally fossil based cannot cope with contemporary 

energy demands, exigencies such as incorporating fluctuant renewable power like 

photovoltaic, wind and hydroelectric power [10]. Smart grids are an emergent concept that 

aims to decentralize and integrate new technologies of generation, storage and distribution, 

thus providing an active electric network. Such grids are defined in terms of flexibility to 

accommodate distributed generation, diverse energy storage systems and real-time load 

control mechanisms that would enable efficient and clean power delivery [11]. In this regard, 

load management assumes a very important role in managing supply and demand, especially 

with fluctuating forms of renewable energy. Self-scheduling of loads with the help of such 

control systems as MPC has become one of the main approaches, called Autonomous Load 

Management (ALM) [12]. What makes the MPC design effective is its ability to run 

concurrently while the grid parameters are adjusted, and non-critical loads are readjusted when 

needed for a thoroughly optimized distribution of energy without human interaction. This 

serve the purpose of stableness but reduce the chances of using non renewable energy sources. 

Hybrid and Integrated Energy Storage Systems which include Battery Energy Storage Systems 

(BESS) and Thermal Energy Storage Systems (TESS) also play a central role in ensuring that 

grids required flexibility as a result of storing excess energy from renewable sources and 

managing supply and demand differences. Inductive and capacitive loads are also incorporated 

in the calculation and control by the system reducing current harmonics, maintaining the power 

factor, and enhancing the stability of the grid. This work is significant to contributing toward 

effective development of sustainable energy systems for use in power systems as well as 

toward solving difficulties inherent to variable renewable energy sources and load leveling in 

a smart grid environment. 

1.1 Problem Statement 

❖ Current methods struggle to manage energy scheduling for non-interruptible appliance 

jobs, especially with dynamic pricing and uncertain renewable energy generation. The 

SRDSM method improves scalability, but the problem size remains challenging in real-world 

applications. 

❖ The geographic spread and low capacity of Renewable Energy Resources (RERs) 

make them difficult to integrate into smart grids. Existing methods don't fully capitalize on 

RERs due to inefficiencies in energy storage and communication networks. 

❖ Energy storage systems like BESS and TESS are essential but have limited 

charging/discharging capacities and high costs. These limitations hinder their ability to 

enhance grid reliability and security effectively. 

❖ Both intrusive and non-intrusive load monitoring systems struggle with accurately 

recognizing and managing energy consumption, especially in residential and commercial 

buildings. The need for more accurate monitoring systems limits their effectiveness for cost 

reduction and greener energy use [13]. 

❖ Optimizing hybrid renewable energy systems for remote areas is complex due to the 

varying efficiency of multiple energy sources like solar, wind, and batteries. Current 
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techniques like PSO are effective but may not be cost-effective in all cases, especially without 

dividing loads into high- and low-priority systems [14]. 

1.2 Research Contribution 

➢ The study focuses on integrating solar, wind, and hydro power generation into the 

smart grid, optimizing energy distribution and reducing reliance on non-renewable sources. 

➢ The proposed method uses Model Predictive Control to autonomously manage load 

shifting, ensuring that energy consumption is balanced in real-time while reducing peak loads 

and grid dependency. 

➢ Through efficiently managing energy distribution and utilizing energy storage systems 

(e.g., Battery Energy Storage Systems, Thermal Energy Storage), the study aims to minimize 

energy costs for consumers while enhancing grid stability. 

➢ The proposed system ensures the stability of the grid by dynamically adjusting power 

loads and incorporating renewable energy sources, addressing fluctuations in energy supply 

from intermittent sources like solar and wind. 

➢ The method enhances the use of energy storage systems, ensuring that excess 

renewable energy is stored and used when grid demand is high or renewable generation is low. 

 The remaining of the paper is arranged as follows. Section 2 related works. Section 

provides detailed explanation of proposed work. Simulation results and findings in section 4. 

In section 5 conclusion and further research. 

 

2. Related Works 

Liu and Hsu [15] focuses on Energy Cost minimization problem in Smart grids with distributed 

renewable energy resources. Specifically, it targets demand response applications in which 

appliance jobs are non- interruptible and non-power-shiftable, the electricity price depends on 

the grid load in real time and the availability of renewable power generation is stochastic. 

Laying down certain assumptions, this paper considers all consumers in the grid to have a 

photovoltaic system and a side battery. power requirements can be fulfilled using the collected 

solar energy normally, stored in batteries or fed back to the utility during periods of high usage. 

To formulate the WDL supply chain problem, a two-stage robust optimization model applying 

the C&CG method is developed. Thus, a second approach, called SRDSM, which includes job 

scheduling and dynamic programming power management algorithms, is suggested. When the 

size of the problem is large, the numerical outcomes also reveal that SRDSM is more scalable 

and efficient  

Increased costs of energy, inefficiencies in the present electricity network, nuclear power 

generation hazards, and global climatic transformations are forcing the shift towards 

renewable energy resources for electricity generation. RERs cut down GHG emissions and 

provides the benefit of the demand management side and well as dynamic pricing. The 

electricity grid is transforming from a passive dumb grid to an intelligent smart grid towards 

achieving 100% renewable grid generation. However, the dispersed siting of RERs and smaller 

storages add to the challenge of integrating the Smart grid. The more recent activities planned 
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for their incorporation have been to include the RERs in the SG consisting of the related 

communication networks [13]. 

The growing application of information technologies and low inertia renewable power sources 

in smart grids has created uncertainties and security problems. For better stability margins, the 

development of a distributed nonlinear robust controller is presented to improve the transient 

stability of synchronous generators in excessive communication delay and existing cyber 

physical security threats. Real time measurement is received by the controller using PMUs and 

distributed storage systems are triggered to actively contribute towards faster damping of 

frequency oscillation. It uncovers a new time delay compensation technology and the 

Lyapunov-based stability analysis to solve the system under delay and additive disturbances. 

Simulation results show that the proposed control framework is effective and practical under 

the impacts of cyber-physical constraints [16]. 

The information and communication technologies have rapidly evolved to influence power 

systems, smart grid in particular, to become cyber-physical systems where it is significant to 

study the relationship between the cyber layers and the physical layers in order to provide 

efficient means of operation most importantly during emergencies. In this study, a cyber-

constrained optimal power flow model for microgrids during emergency situation in smart 

grid is presented including the interference of cyber systems on the power system and vice 

versa. Nevertheless, the distribution is significantly non-linear, which results in the curse of 

dimensionality problem. Specifically, an extended maximum flow method is put forward as a 

solution. The successful implementation of the proposed model and the efficiency of the 

solution methodology can be shown by simulation studies conducted on two standard IEEE 

test systems [17]. 

Due to the integration of renewable energy sources and electrical energy storage appliances in 

distribution systems, the system dynamics must be studied to understand changes in operation 

time, reliability, and security. Azizivahed et al., [18] analyzes the expected energy not supplied 

and voltage stability index for dynamic balanced and unbalanced distribution network 

reconfiguration incorporating Renewable Energy Systems and EES systems. The study also 

looks at the impact of high investment costs, charge and discharge capacity of EES systems, 

and the state of health constraint. The proposed charging/discharging scheme and distribution 

network configuration to minimize operational cost, reliability, and security concerns are 

provided. 

Energy control is important in energy management because it aids in preparing technical steps 

to reduce energy usage. This paper discusses the current methods of energy management of 

appliances using Intrusive Load Monitoring and Non- intrusive Load Monitoring. Several 

studies lower techniques of Home Energy Management depending on Intrusive Load 

Monitoring and Non- intrusive Load Monitoring, their contribution as well as techniques for 

saving cost to enhance environmentally friendly environment. Load monitoring and load 

management related problems have to be addressed, for example, recognition accuracy and 

that many types of loads have to be recognized by the monitoring systems. Further research is 

required to develop and implement Non- intrusive Load Monitoring appliance’s energy 

management. That is why, creating energy management culture among electricity consumers 

is also important [19]. 
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A popular category that will remain valuable in the future smart grid as it manages loads 

smartly is the demand-side management. Demand side management programs achieved by 

implementing Home Energy Management for smart city yields numerous advantages in terms 

of electricity price saving for consumers and lower peak demand for utility. In this paper, 

Demand side management. model using three evolutionary algorithms (binary particle swarm 

optimization, genetic algorithm and cuckoo search) for scheduling the appliances of residential 

users is designed. The model is simulated in time of use pricing environment for three cases: 

3 categories of homes Traditional homes Smart homes; Homes with renewable energy Smart 

homes. According to the analysis performed using si mulation, the proposed model provides 

an optimal appliance scheduling that leads to an electricity bill and peak decrease [20]. 

Eltamaly et al., [21] analyzes the key challenges of the proper sizing of HRESs for off-grid 

locations, considering the aspects of reliability and investment costs. In this power system, PV 

system, wind system, battery system, fuel cell system, and a diesel generator system are 

classified into a critical system and a non-critical system. In this study, a novel smart particle 

swarm optimization (PSO) algorithm is developed to identify the most suitable size of the 

HRES. The differences between concepts are demonstrated through simulations with and 

without load division). The same tool called HOMER is also employed to analyze the proposed 

system without considering load division. From its results, the percentage of load division has 

a relevant but inverse relationship with the cost of generated energies  

The aspects of smart grid system and development and integration of renewable energetics are 

highlight in the review. It describes optimization models used in the energy cost reduction 

including the application of the SRDSM in the non-interruptible and non-shiftable appliance 

jobs. Proper integration of distributed generation systems addresses issues to do with 

distributed generation and thus varying electricity rates. Smart grid integration of renewable 

energy resources manages questions such as distributed generation and dynamic pricing. New 

control schemes improve the grid’s stability, and cyber-constrained optimal power flow 

models improve emergency situations. The reliability of distribution systems with renewable 

energy, incorporated with energy storage, and voltage stability is evaluated alongside 

operational costs. NILM and DSM are methods which help save costs and manage loading 

properly; integrating renewables and HE systems underline the significance of smart grid 

reliability. 

 

3. Proposed Methodology 

The proposed methodology then tends to improve smart grid robustness by developing 

adaptive energy management system using multiple renewable distributed energy sources 

including, solar, wind, and hydro with two types of energy storage systems BESS and TESS. 

Integral to the approach is Model Predictive Control (MPC), which enables the decentralised, 

self-regulating control of load through grid prediction, energy distribution optimisation, and 

real-time scheduling of loads. a dynamic supply demand management by loading control in 

MPC addressing the load-shifting policy by moving non-essential loads when renewable 

energy is abundant to minimize reliance on fossil fuels. In this methodology Battery Energy 

Storage Systems (BESS) [22] and Thermal Energy Storage Systems (TESS) also contribute to 

the main function by providing excess renewable energy during low demand hours and 
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providing supply during high demand hours. The operation of these systems assists in 

offsetting the variability in renewable generation and also increases security of supply. The 

methodology also uses intelligent load management to shift energy usage to other times when 

it is not an imposition to the power grid. This is done by integration of optimization algorithms 

with continuous assessment and adjustment of loads with reference to the grid. The final 

integration of the system guarantees good distribution of energy for improvement of the grid 

reliability and reduction of general operating costs in a way which will also minimize effects 

on the environment through encouraging renewable energy sources in their operation. Fig 1 

depicts the proposed method workflow. 

 

Fig. 1. Proposed Framework 

3.2 Multi Source Distributed System 

This work presents a concept of the Hybrid Renewable Energy System (HRES) that combines 

PV solar panels, wind turbines, and micro hydropower plants in a distributed renewable energy 

system (DRES). An EMS is a real time system that matches generation, storage and load 

control mechanisms with energy supply and demand. Power produced from these sources is 

summed at a control point known as microgrid node that connects to the main utility grid. A 

Hybrid Energy Storage System (HESS) accompanies this configuration and performs the 

fluctuating energy demands; while batteries deal with the short fluctuating energy demands, 

thermal systems deal with long energy storage demands. while the former is periodical and 

power dependent, the latter is fully utilized as a small-scale hydro power to provide the base 

load. This way there is always backup and reliability in the sources in case one of the sources 

is not producing adequate results. Electrical control systems involve power quality conversion 

and management systems pertaining to inverters for the conversion to AC systems of 

renewable energy forms such as solar and wind power and for synchronization of supply 

frequency and voltage of hydropower systems. Renewable energy sources are utilized in 

meeting immediate demand, excess energy is then directed to storage for optimum 
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functionality. Hydropower, solar and wind sources are therefore synchronized to ensure that 

the grid is reliable, to minimize risk and to maximize efficiency. Solar photovoltaic converts 

the sun light to DC electricity; wind turbines capture wind energy in the form of kinetic energy 

which offer further generation capacity during other parts of a day than just daylight. Small 

scale hydro poer flows water to generate electricity yet provides reliable steady predictable 

AC power. Intermittency can be managed by co-locating solar and wind farms since when one 

is low in productivity the other one is high in productivity. 

3.2.1 Solar Power Integration 

Photovoltaic cells or solar panels just mentioned to utilize sun lights to produce direct current 

electricity (DC). The power delivered to circuits by SPs varies as irradiance, shading, and 

temperature impact the overall output rates.  Eqn. (1) describes the solar power output. 

Psolart(t) = A. ηsolar. I(t)      (1) 

Where, A means area of solar panels,  ηsolar is the efficiency of the solar panels. I(t) Solar 

irradiance at time t. The output voltage AC from solar panels is transformed from direct current 

(DC) usage of inverter which meets the grid standards. 

3.2.2 Wind Power Integration 

Wind turbines capture kinetic energy that is from wind and changes it mechanically, and 

finally turning it into electrical energy by a generator. Eqn. (2) depicts the wind power output. 

Pwind(t) =
1

2
ρAwindυ3Cpηwind       (2) 

Where ρ Air density. Awind is the swept area of the wind turbine blades.υ means wind speed. 

Cp is the Power coefficient. ηwind is the Efficiency of the turbine. Most wind turbine 

generators generate variable frequency AC current that is converted to DC current and then 

converted back to standardized AC current. This output has strong relations with the wind 

speed, turbine design and the geographical location. Some control mechanisms (for example, 

the pitch control) allow to achieve maximum efficiency of the turbine and prevent from 

overload during high wind speeds. Rectifiers change this variable frequency AC to DC hence 

suitable for inversion. 

3.2.3 Small-Scale Hydropower Integration 

Hydropower systems transmit flowing water to rotate a turbine shaft coupled to the generator 

to generate AC power. 

Phydro = ηhydro. ρgHQ     (3) 

In Eqn. (3) ηhydro means efficiency of the hydropower system. ρ is the density of water. g is 

the acceleration due to gravity. H means effective head (height difference). Q means Flow rate. 

Power development is favoured while the stream is regulated by managing the water flow to 

produce a desirable result. Generator frequency is normally synchronized with the grid using 

control systems/ devices such as Phase Locked Loop (PLL). 

3.2.4 Power Conversion and Control: Solar and Wind Energy Outputs (DC) to AC 

In the proposed study, both the solar panels and the wind turbines with rectifiers generate DC 
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electricity. To connect this type of energy into the grid that uses AC the DC output must be 

converted into AC by means of inverters. It is more efficient with respect to each aspect as to 

whether it fits well into the other chain, how well it stabilizes the grid and how energy effective 

it is. Inverters are power electronic devices which converts DC voltage (VDC) into an AC 

voltage (VAC) and at the same time grid frequency (f). 

Input DC Signal: The power from photovoltaic solar panels in DC is then in a DC-DC 

converter to control the voltage. In order to maximize the amount of power drawn from a solar 

panel, additional circuit known as Maximum Power Point Tracking or MPPT controller varies 

the current input voltage. 

Inversion (DC-AC): A power inverter, therefore, transforms the steady DC power into an AC 

power.  

υAC(t) = Vmsin (ωt)              (4) 

In Eqn. (4) υAC(t), AC voltage at time t. Vm means amplitude of the AC voltage. ω is the 

Angular frequency of the grid (2πf, where f is 50 or 60 Hz). 

Switching Mechanism: High frequency switches for instance IGBTs engage the DC terminals 

in an alternating manner to produce pulsed AC conversion it is given in Eqn. (5). 

VAC(t) = {
VDC,    if sin(wt) ≥ 0

−VDC,   if sin (wt) < 0
     (5) 

Filtering: The high-frequency components of the SPWM output are removed by a low-pass 

LC filter produces sinusoidal waveform. After filtering, the AC output is denoted in Eqn. (6). 

Where Vpeak is the peak AC voltage. 

VAC(t) = Vpeak sin(ωt)     (6) 

Hydropower Output Integration 

Hydro power in form of hydroponic turbines convert kinetic energy into AC power by causing 

the alternators to rotate with the current characteristics dictated by the speed of the turbines 

and the construction of the alternators. It is necessary to supply the output voltage of the wind 

power plant and the frequency must also match the grid frequency of the region. Frequency 

Matching is expressed by the symbol labelled in Eqn. (7). A governor control system regulates 

the rate of the turbine so that the alternator produces electricity at the normal grid frequency. 

f =
N.P

120
        (7) 

Where: f Frequency of AC power (Hz). N Rotor speed. P is the Number of poles in the 

alternator. 

3.3 Synchronization of Solar, Wind, and Hydropower in a Smart Grid 

Synchronization is an important process that aims to enhance the reliability of integrating 

several RES, such as solar, wind, and hydropower, into a single smart power grid. It requires 

a synchronization of voltage, frequency and phases of the energy sources to that of the grid.   
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Solar Power Synchronization 

Through the use of the inverters, solar panels transform the DC electricity in to AC output that 

is in harmony with the frequency and voltage of the gird. New generation grid tied inverters 

employ phase locked loop so that the generated AC output voltage phase is in phase with the 

grid it is given in Eqn. (8)  

VAC,solar = Vgridsin (ωt + ϕ)        (8) 

Where VAC,solar is the AC voltage from solar. Vgrid: Grid voltage. ωt + ϕ is the phase angle 

of the grid 

Wind Power Synchronization 

Wind turbines produce variable AC power as produced from wind speed which is then rectified 

using a rectifier from AC to DC and then an inverter back to AC. The inverter levitates the AC 

frequency, and PLL synchronizes phase and voltage of the produced wind power. 

Hydropower Synchronization 

Hydroponics generates AC electricity instantly through turbines and alternators with 

capabilities controlled by a governor, voltage controlled by an Automatic Voltage Regulator 

(AVR) and phases matched by a synchronizer to maintain constant output voltage. 

Unified Synchronization in the Smart Grid 

All sources must therefore always be within the nominal range of the grid (example the 

nominal voltage of the grid is 230V then the allowable voltage range is limited to 230±1V). 

Voltage synchronization Eqn. are given in (9) 

∆V = Vsource − Vgrid      (9) 

Where ∆V is minimized during synchronization. 

Frequency Alignment: The grid frequency is considered constant at 50 Hz (or 60 Hz depending 

on the area). All sources are brought to this level of frequency using feedback real time loops 

its Equation is shown in Eqn. (10). 

fsource = fgrid 

Phase Alignment: The phase of each source is shifted to match the grid since none source 

should have any phase shift it is provided in Eqn. (11). 

ϕsource = ϕgrid        (11) 

The smart grid controller proposed in the system is designed to control the flow of renewable 

energy in real-time based on feedback loops and other controls. Hybrid Energy Storage 

Systems act as either a buffer to store excess energy or reconcile supply shortage energy for 

stability, quick integration and reliability.  

3.4 Hybrid Energy Storage Systems  

3.4.1. Battery Energy Storage Systems (BESS) 

Battery storage is feasible, especially as short-term storage of energy which is produced when 
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there is excess renewable power such as power from solar and wind energy. molecules are 

then discharged during times of high load demand or when there is limited generation by 

renewable power sources. Some power sources like solar panels produce direct current (DC) 

output; wind turbines work in a similar way, producing DC that is normally converted to the 

right DC voltage for charging the battery.  

The charging controller checks that the batteries are charged correctly by controlling the 

voltage and current being supplied to them. Charging Pcharge is determined by the battery's 

charge rate, which depends on battery size, state of charge, and available renewable power it 

is shown in Eqn. (12): Battery discharges when grid demand is high, or output from renewable 

power is low. The inverter then converts the DC power held in the battery to AC and 

synchronizes it to that of the grid. The discharge power Pdischarge discharge is determined by 

grid's nominal range (e.g., ±1% of 230V for a 230V grid). 

Pcharge = VDC. Icharge       (12) 

In Eqn. (12)  VDC is the input DC voltage from the renewable source. Icharge  is the charging 

current. 

Discharging Process: When the load demand occurs or during low generation of renewable 

power, the battery delivers electrons stored within it. The inverter takes the stored DC power 

and changed it to AC power in the same frequency and voltage as the grid. The discharge 

power Pdischarge discharge is determined as output decreases, the energy stored in the battery 

is discharged.  

Pdischarge = VDC. Idischarge       (13) 

In Eqn. (13), Pdischarge is the battery's output voltage. Idischarge is the current during 

discharge. 

Battery capacity utilization influence usable energy, which presented in the range 80-90%. 

They provide a short response time, flexibility of energy and less strain to the grid. These they 

help in storing excess renewable energy and also in mitigating the volumes of unused energy. 

3.4.2. Thermal Energy Storage Systems  

Thermal storage or TESS is another type of energy storage whereby electric energy is used to 

produce heat energy for storage in the system without losses [23]. It makes use of excess of 

energy generated from solar electricity or wind and used resistive heaters or heat exchangers 

to warm materials with large heat capacity. This method favours longer storage intervals by 

virtue of lesser thermal losses rather than electrical losses of battery systems. 

Qstored = m. c. ∆T       (14) 

In Eqn. (14) m is the mass of the storage medium. c is the specific heat capacity of the material. 

∆T is the temperature difference. Discharging Process: When the electricity grid needs more 

electricity, the stored thermal energy is converted back to electricity using Rankine cycle 

turbines, or thermoelectric generators or used directly for heating as, for example, in district 

heating. However, its transformation back to electrical energy is less efficient than mechanical 

energy or kinetic energy but the important factor is the ability to store power for a very long 
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time especially during periods of low load. 

Edischarged = ηTess. Qstored      (15) 

In Eqn. (15), ηTess  is the efficiency of converting stored heat to electricity. TESS [24] provides 

energy storage for the long term, capacity support for the grid, and thermal opportunities for 

district heating and industries. It has made the use of fossil fuels minimal especially for 

generations of energy. The integration of autonomous load management based on model 

predictive control in a smart grid system helps operationalize the solar, wind, hydropower and 

storage systems to minimize energy peaks and effectively administer energy distribution. 

3.6 Autonomous Load Management 

Autonomous Load Management is a control strategy that manages and reallocates energy loads 

to fit within the smart grid to meet the active supply and demand in real time. It controls itself 

with a call for algorithms and control systems at the system control center, allowing for proper 

optimization of grid stability and use. Load-shifting is the practice of moving energy usage 

patterns to achieve load balancing and make the best utilization of renewables to avoid severe 

load spikes. It is undertaken in a manner that ‘shiftable’ loads are grouped with important loads 

while other loads are grouped as ‘variable’ loads and are allowed to run during periods of low 

demand or high RE generation. Dynamic scheduling guarantees the management of energy 

utilization that will not impose a burden on the system and load flexibility is attained through 

the smart meters and IoT devices that interface the power devices. This approach makes it 

possible to optimize the use of renewable energy and diminish peak demand. Demand 

Response (DR) is a mechanism, which aims to make consumers shift from their normal 

electricity consumption pattern in order to avoid high demand period. In executing DR 

strategies, the proposed study employs an automated ALM system. These are direct load 

control, price incentive scheme, event-based, and user involvement. The centralized control 

system can power on or off connected devices from the main centre and variable electricity 

pricing to force consumers to use energy mostly during the off-peak hours. DR programs can 

be participated voluntarily by users with smart appliance thus flexibility and cost reduction. 

3.6.1 Model Predictive Control 

In the proposed study, Model Predictive Control is the central element in optimizing energy 

distribution and balancing supply and demand within the smart grid. MPC is a control strategy 

that involves predicting future system behavior based on a dynamic model, optimizing 

performance over a defined prediction horizon, and making real-time adjustments to system 

inputs. The implementation of MPC for autonomous load management with efficiency and 

stability in smart grids is provided when they are integrated with renewable energy sources 

and energy storage systems. 

Dynamic Grid Model: The MPC algorithm uses a dynamic model of the smart grid, which 

involves various sources of renewable energy sources (solar, wind, hydro) and energy storage 

systems (BESS and TESS). This model can predict how much energy is going to be generated, 

stored, and consumed during a given period, keeping in mind real-time data including grid 

load, power generation from renewable sources, battery status, and external factors such as 

fluctuating energy prices, weather conditions, etc. 
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Prediction Horizon: By defining a prediction horizon on the order of minutes to tens of hours, 

the MPC system will predict energy supply and demand. The grid state, such as what 

renewable power is being generated, and the level of charge from the battery and the associated 

load demand, are monitored at every time step. Based on these conditions, predictions are 

made of the eventual behavior of the system. 

Optimization Problem: Depending upon the dynamic grid model and horizon of prediction, 

MPC has formulated an optimization problem at the interval of control. For each control 

interval, the goal should be to minimize operational cost and ensure that all relevant constraints 

are satisfied. Common objectives include the following ones: 

➢ Maximize renewable resources usage. 

➢ Minimize Non-Renewable Resource Comsumption. 

➢ Avoid grid instability with fluctuations in frequency and voltages. 

➢ Schedule non-critical loads for nonpeak demand periods to avoid peaking and save on 

costs. 

Constraints: MPC will satisfy all the operational constraints within the optimization process. 

The operational constraints are: Energy Balance: The total energy demanded must be supplied 

by the available energy, including the renewable generation and stored energy. Battery Storage 

Constraints: Defining the minimum and maximum charge/discharge rates of the battery 

storage systems (BESS and TESS) to ensure that they operate within safe limits. Grid Stability: 

Maintaining voltage and frequency within acceptable limits to avoid grid instability or outages. 

Load Management: Rescheduling or shifting non-essential loads based on renewable energy 

availability and grid conditions. 

Real-Time Adjustment: Once the optimal control actions are computed (such as load shifting 

and energy storage management), the MPC algorithm updates the system's operations in real 

time. This includes instructing the grid to use energy from renewable sources, discharge 

energy from batteries during peak demand, or reschedule energy-intensive operations to 

periods when renewable generation is high. 

Feedback Loop: MPC is a feedback-based control strategy. After each optimization step, real-

time data is used to update the grid model, refining future predictions and control actions. This 

continuous feedback loop allows the MPC system to adapt to changing grid conditions and 

adjust strategies as needed. 

Algorithm for MPC System 

Input: 

Real-time energy demand (D) 

Renewable energy supply (S) 

Storage capacity (ES) 

Initialize: 

Set prediction time horizon (T) 
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Define cost function (energy cost + imbalance penalty) 

For each time step: 

Calculate total available energy: Available Energy = S + ES 

Forecast future demand 

Balance supply and demand: 

Reschedule non-critical loads to smooth demand 

Apply load shifting: 

Shift loads to reduce peak demand 

Manage storage: 

Charge/discharge storage as needed 

Check grid stability: 

Ensure voltage and frequency are within acceptable limits 

Update cost function: 

Minimize cost while maintaining balance and stability 

Implement control actions: 

Adjust energy distribution and load accordingly 

Monitor grid performance: 

Track voltage, frequency, and energy balance 

Repeat for each time step 

 

4. Results and Discussion 

The proposed smart grid with integration of renewable energy and autonomous load 

management with MPC have shown to save much on energy cost while optimally achieving 

the distribution of power. In fact, efficient shifting and utilization of batteries result in optimum 

consumption of power so that it does not increase peak loads. Instead, a 15% reduction of the 

peak load is noticed. In all the mentioned simulations, voltage stability remained in an 

acceptable range between 220-240V. The simulations using MATLAB/Simulink were the 

efficient tools in modeling power, energy, and volt dynamics in a smart grid system. 
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4.1 Experimental Outcome 

 

Figure 2: Energy Contribution from Renewable Resource 

Figure 2 presents the energy generation from renewable sources where figure one gives an 

average daily generation in megawatts. The first one includes the solar energy that has the 

highest share with the 47.1%, the second one the wind energy with the share 35.3 % and the 

third – the hydropower with the share 17.6 %. This bar chart shows that renewable energy is 

expected to play a meaningful role in satisfying energy needs, with solar energy taking the 

lead. 

Table 1. Load Balancing Effectiveness 

Time Period Original Load Demand (MW) 
Balanced Load Demand 
(MW) 

Reduction (%) 

Peak Hours 1200 800 33.3% 

Off-Peak Hours 600 1000 -66.7% 

The table 1 shows the amount of energy demand redistributed through load management. 

During peak hours, the original demand of 1200 MW is reduced to 800 MW, thus reducing by 

33.3%. During off-peak hours, demand increases from 600 MW to 1000 MW, thus rising by 

66.7%, balancing the load, thus preventing stress on the grid. 



243 S Dhanapal et al. Enhancing Smart Grid Resilience through....                                            
 

Nanotechnology Perceptions Vol. 16 No.2 (2020) 

 

Figure 3: Load Balancing Effectiveness 

Figure 3 illustrate the concept behind load balancing by comparing between the actual load 

demands during peak and off-peak hours. These optimizations result in lower overall energy 

usage and emission of green house gases, decreased electric costs, increased stable and reliable 

power quality, and increased overall energy quality. As a result, load balancing is a critical 

component of help to build a stronger and efficient power system. 

 

Figure 4: Grid Frequency Stability 

Figure 4 demonstrate stability of grid frequency before synchronization and after 

synchronization where significant improvements are noted. Frequency deviation is made to 

decrease from 0.75Hz down to 0.04Hz after synchronization and variations are higher during 

the load profile peak than during the off- peak load. Synchronization increases stability of the 
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grid through balancing of supply and demand, and other issues to instability.  

 

Figure 5: Voltage Regulation Performance of Grid 

Figure 5 shows enhanced voltage regulation with implementation by bringing down average 

deviation from 7% to 2% and the maximum deviation from 12% to 4%. This leads to high 

power quality, reduction in equipment breakdowns, high energy utilization and high reliability 

of the power distribution network. In balance, it highlights the benefits which would be created 

from enhanced voltage regulation to the power grid and the consumers. 

 

Figure 6: Storage System Performance 

Figure 6 depicting the Battery Energy Storage Systems and the Thermal Energy Storage 

Systems’ position concerning efficiency, the retention time, and the architectural stability of 

the grid. BESS has a higher charge-discharge efficiency of 90% and more significant 
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participation in the stability of the grid (60%) when compared to TESS, with a maximum 

duration of storage provided being 48 hours. Coordination charts illustrating the synergies of 

both systems help to show that combined, they can form a powerful arsenal to create highly 

efficient and reliable energy solutions for selected applications. 

 

Figure 7: Comparison of Numeric Metrics 

The existing and proposed methods’ performances are illustrated in the Figure 7. While the 

Proposed Method appears to be more efficient in the energy storage (85% against 75%), load 

management (33.3% against 22.5%), and reduction of peak demand (33.3% against 22.5%). It 

also appreciably enhances voltage regulation (delta of 8% as opposed to delta of 2%) and 

frequency control. In general, results of the Proposed Method are as follows: The proposed 

method has the advantages of higher energy efficiency, better stability of UV grid, and lower 

cost for energy storage and UV grid management. 

 

Figure 8: Storage Efficiency and Cycles 
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Figure 8 BESS and TESS are contrasted in terms of energy capacity and discharge and their 

efficiency. The BESS contains a higher energy capacity (500 kWh) as compared to the TESS 

energy capacity of 300 kWh The BESS also contains a higher storage discharge of 450 kWh 

than TESS 255 kWh. The efficiency of the BESS is relatively higher (85%) compared to TESS 

at 55%. BESS is best suited for applications requiring high efficiency with very short response 

time while TESS is best suited for long duration energy storage and potentially lower cost 

demonstrating how these two types of energy storage systems can cooperate in energy systems 

effectively. 

 

Figure 9: Autonomous Load Management 

Figure 9 shows the comparison between Existing Rule-Based Systems [25] and the Proposed 

Method for load management factors: The Proposed Method has a better load shifting 

efficiency of 95%, peak load of 99% and energy saving of 53% besides its immediate response, 

probably within 25 milliseconds as against 300msec for the Traditional Method. These 

improvements illuminate the factor it has in prospect to become more effective, reliable and 

responsive ASLMs. 

 

Figure 10: Modern Predictive Control based Autonomous Load Management 
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Figure 10 shows variable loads against controlled output power using MPC through the use of 

magenta and purple bars respectively. The MPC system also provides a fine balance of output 

power even where the load is fluctuating, thus demonstrating its usefulness in independent 

load control. This points to the robustness of the system hence great steadiness and efficiency 

on the system. 

 

Figure 11: Electricity Load Profile with Renewable Contribution 

Figure 11 demonstrates the Electricity Load Profile together with Renewable Contributions 

within a single calendar day. Other renewable energy sources represented in the graph are solar 

(yellow), wind (green), hydraulic power (dark green) with Battery Storage (BESS) and 

Thermal Storage (TESS) additions. The blue coloration is the original load demand, the black 

and purple dashed lines correspond to the load after load management activities have been 

implemented. Over 3 PM, the solar energy generation is highest when energy demand is 

usually high, and is stable whilst wind and hydropower supplies are relatively steady. Battery 

and thermal storage ensure that load demand during peak hours is met and thus improve the 

stability of a grid. This graph shows a successful blending of renewable energy and storage 

technologies to supply energy at different times of the day and to manage shifts in load 

patterns. 

Table 2. Overall System Efficiency Comparison 

Metric Existing Method (Rule-
Based Load Management 

Systems) 

Proposed Method 
(Autonomous Real-Time 

Control with MPC) 

Performance Gain 

Overall System Efficiency 

(%) 
75% 88% +13% 

Energy Conversion 

Efficiency (%) 
70% 85% +15% 

Load Management 

Efficiency (%) 
80% 90% +10% 

Table 2 shows the proposed approach to real-time load management and energy distribution 

adjustment in replacement of traditional rule-based systems. The proposed method relies on 
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MPC for dynamic responses to the conditions of the grid, hence showing a greater adaptability 

and efficiency level. The overall system efficiency increases by +13%, the energy conversion 

efficiency by +15%, and the load management efficiency by +10% in comparison with 

traditional rule-based systems. 

Table 3. Autonomous Load Management Performance Metrics 

Metric Existing Method (Rule-

Based Systems) 

Proposed Method 

(Autonomous with MPC) 

Performance Gain 

Load Shifting Efficiency (%) 80% 92% +12% 

Peak Load Reduction (%) 20% 35% +15% 

Critical Load Supply 

Continuity (%) 
95% 99% +4% 

Non-Critical Load 

Rescheduling Accuracy (%) 
85% 93% +8% 

Response Time (ms) 500 ms 200 ms 60% Faster 

Energy Savings During Peak 

Hours (%) 
18% 25% +7% 

The proposed system enhances load shifting efficiency by 12% through real-time decision-

making using MPC is presented in table 3. It reduces the peak load by 35%, which helps 

optimize the grid stability. It provides 99% uptime for critical loads such as hospitals and 

emergency systems and achieves 93% accuracy for non-critical loads. The autonomous control 

reduces the time to take decisions to 200 ms, whereas it is 500 ms in the traditional system. 

The system saves 25% in energy during peak hours, with evidence of curbing the gap between 

supply and demand. 

4.2 Discussion 

The proposed work gives significant improvements in the minimization of energy cost for 

smart grids through the development of an MPC -based approach for dealing with the 

management of distributed sources of renewable energy and load-distribution balancing. The 

advantages of MPC include dynamic time real-time energy management with consideration 

toward renewable energy availability, real-time pricing, and load demands under dynamic 

change. In a broader aspect, the incorporation of BESS and TESS forms the key intervention 

to help mitigate supply-demand imbalances and enhance stability in the grid. From the results 

of the simulations, the system is efficient at cost-minimizing energy without losing on 

reliability and increasing the non-renewable-based reliance. There are also the limits to this 

study. In real-world applications, when the problem size is very large, that is, when managing 

large-scale smart grids with extensive RERs, the scalability of the proposed method can be 

impacted. Moreover, even though energy storage systems are involved in balancing the 

demand, the limitations in the charge/discharge cycles and also high investment costs may 

eventually impact the overall effect that can be made on system reliability and security with 

large deployments. Beyond the limitations set above, the approach has significant promise for 

integrating RERs and storage systems into smart grid environments. 
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5. Conclusion and Future Scope 

The new method to improve the resiliency of smart grids, based on integrating a multi-source 

DRES together with autonomous load-shifting, real-time demand management, and HESS, 

has been discussed. This proposed method by applying MPC provides an innovative approach 

for optimizing energy distribution and reducing energy costs for grid stability improvement. 

There are also integral aspects of solar, wind, and small hydro wind generation systems 

incorporating battery and thermal energy. Simulations suggest considerable cuts (by up to 

20%) in the costs of energy obtained by using this hybrid arrangement over traditional systems 

with acceptable voltage stability values kept below 95% nominal conditions. However, the 

scalability of the proposed method is still a limitation, especially in large-scale, real-world 

applications. The computational complexity and the need for more advanced optimization 

algorithms to handle increased system size pose challenges for its widespread deployment. 

Moreover, the integration of diverse energy storage systems in dynamic grid environments 

needs further investigation to improve system reliability and efficiency. The possible avenues 

for future work would focus on finding solutions more scalable in addressing the bigger 

problems of larger grid systems. Improving the MPC algorithm to respond accordingly to 

actual dynamic conditions in grids, enhanced prediction techniques of generation from 

renewables, and study on hybrid optimization will further lead towards better performance on 

the presented model. Above all, the system shall be designed with robust security measures so 

that the attack of cybersecurity and operational malfunction can be avoided during 

deployments of a smarter grid in future. 
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