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Abstract— The integration of renewable energy (RE) into 

the country's power infrastructure has become a top 

priority as India moves closer to its grand aim of 

reaching 500 GW of non-fossil fuel capacity by 2030 and 

net-zero carbon emissions by 2070. In 2025, the nation's 

installed power capacity will surpass 440 GW, of which 

190 to 195 GW will come from renewable sources. This 

will put the traditional power grid under unprecedented 

operational strain. Significant technical difficulties, such 

as voltage fluctuations, harmonic distortions, and the 

requirement for reactive power compensation, are 

brought about by the intrinsic variability, inconsistency, 

and fast-ramping nature of solar and wind power. In the 

context of India, this paper provides a thorough analysis 

of the shift from traditional unidirectional networks to 

sophisticated smart grids. 

This study assesses the effectiveness of Advanced 

Metering Infrastructure (AMI), Outage Management 

Systems (OMS), and real-time distribution transformer 

monitoring in reducing high Aggregate Technical and 

Commercial (AT&C) losses and facilitating demand-side 

management by examining actual deployments, most 

notably the Pondicherry Smart Grid Pilot Project. The 

review also discusses the technical and socioeconomic 

implementation barriers, including high capital costs, 

insufficient infrastructure, and growing cyber security 

vulnerabilities. The vital role of reliable Energy Storage 

Systems (ESS), especially the national Battery Energy 

Storage System (BESS) scheme and pumped hydro 

storage, is examined in order to combat the 

unpredictability of RE generation. In order to achieve a 

safe, flexible, and self healing smart grid ecosystem in 

India, this paper concludes that the collaborative 

application of artificial intelligence (AI) for load 

forecasting, scalable digital infrastructure, and proactive 

regulatory policies is essential. 

 

I. INTRODUCTION 

 

The Evolving Power Landscape in India Five regional 

grids that share a single frequency make up the vast, 

synchronized network. It is one of the world's most 

complicated power networks, managed by the 

National Load Dispatch Centre (NLDC) in 

collaboration with State and Regional Load Dispatch 

Centers. India has become the world's fourth-largest 

energy consumer thanks to steady economic growth 

and fast urbanization. The country's peak electricity 

demand successfully surpassed the 250 GW thresholds 

in 2024 in order to meet this increasing demand. As a 

result, the installed power capacity has increased 

dramatically and will surpass 440 GW by 2025.  

 
 

But India's traditional electrical grid architecture has 

serious system problems that make it less efficient.  

generation model with power flow in only one 

direction. It depends a lot on electromechanical 

infrastructure that doesn't have much internal control 

or communication. Because of this old architecture, it 

takes longer to fix problems, there are no automatic 

self-healing systems, and the power quality is very 

poor, with voltage sags and swells. High Aggregate 

Technical and Commercial (AT&C) losses, which 

averaged 27% for utilities selling directly to 

consumers in 2011–2012, are also putting a pressure 

on the distribution sector's finances. 

1.1 The Shift Toward Renewable Energy 

India has aggressively switched to non-conventional 

energy sources in order to keep the economy growing 
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while protecting the environment. The Indian 

government has set a huge goal of getting 500 GW of 

non-fossil fuel capacity by 2030 and has also promised 

to reach Net Zero emissions by 2070. India is a 

"sunshine country" with a lot of different types of 

geography. It has estimated 900 GW of renewable 

energy potential, which includes 750 GW of solar 

energy potential and 102 GW of wind energy 

potential. By 2025, renewable energy (RE) accounts 

for a massive 42% to 44% of India's total installed 

capacity, contributing approximately 190 to 195 GW 

to the grid. India is now one of the best places in the 

world to buy renewable energy because solar capacity 

has grown to about 90 GW and wind capacity 

hasgrown to more than 45 GW. 

 

 
 

1.2 The Necessity of Smart Grid Integration 

The aggressive integration of Renewable Energy 

Resources (RERs) is fundamentally changing how the 

electric power system works, is maintained, and is 

planned. Renewable sources are very unpredictable 

and inconsistent, unlike fossil-fuel generation that can 

be turned on and off at will. Bringing these variable 

renewable energy (VRE) sources together at high 

levels of penetration creates serious problems for grid 

stability. The old grid doesn't have the real-time, 

continuous monitoring system that these resources 

need to stay balanced as they can ramp up quickly. The 

transition to a "Smart Grid" is necessary to close this 

gap. A smart grid uses digital technology to allow two-

way distribution, which means that power can be sent 

back into the system through things like rooftop solar 

panels. It uses advanced sensing, smart metering, and 

automated control systems to make the grid easier to 

see and help it heal itself. The smart grid is the most 

important piece of technology that will help India 

reach its goals for renewable energy by managing peak 

loads and adding energy storage.  

1.3 The Policy Framework and Climate Commitments  

India's shift isn't just about meeting its own energy 

needs; it's also deeply tied to its commitments to fight 

climate change around the world. At the COP26 

summit in Glasgow, the Indian government promised 

to cut its estimated carbon emissions by one billion ton 

between 2021 and 2030, lowering the carbon intensity 

of its economy to less than 45% by 2030, and 

eventually reaching zero carbon emissions by 2070. 

To reach these ambitious goals, the country needs to 

make a big change from its past reliance on coal, which 

has been a major source of electricity generation in 

recent years. In order for reaching these climate goals, 

the plan depends a lot on the successful large-scale 

integration of the 190 to 195 GW of renewable 

capacity mentioned above.

 
 

1.4 The Socio-Economic Impact of Inefficiencies 

The need for a modernized grid is also an economic 

necessity. The Indian power system's traditional 

distribution sector is always ineffective, which makes 

it very hard for the economy to grow. The high 

Aggregate Technical and Commercial (AT&C) losses 

are directly responsible for the poor financial 

condition of distribution utilities all over the country. 

Because of these financial problems, utilities can't 

invest in upgrading their infrastructure, which leads to 

a cycle of poor supply quality and lost revenue. The 

traditional grid also doesn't do a good job of 

supporting the government's main goal of "Access, 

Availability, and Affordability of Quality Power for 

All." 

 

1.5 Defining the Smart Grid Vision for India 

 The Ministry of Power has set up a clear "Smart Grid 

Vision for India" to fully meet both the environmental 

goals and the socio-economic problems. The goal of 

this vision is to turn the Indian power sector into a safe, 
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flexible, long-lasting, and digitally enabled system. 

The smart grid encourages decentralized generation by 

moving away from centralized, one-way power flow. 

This makes it possible to deliver energy door-to-door 

quickly. It makes sure that if a customer makes more 

energy than they need, like with solar panels on their 

roof, the extra energy can be easily added back to the 

national system. The core of India's next-generation 

electrical infrastructure is this two-way flow of both 

information and power. 

 
 

II. LITERATURE REVIEW 

 

2.1 Search Strategy  

We performed a comprehensive search across various 

academic papers from Semantic Scholar and Open 

Alex databases. The search strategy employed hybrid 

meaning and keyword-based recovery to maximize 

coverage. Search queries included: "smart-grid 

renewable-energy-integration India solar-wind 

policies case studies "India renewable-integration 

smart-grid challenges policies PM-KUSUM grid 

code" "India case-study smart-grid solar-wind-hybrid 

micro grid renewable penetration" "India RE-policy 

smart-grid-standard CEA regulation grid-connectivity 

forecasting" "India renewable-capacity 2024-2026 

smart-grid-infrastructure EV-integration storage" 

"renewable-integration-barriers India smart-grid 

solutions flexibility demand response" "India state-

smart-grid Tamil-Nadu Gujarat Karnataka Kerala 

renewable-pilot 

 

 
 

2.2 Study Selection  

The first search of the database found several records. 

After removing duplicates and filtering based on 

needs, 82 records were checked against eligibility 

criteria. We left out some of these papers. Eligibility 

criteria included: India Focus: Does the paper 

specifically address renewable energy integration or 

smart grids in the context of India (e.g., Indian states, 

policies, projects)? Smart Grid RE Integration: Does 

the paper discuss smart grid technologies or 

infrastructure for integrating renewable (solar, wind, 

etc.) into the grid? Policies Regulations: Does the 

paper mention Indian government policies, standards, 

and regulations for RE-smart grid (e.g., CEA, 

NAPCC, PM-KUSUM)? Case Studies Projects: Does 

the paper include necessary data, pilots, or case studies 

from India? Recent Data: Does the paper cover data 

post-2018 or projections to 2025 relevant to India? 

 

 
Quantitative Outcomes: Do the paper reports 

measurable outcomes like RE penetration %, grid 



© March 2026 | IJIRT | Volume 12 Issue 10 | ISSN: 2349-6002 

IJIRT 194233 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 2987 

stability metrics, or data cost? Technical Solutions: 

Does the paper propose or evaluate specific 

technologies for RE integration in Indian context (e.g., 

forecasting, storage)? Note on Included Studies: 

Several studies were included despite not fully 

meeting the criteria, such as having fewer quantified 

results, e.g., no % of RE penetration or costs reported 

as well as having pre-2018 data with projections e.g., 

175 GW projected to 2022, as they are the only direct 

source of information on India-specific smart grid 

pilots, regional case studies, and policy contexts, 

which are all important to the research question.  

 

2.3 Data Extraction and Synthesis 

India Policy Context: Extract specific Indian policies, 

schemes, regulations for RE-smart grid integration 

(e.g., PM- KUSUM, CEA grid code, NAPCC, state 

policies). Include dates and key provisions. Case 

Studies/Projects: Detail India-specific projects, pilots, 

locations (Gujarat, Tamil Nadu), scale (MW), 

technologies, timelines, outcomes. Technical 

Challenges: Key barriers identified for RE integration 

in Indian grids (e.g., inconstancy, grid stability, duck 

curve, forecasting accuracy). Integration Strategies: 

Proposed solutions/technologies (e.g., energy storage, 

Al forecasting, microgrids, demand response, VPPs) 

adjusted to Indian context. Capacity Projections: 

India's RE capacity achievements, targets to 2026-

2030, smart grid role in enabling higher penetration. 

Outcomes Metrics: numerical results (e.g., RE 

penetration %, reliability improvements, cost 

reductions, loss minimization from projects/studies). 

Ideological analysis was employed to identify patterns 

and integrate findings across studies. Evidence 

strength was assessed based on consistency of findings 

and number of supporting studies. 

 

 

III. RESULTS 

 

The studies cover the period from 2010 to 2024 and 

contain mostly reviews, case studies, and operational 

analyses with a focus on national and regional (e.g., 

Western Region, Tamil Nadu, and West Bengal) 

scenarios, with particular focus on the integration of 

Solar, Wind, and Hybrid RE through smart grids with 

minimal quantitative metrics.  

 

3.1 Ideological Findings 

3.1.1 Policy Frameworks Driving Smart Grid-RE 

Integration 

 India's policy scenario comprises the "India Smart 

Grid Task Force" recommends leading to 14 

shortlisted Smart Grid pilot projects in distribution 

sectors, as per the "Smart Grid Vision and Roadmap" 

for phased scaling, provided by the "National Smart 

Grid Mission" (NSGM) and INR 2 Lakh Crores 

budgeted for the 13th Five Year Plan through R-

APDRP (Datta et al., 2014). RE targets of 175 GW by 

2022 for the country as a whole, with the Western 

Region's allocation at 54 GW, reflect policy induced 

pressure factors, helped by "Green Energy Corridors" 

and "REMCs," although there exist issues of 

disconnections between central policies and regional 

requirements.  

 

3.1.2 Case Studies and Pilot Projects 

The pilots comprise the following projects: 

 14 national distribution projects on AMI, OMS, 

PLMS, and RE integration (US $10 million each with 

50% government grants and targeted delivery in 

2014); Pondicherry Smart Grid Pilot with AMI-

enabled smart meters to manage residential load, 

variable pricing, and micro-generation; Moushuni 

Island hybrid solar, wind, biomass using Intelligent 

Controller System and SOA; Proposed 25 MW Solar 

with existing infrastructure in operational 75 MW 

Wind Farm (Coimbatore, Tamil Nadu); Western 

Regional Grid operational management with 91% 

VRE through SLDCs and REMCs 
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3.1.3 Technical Challenges in RE Integration 

Some of the recurring challenges are daily variation 

and ramping requirements for high solar PV/Wind 

Penetration up to 175 GW; uneven distribution of RE 

resources affecting unification of the National Grid; 

VRE inconsistency and need for balancing with 

conventional energy; AT&C losses, outages, and 

access for 400 million; Grid management of two 

variables - VRE Generation and Demand with 12% 

VRE growth.  

 

3.1.4 Integration Strategies and Technologies 

Strategies include AMI/OMS/PLMS in pilots, 

REMCs/SLDCs monitoring 91% VRE, Green Energy 

Corridors, micro/standalone grids for remote access, 

hybrid PV/wind/DG or solar/wind/biomass with 

intelligent controllers/SOA/ESCOS, IOT for solar 

harnessing, flexible coal peakers, natural gas, new 

technologies, ICT for safety/design, co-located 

hybrids with infrastructure sharing, etc. 

 

3.1.5 Capacity Projections and Achievements 

Reported milestones: >21,000 MW installed (2012) 

vs. 189,000 MW potential; 29,500 MW RE (March 

2014, 25% annual growth); 12.11% total RE increase 

(Western Region 2019-20); 12% VRE growth 

(Western Region Dec 2020); 175 GW national/54 GW 

Western Region targets by 2022; 35-40% RE share 

(incl. hydro) by 2029-30. 

 

3.1.6 Outcomes and Metrics 

 Studies provide quantitative results like RE 

penetration percentages, reliability, reduction in cost 

of energy, or loss minimization; pilots provide 

technology guides, business cases, policy 

recommendations with qualitative results in stability, 

access. For the institute, HOMER Pro simulation 

results in COE of Rs. 1.52 and 49% RE penetration for 

PV/Grid. 

 

3.2 Summary of Evidence 

 

 

IV. RESEARCH GAPS 

 

Expanding upon the ideological findings presented in 

Section 3, this analysis identifies key areas of research 

gaps in smart grid-enabled smart renewable energy 

integration in India, with references to the several 
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studies incorporated in this analysis. These gaps are 

presented in six subdivision, including quantitative 

data such as ramp rates, loss percentages, and 

renewable energy targets, state-specific examples in 

Gujarat, Tamil Nadu, Bihar, policy-specific examples 

such as PM-KUSUM scheme gaps, CEA codes, and 

research questions or hypotheses, outlining the areas 

where research is required to be conducted in order to 

achieve the 2026 targets, including post-2022 

realizations of the 175 GW target, 54 GW in Western 

Region, and 35-40% RE share by 2029-30 in India. 

 

 

 

 
 

4.1 Grid Stability and Ramping Challenges 

India’s grids have severe stability issues due to the 

variable renewable energy sources that cause problems 

due to the inconsistency of these sources, with daily 

ramps requiring up to 12% variable renewable energy 

capacity growth compensation in the Western Region 

(December 2020 vs. 2019) and 12.11% total RE 

growth (2019- 20). The studies have quantified the 

ramping requirements for scenarios such as the 175 

GW/2022 scenarios, but there is no data on the metrics 

after implementation due to the qualitative approach to 

solving the variability issues in the Pondicherry 

region’s AMI pilot due to the lack of frequency 

deviation data below 0.5 Hz thresholds per CEA 

codes. In the state of Gujarat, the uneven distribution 

of wind and solar is putting pressure on the 25% 

annual RE growth issues (29,500 MW by March 

2014). Policy Critique: The CEA’s grid codes require 

ramp rates to be satisfied, such as the requirement: 

RQ1: How do the REMCs address the frequency 

deviation problems (i.e., > 0.2 Hz) arising from the 

ramps in the RE-rich states? H1: Smart grid ICT 

systems can minimize the ramp losses by 15-20% 

compared to traditional systems, as validated through 

the SLDC data in the Western Region. 

 

4.2 Rural and Remote Integration 

Remote areas such as islands and forest habitations 

face an access gap with high AT&C losses (>20% in 

Bihar-type states), with mini-grid technologies such as 

the hybrid solar-wind-biomass solution in Moushuni 

Island being independent solutions without flexible 

data. Bihar has low RE penetration, i.e., 40% in Bihar?  

 

4.3 EV-Synergies and Demand Response 

No studies measure EV RE synergies, despite the 175 

GW targets indicating the duck curve will be enhanced 

(i.e., evening ramps > 10 GW/hour nationally). PM-

KUSUM and NSGM pilots (14 projects, US$10M 

each) allow variable tariffs through AMI but do not 

address EV peaks in Tamil Nadu/Gujarat. CEA codes 

do not address DR for EV fleets, which could result in 

5-10% extra losses. RQ3: Can AMI DR shift EV 

demand to match 25 MW Coimbatore solar 

generation? 

 

4.4 Cyber security and ICT Vulnerabilities 

Smart grid ICTs like IOT for solar power, REMCs 

monitoring 91% VREs, poses risk not assessed in 

pilots, without vulnerability studies despite Carnegie 

Mellon University's SGMM maturity models 

developed in these research papers. Research 

Questions/Hypotheses: RQ4: What is the block chain-

based IoT stack used for REMC data flow security?  

4.5 Data and Forecasting Deficiencies 

 Forecasting gaps persist, with no RMSE metrics for 

VRE (e.g., 12% growth) despite ETAP/PVsyst in 

Coimbatore. Bihar lacks state data vs. Western 

Region's 91% monitoring. Research 

Questions/Hypotheses: RQ6: What ML models 

achieve 
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V. TOOLS AND TECHNIQUES: PLATFORMS, 

SOFTWARE, AND MATHEMATICAL MODELS 

 

 For the management of variable renewable energy 

sources, there is a need of having advanced 

infrastructure that includes hardware, software, and 

computational models. The Indian electricity industry 

has its own unique set of tools that it is utilize to 

improve the reliability of the electricity grid, as well as 

the quality and distribution of the electricity. 

5.1 Software Platforms and Management Systems 

SCADA and DMS (Supervisory Control and Data 

Acquisition / Distribution Management System): 

SCADA/DMS systems form the core of these 

industrial control systems used for evaluating, 

identifying, and remotely controlling large-scale 

power operations in real-time. These systems play a 

vital role in managing unpredictable power flows from 

decentralized renewable resources. OMS (Outage 

Management System): OMS is a software tool used for 

monitoring and managing outages in a facility’s 

network by utilizing Distribution Transformer 

Monitoring Units (DTMU) and Fault Passage 

Indicators (FPI). OMS is used for quickly identifying 

outages in a utility’s network, analyzing them, and 

isolating them. MDMS (Meter Data Management 

System): The MDMS platform is used as a central 

aggregator for AMI systems. The platform processes 

massive amounts of consumption data, supports 

remote readings from meters, and directly interfaces 

with utility billing cycles and consumer information 

systems. GIS (Geographic Information Systems): 

Geographic Information System integration has 

critical requirement for a smart grid infrastructure 

because physical location plays a vital role in fault 

identification and efficient dispatching of maintenance 

services. 

5.2 specific engineering   hardware 

To physically address the issue of harmonic distortion 

and reactive power demand arising from renewable 

energy sources, special hardware tools are employed 

at the substation and transformer levels: PMUs 

(Phasor Measurement Units): PMUs are an integral 

part of the WAMPAC (Wide Area Monitoring, 

Protection, and Control) system. They are required for 

the real-time measurement of the dynamic states of the 

grid voltage and phase angles in order to prevent 

blackout situations. Active Filters and APFCs: As 

discussed in the context of the Pondicherry pilot 

project, utilities are employing 140 KVAR Automatic 

Power Factor Correctors (APFC) in stepped 

configurations and IGBT-based 150 kVAR active 

filters. The hardware tools are strictly limited to the 

task of harmonic suppression and smooth voltage 

control. Intelligent Electronic Devices (IEDs): They 

are employed for automated fault detection and 

protection relay purposes. 

 

 
 

5.3 Mathematical Models and AI Algorithms 

The shift from reactive to predictive grid management 

is enabled by mathematical optimization and Artificial 

Intelligence (AI). AI and Machine Learning (ML): AI 

is used to predict the demand for electricity, distribute 

the load optimally, and detect faults before they 

become serious issues in the grid. Machine learning is 

used to deal with the unpredictability of solar and wind 

energy by learning from historical patterns in weather 

and consumer demand. Harmonic Minimization 

Models: To mitigate the effects of voltage fluctuations 

due to non-linear loads, complex loop control 

algorithms are mathematically developed to ensure 

that total harmonic distortion is well within allowable 

limits. Optimization and Power Flow Algorithms: 

Mathematical models are extensively used to ensure 
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balance in the grid between demand and supply. For 

instance, in reactive power optimization, losses must 

be minimized while ensuring voltage stability. One 

form of the optimization problem in the optimal power 

flow problem in a smart grid is to find the optimal 

values for the variables in the following optimization 

problem, where the goal is to minimize the total cost 

of generation, subject to constraints ensuring that the 

total generated power is balanced. 

 

 

 

5.4 Distributed Energy Resource Management 

Systems (DERMS)  

However, with the change in the grid from centralized 

to decentralized generation, standard Distribution 

Management Systems (DMS) alone is not sufficient. 

DERMS is a dedicated software package that is 

required to manage, dispatch, and optimize Distributed 

Energy Resources (DERs) such as rooftop PV, local 

wind energy, and residential battery storage. This is 

achieved by the DERMS, which aggregates these 

thousands of small-scale generation sources into a 

virtual power plant (VPP) and dispatches the 

decentralized energy sources seamlessly to regulate 

local voltage and frequency fluctuations. 

 

5.5 Smart Home Energy Management Systems 

(HEMS) and Demand Response Tools 

To engage consumers in the grid stabilization task, 

Home Energy Management Systems (HEMS) are 

implemented at the residential level. HEMS use smart 

home devices connected through IoT technology to 

optimize home energy consumption. If HEMS are 

integrated with utility companies’ Demand Response 

(DR) programs, they can be set up to curtail non-

essential home devices (such as air conditioning and 

water heating) during peak demand hours or when 

there is a lack of renewable energy generation. This 

makes the consumer an active participant in the grid 

management task. 

 

 

5.6 Advanced Communication Hardware and 

Protocols  

The physical layer of data transmission requires highly 

specific tools of communication, depending on 

topography. Narrowband IoT (NB-IoT) and RF Mesh: 

For situations where cellular networks are not 

available, NB IoT and Radio Frequency Mesh 

networks, which operate at 2.4 GHz or 865 MHz, are 

used to provide network connections for smart meters. 

Broadband and Narrowband PLCC (Power Line 

Carrier Communication): The use of existing electrical 

cables for data transmission represents a cost-effective 

tool of communication for smart meters, without the 

need to install new cables. 

 

5.7 Simulation, R&D Platforms, and Digital Twins 

R&D Prototyping Platforms: Institutions like IIT 

Kanpur have developed comprehensive Smart City 

prototypes to physically test substation automation and 

grid-connected solar PV before wider deployment. 

The Smart Grid Knowledge Center (SGKC) in 

Manesar serves a similar function, providing a 

laboratory platform for testing EV charging, micro-

grid controllers, and cyber security protocols. 

 

 

 

Predictive Analytical Modeling: Using historical data, 

software models simulate exact impact of cloud cover 

on solar arrays or sudden wind drops on turbine output. 
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Advanced probability mathematics and unpredictable 

optimization are utilized to calculate the exact amount 

of spinning reserve required at any given millisecond 

to prevent grid collapse. 

 
VI. EMERGING AND HIGHLY TECHNICAL 

CASE STUDIES IN INDIAN GRID 

MODERNIZATION 

 

Although large-scale utility projects are the most 

discussed in the context of India’s renewable energy 

shift, the technical viability of the smart grid is actually 

demonstrated in very particular, localized 

implementations.  

6.1 Advanced Metering and Theft Mitigation: 

AVVNL Pilot Project, Ajmer, Rajasthan  

Although many studies are focused purely on the 

generation side, the financial viability of the smart grid 

is also dependent upon minimizing distribution losses. 

The Ajmer Vitruvian Nigam Limited smart grid pilot, 

completed in Rajasthan, is a very successful, albeit 

relatively unheard of, smart grid pilot focused entirely 

on Advanced Metering Infrastructure and energy audit 

systems: * Technical Implementation: The pilot 

implemented 1,000 consumers using a unique “Pay-

for-Service” model, in which the AMI infrastructure is 

treated as a service, rather than a massive capital 

expense. It also implemented self-healing radio 

frequency communication meshes, enabling the 

transmission of data to a central meter data 

management system. Operational Outcomes: The 

localized grid automation facilitated the condition-

based asset management of the equipment through the 

monitoring of power quality and load parameters. This 

minimized the failure rate of smart meters by 50%. 

However, the failure rate of the distribution 

transformers was reduced by a significant 30%. * 

Financial and Grid Impact: The automation of the 

generation of tamper alerts and the remote 

disconnection facility minimized electricity theft to a 

great extent. As a result, the Aggregate Technical and 

Commercial (AT&C) losses on the chosen feeder 

reduced dramatically from 20% to 13.5%. The pilot 

has clearly indicated that the payback period is as low 

as 5 to 6 years, proving the economic viability of the 

smart grid infrastructure for the debt ridden 

DISCOMs. 

 

6.2 Urban Rooftop Micro grids and BESS Dispatch 

BYPL Pilot, New Delhi The challenge posed by the 

integration of solar energy in the urban environment is 

vastly different from the rural micro grids. BSES 

Yamuna Power Limited (BYPL) has piloted some 

advanced urban micro grids in New Delhi to evaluate 

the dispatch ability of the Rooftop Solar (RTS) and 

Battery Energy Storage Systems (BESS) to support the 

main grid during peak demand. * Technical Setup: The 

pilot has employed the distributed 7 kWp capacity 

Rooftop Solar PV systems directly coupled with the 10 

kWh / 5 kW capacity Lithium-ion Battery Banks 

located behind the consumer’s meter. * Dispatch 

Optimization Strategy: The dispatch optimization 

strategy is based on the optimization of the 

charge/discharge cycles of the BESS with the 

objective of maximizing the dispatch ability of the 

micro grid during the DISCOM’s peak hours rather 

than the traditional method of storing the excess 

generated electricity and dispatching it during the 

night. * Grid Resiliency Outcomes: The study has 

indicated that the preferential scheduling of the micro 

grid has enhanced the usage of the generated 

electricity from the RTS, achieving as much as 80% 

self-consumption by the user. Most importantly, it 

demonstrated that, provided the regulatory framework 

permits intelligent "behind the meter" dispatch, 

DISCOMs can tap this dispersed urban battery storage 

to reduce peak load, lower the cost of procuring power, 

and solve urban transmission issues.  

 

6.3 Inverter-Based Self-Healing and Volt-VAR 

Control: 

Kerala State Power Grid One of the most technically 

sophisticated, yet least discussed, case studies is the 

use of renewable energy inverters not only for active 

power injection but also for solving critical grid 
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stability issues in the face of voltage collapse in the 

Kerala transmission grid. * The Grid Challenge: The 

Kerala grid is often confronted with issues of voltage 

instability, a sin for any complex grid, potentially 

causing total blackout in a region. * Technical 

Intervention: Leveraging real-time data collected from 

Phasor Measurement Units (PMUs) and SCADA 

systems in all 400kV and 220kV nodes in the Kerala 

grid, engineers designed a self-healing system by 

using automated islanding and generator coherency 

identification. * The Role of Smart Inverters: The 

research exploited the Volt-VAR capabilities of the 

grid-connected solar PV inverters. Unlike the 

conventional inverters that simply disconnect the PV 

system from the grid in the event of a fault, the smart 

inverters were able to inject dynamic VAR into the 

grid using the centralized control method. * 

Conclusion of the Implementation: The simulation of 

the real-time contingency conditions has successfully 

demonstrated that the solar inverters can be used to 

suppress the voltage violations and ensure that the 

power factor is maintained within the desired limits. 

This is the complete paradigm shift because the 

renewable energy sources, which were the main cause 

of the instabilities in the grid, now become the main 

solution to the instabilities in the grid. These three case 

studies give your paper a fantastic technical variety. 

You cover the commercial distribution side 

(AVVNL), the urban storage side (BYPL), and the 

hardcore electrical transmission side (Kerala). How do 

these fit into your vision for the paper? We can move 

to the Conclusion next, or if you need to add specific 

Mathematical Equations for that Volt-VAR or BESS 

section, just let me know!  

 

VII. FORMULATIONS FOR GRID 

STABILIZATION 

 

The smart grid uses strict mathematical optimization 

that moves from theoretical ideas to real-world use. 

The two most important computational models needed 

for high levels of renewable energy integration in the 

Indian grid are managing the battery's state of charge 

(SoC) and optimizing the voltVAR (VVO). 

7.1 BESS State of Charge (SoC) and Dispatch 

Modeling  

The State of Charge is what limits how well a Battery 

Energy Storage System (BESS) can work. To keep the 

battery from breaking down and make sure the micro 

grid can handle long periods of renewable 

intermittency, it is important to get the SoC estimate 

right. The basic continuous-time math model for 

figuring out the SoC at any time is: 

 
SoC_0 is the starting state of charge. C_e is the BESS's 

maximum available capacity in Ampere-hours. The 

instantaneous battery current is I(τ), which is positive 

when the battery is discharging and negative when it 

is charging. This continuous equation is broken down 

into pieces for real-time digital dispatch in a smart grid 

Energy Management System (EMS). This discrete-

time state update equation for step is: 

 
The BESS uses a frequency-drop control system to 

keep the grid stable when the frequency drops, like 

when solar generation suddenly drops. The output 

power of the battery is controlled by how much the 

frequency is changed: 

 
In this case, the nominal grid frequency (50 Hz in 

India), is drop again and is the reference power. This 

equation makes sure that the BESS sends in the right 

amount of active power to stop the frequency from 

going down. 
 

7.2 Volt-VAR Optimization (VVO) and Power Flow 

Equations 

Localized overvoltage problems happen when several 

of decentralized solar PV systems are connected. The 

smart grid uses inverters of the PV systems to inject or 

absorb reactive power (VAR) instead of using 

expensive centralized capacitor banks to fix this 

problem. The main goal of the VVO is to keep the 

voltage at each node within acceptable limits while 

reducing the total active power losses across the 

distribution network. The objective function is written 

as: 
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R and Z are the line's resistance and impedance 

between bus and bus. V is the voltage magnitude, and 

θ is the voltage phase angle. The strict nodal activation 

and reactive power balance equation limit this 

optimization to make sure it can work. The power that 

the PV inverter sends to node minus the power that the 

load uses must equal the power that flows through the 

network: 

 
The smart grid turns every rooftop solar installation 

into an active voltage regulating facility by 

programming smart PV inverters to change their 

reactive power output based on these equations. This 

cuts down on distribution losses significantly. 

 

VIII. CONCLUSION 

 

Policies like ISGTF's 14 pilots and infrastructure like 

REMCs/Green Energy Corridors help India integrate 

more renewable energy sources by 2026. This will 

lead to various milestones like 12% VRE growth in the 

Western Region and hybrids in Tamil Nadu. However, 

without any reported penetration percentages or cost 

metrics, projections are still tentative at 35-40% RE 

share by 2029-30. This applies to national and regional 

grids that are relevant to the question, with strong 

evidence of problems like ramping, intermittency and 

moderate support for solutions like AMI/microgrids 

that deal with them. Uncertainty revolves around 

actual results, given that qualitative benefits prevail, 

rendering the exact renewable energy lift from smart 

grids after the 2022 objectives ambiguous. Future 

research that quantifies these in scaled pilots would 

strengthen the assertions. These findings are important 

for India's energy security because they could prevent 

blackouts for millions of people while also reducing 

emissions. This could lead to continuous investment in 

smart grid projects in order to meet global 

sustainability goals. 
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