RESEARCH PAPER

Integration of Smart Metering and Power Quality Monitoring for
Enhanced Reliability in Electrical Distribution Systems

Mr. Sachin V. Shelar!”, Sakshi Sanjay Patil?, Jayesh Jitendra Patil®, Janhavi Sachin Patange*
'Department of Electrical Engineering, AISSMS Institute of Information Technology, Pune, Maharashtra, India.
Email: sachin.shelar@aissmsioit.org
’Department of Electrical Engineering, AISSMS Institute of Information Technology, Pune, Maharashtra, India.
Email: sakshipatil8044@gmail.com
3Department of Electrical Engineering, AISSMS Institute of Information Technology, Pune, Maharashtra, India.
Email: patiljayesh1620@gmail.com
“Department of Electrical Engineering, AISSMS Institute of Information Technology, Pune, Maharashtra, India.
Email: janhavisachinpatange@gmail.com
*Corresponding author: Mr. Sachin V. Shelar, Department of Electrical Engineering, AISSMS Institute of
Information Technology, Pune, Maharashtra, India. Email: sachin.shelar@aissmsioit.org
Received: 05th May, 2026; Revised: 12th May, 2026; Accepted: 20th May, 2026; Available Online: 25th May, 2026

ABSTRACT

The modernization of electrical distribution systems into smart grids has created new challenges related to power quality (PQ).
With the increasing use of Distributed Energy Resources (DERs) and nonlinear loads, maintaining power within standard limits
has become more difficult. This paper provides a detailed analysis of how combining smart metering with power quality
monitoring systems can help improve grid reliability and operational efficiency. The proposed system uses a multi-level Power
Quality and Energy Monitoring Framework (PQEMS), where loads are classified based on their importance or criticality. Class
A power quality analysers are installed at the Point of Common Coupling (PCC), along with different levels of meters across the
network. This setup allows accurate monitoring and real time data collection. The tiered structure helps achieve cost effective PQ
monitoring, covering everything from sensitive industrial processes to basic non critical loads like lighting. The system is also
connected to cloud-based dashboards and central servers, which provide features like real time visualization, root cause analysis,
and automatic compliance reporting. The results show that this integrated approach improves system uptime, increases the life of
equipment, and ensures compliance with international standards such as IEC 61000 and IEEE 519. Overall, the paper concludes
that combining advanced metering infrastructure with dedicated power quality monitoring is important for the sustainable
development of smart distribution grids.
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were mainly used for energy consumption measurement, are
now being improved with PQ monitoring features to give a
more detailed understanding of the system condition [9], [15].
When these smart meters are combined with high accuracy
Class A analysers, utilities can build a complete monitoring
system that can detect, analyse, and reduce PQ problems in real
time [17], [20].

1. INTRODUCTION

The electrical distribution system is changing rapidly due to
the integration of Distributed Energy Resources (DERs) such
as photovoltaic systems and wind turbines, along with the
increasing use of nonlinear loads like electric vehicle chargers

and variable frequency drives. These technologies are II. LITERATURE SURVEY

important for sustainability, but they also create major power
quality (PQ) problems, such as harmonic distortion, voltage
unbalance, and transient disturbances [1], [4]. Traditional
distribution systems were not designed to handle bidirectional
power flow or the high frequency switching noise produced by
modern power electronic devices [12]. Poor power quality can
cause serious issues like equipment failure, higher operating
losses, and unexpected system downtime [8], [13]. Because of
this, there is a strong need for better monitoring systems that do
more than just measure energy usage. Smart meters, which

The integration of power quality monitoring into smart
metering systems is a widely studied area. Standards like IEC
61000-4-30 and IEEE 519 give clear guidelines for accurate
measurements and for maintaining compliance [5], [6], [18].

A. Standard Compliance (IEC/IEEE)

The IEC 61000-4-30 standard is the main guideline for
measurement methods. It is a international standard which is
essential for any power quality monitoring system. It defines
Class A requirements, which are used when high accuracy is
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needed, especially for contracts and dispute handling [6], [17].
Cano-Ortega et al. showed that cloud connected Class A
analysers can be developed to monitor up to the 50th harmonic
order in real time. Their work also shows the importance of
using high resolution Fast Fourier Transform (FFT) analysis to
get accurate results [17]. Along with measurement standards,
IEEE 519 2022 provides limits for controlling harmonics in
electrical power systems. This standard is commonly used to
define requirements at the Point of Common Coupling (PCC),
ensuring that users do not send too much harmonic distortion
back into the grid [18], [23]. Research by Bollen et al. shows
that combining Advanced Metering Infrastructure (AMI) with
power quality features is an effective way to check compliance
across many locations in a distribution network [18].

B. Smart Meter PQ Capabilities

Modern smart meters are not limited to just measuring kWh
anymore. With the advancement of Digital Signal Processors
(DSPs) and System on Chip (SoC) technologies, PQ
monitoring features can now be included directly in the meter
hardware at a low extra cost [3], [14]. Santos et al. explained
that next generation smart meters can measure parameters like
voltage unbalance, harmonics, and sags, which means each
consumer connection can act like a small grid sensor [3]. Artale
et al. studied low-cost smart metering platforms for harmonic
analysis. They found that although these devices may not
always meet strict Class A standards, they are still very useful
for rough PQ estimation and for finding problem areas
(hotspots) in the network [14], [36]. The combined or
“syncretic” use of many such distributed sensors, as suggested
by Albu et al., makes it possible to get a complete view of power
quality across the entire system, which was not possible earlier
with only centralized analysers [9].

C. Al and ML in PQ Monitoring

The large amount of data generated by integrated PQMS
needs advanced tools for proper analysis. Artificial Intelligence
(AI) and Machine Learning (ML) are now commonly used for
automatic event detection and predictive monitoring. Kamio et
al. developed a system using Long Short-Term Memory
(LSTM) networks to predict power factor and THD levels in
industrial systems, helping to take action before disturbances
happen [4]. Further research by Arenas Ramos et al. showed
that ML methods like Random Forests and Neural Networks
can identify different types of loads and detect specific PQ
events [ 16]. When these Al tools are connected to cloud-based
dashboards, they allow real time monitoring of the grid and help
predict possible failures in advance. This changes the
maintenance approach from reactive to predictive [11], [16],
[23].

D. Grid Reliability

The main goal of integrating PQ monitoring is to improve the
reliability and stability of electrical distribution systems. Sabin
et al. reported the use of a system wide PQMS at Con Edison
in New York, where smart meter data is used to detect early

faults and identify their location quickly, which reduces outage
time [7]. Similarly, Hamza et al. showed that real time
monitoring along with automatic control actions, such as circuit
breaker operation, helps maintain system parameters within
safe limits and prevents major failures [12]. Research also
shows the importance of integrated monitoring in microgrids
and systems with high DER penetration. Palacios Garcia et al.
explained that smart meter data is very important for managing
energy flow and maintaining stability in microgrids, where
even small changes in PQ can affect the balance between
generation and load [8], [25].

III. SYSTEM ARCHITECTURE

The proposed system architecture is based on a Multi-Level
Power Quality & Energy Monitoring Framework (PQEMS). It
is designed to give accurate monitoring while keeping the
overall cost low by using distributed sensing. This architecture
is divided into two parts: physical construction and operational
data flow.

A. Construction

The physical structure of the system is divided into four main
layers:

1) Point of Common Coupling (PCC) Layer: A high accuracy
Class A Power Quality Analyzer is installed at the PCC or at
critical transformers. This device makes sure that the incoming
power follows IEC 61000-4-30 and IEEE 519 standards. It acts
as the main reference point for the entire distribution system.
2) Distribution Bus Layer: This layer is used to monitor the
upstream sections of different sub networks within the facility
or distribution area.

3) Tiered Metering Layer: To reduce cost, different types of
meters are used based on how important the load is:

e Tier 1 (High Criticality): High end PQ meters are used for
important loads like sensitive process equipment or high
voltage motors. These meters measure Total Harmonic
Distortion (THD), individual harmonics, and voltage sags.

e Tier 2 (Medium Criticality): Low end PQ meters are used
for areas like offices or HVAC systems. These mainly measure
voltage, current, and power factor.

e Tier 3 (Non-Critical): Standard smart energy meters are
used for lighting and small loads. These focus on energy
consumption (kWh) and cost.

4) Central Analysis Layer: All monitoring devices are
connected through a Unified PQ Analyzer Network. The
collected data is sent to a Cloud Dashboard and a Central Server
for analysis and monitoring.

B. Working and Data Flow

The working of the PQEMS is designed to give real time
visibility and help in early problem detection:
» Data Acquisition: Sensors placed across different tiers
continuously measure electrical parameters. Tier 1 and Tier 2
meters also analyse waveforms inside the device to detect
transients and harmonics [14], [17].
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» Transmission: The collected data is sent to the central
server using secure communication methods like 6LoWPAN,
Wi-Fi, or Modbus RTU [2], [4], [17].

* Real time Visualization: The cloud dashboard shows the
current system condition in real time and highlights any values
going beyond standard limits [5], [11].
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Multi Level Power Quality & Energy Monitoring Framework (PQEMS)

Fig. 1. Schematic diagram of PQEMS

J Root Cause Analysis: When any disturbance occurs,
the central server compares data from different meters to find
where the problem started and how it spread [7], [27]. Methods
like PCA and k-means clustering are used to classify
disturbances automatically [23].

J Compliance Reporting: The system generates reports
based on standards like EN 50160 and IEEE 519, which helps
in checking compliance and solving issues [8], [18].

IV. PROPOSED INTEGRATED PQMS

The proposed Integrated Power Quality Monitoring System
(PQMS) combines centralized high accuracy monitoring with
distributed smart sensing.

A. Event Correlation and Fault Detection

One important feature of the PQMS is its ability to link
events across different layers. Using a common SQL based
database, the system can match events happening at high,
medium, and low voltage levels [27]. This helps in identifying
whether the disturbance is coming from the grid side or from
inside the consumer’s system [ 10]. As noted by Sabin et al., this
type of system can detect early signs of faults and alert
operators before a complete failure or outage happens [7].

B. Distributed Measurement and Intelligence

With the improvement in smart metering technology, new
ways of distributed measurement are now possible [10]. Al
functions can be added either in the meters or in the central
server to analyse data in real time and predict issues in advance
[16]. This approach reduces the amount of data that needs to be
transmitted, as only important event data is sent instead of full

waveform data. At the same time, detailed analysis can still be
done whenever required [2], [13].

V. RELIABILITY AND BENEFITS

The integration of smart metering and PQ monitoring yields
substantial benefits for the reliability and sustainability of
electrical distribution systems.

A. Enhanced System Uptime and Stability

Real time monitoring and automatic control functions
strengthen the power grid’s self-protection capabilities [1].
Systems that integrate smart meters with automated circuit
breaker operations can maintain parameters within predefined
limits, preventing widespread outages [12]. Furthermore, the
ability to rapidly identify the cause and location of interruptions
leads to faster system restoration after outages [28],[29].

B. Improved Equipment Life

Power quality disturbances, particularly harmonics and
voltage unbalance, increase the thermal stress on transformers
and motors, leading to premature aging [13],[30]. By
monitoring loading history and PQ parameters, utilities can
implement predictive maintenance strategies, effectively
extending the lifespan of critical assets [4],[27]. For instance,
monitoring the cycling loading of transformers helps in
optimizing asset replacement schedules [30].

C. Standard Compliance and Operational Efficiency

Continuous PQ monitoring ensures that the distribution
network operates within the limits set by international standards
[6],[18]. This is particularly important in liberalized energy
markets where PQ levels may be part of contractual agreements
between utilities and industrial customers [18]. Additionally,
the use of low-cost smart metering platforms for PQ monitoring
allows for widespread deployment without prohibitive
installation costs, thereby maximizing the “perimeter energy
visibility” of the system [14],[21].

VI. RESULTS, BENEFITS, AND RELIABILITY

The implementation of an integrated smart metering and PQ
monitoring system delivers quantifiable benefits across several
operational dimensions.

A. Equipment Life and Thermal Stress Reduction

One of the most significant benefits is the reduction of
thermal stress on critical assets. Harmonic currents increase the
“skin effect” in conductors and cause additional core losses in
transformers and eddy current losses in motor windings
[13],[30]. By providing real time visibility into harmonic
levels, the PQMS allows operators to manage load profiles and
prevent over harmonic conditions. Kamio et al. noted that
maintaining THD levels within limits can extend the
operational life of industrial motors and transformers by up to
15-20%, depending on the baseline distortion levels [4].

B. System Uptime and Stability

The Integrated PQMS directly contributes to system uptime
through incipient fault detection. By monitoring subtle changes
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in PQ signatures, such as increasing leakage currents or shifting!
harmonic patterns, the system can identify failing insulation or
deteriorating capacitor banks before they result in a full-scale
outage [7],[12]. Furthermore, the ability to rapidly identify the,
location and cause of disturbances reduces the Mean Time to
Repair (MTTR) and minimizes the impact of outages on the
broader network [28],[29]. (6]
C. Quantifiable Economic Benefits

The reduction in unscheduled downtime and the extension &l
equipment lifespan translate directly into improved operational
efficiency. For a medium sized industrial facility, a 5%
improvement in system uptime can result in millions of dollarg;
in additional annual revenue. Moreover, the detailed energy
data provided by the tiered metering layer allows for precise
energy cost allocation and the identification of energy savin[g]
opportunities, further enhancing the system’s Return on
Investment (ROI) [13],[21].

(10]
VII. CONCLUSION AND FUTURE SCOPE "

The transition to active distribution networks necessitates [a ]
fundamental rethink of how we monitor and manage electrical
power. This paper has demonstrated that the integration of
smart metering and dedicated power quality monitoring is the
most effective strategy for ensuring grid reliability in the era of
DERs and power electronics. The proposed Multi Level
PQEMS architecture provides a scalable, cost-effectivié3]
framework that balances the need for high precision Class A
measurement with widespread distributed sensing. BX 4
leveraging Al-driven analytics and cloud-based manageme %,
the system transforms raw electrical data into actionable
insights, enabling predictive maintenance, automatddS]
compliance, and enhanced system stability. Future work in this
field will likely focus on the deeper integration of “Edge Al”
where PQ event classification and mitigation decisions ajgg
made directly at the meter level, further reducing the latency
and communication overhead of the system. Additionally, the
development of unified standards for the exchange of PQ datd”]
between different utility and customer side systems will be
essential for the continued evolution of the global smart grid. ;g
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