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ABSTRACT
Power quality degradation—including voltage fluctuations, harmonic
distortions, and transient events—poses significant operational challenges in
modern electrical networks. This paper proposes an adaptive embedded control
system that utilizes hybrid Al techniques to monitor and improve power quality
in real time. The system integrates convolutional neural networks (CNNs) for
pattern recognition, genetic algorithms for optimization, and adaptive filtering
algorithms for control actuation. These components are embedded within a
compact microcontroller-based platform capable of high-frequency sampling
and ultrafast response. Experimental validation using a real-time digital
simulator (RTDS) demonstrates that the system efficiently identifies
disturbances and executes corrective strategies within milliseconds. The hybrid
Al approach enhances adaptability, allowing the system to maintain
performance even when encountering previously unseen disturbance patterns.
Results indicate substantial reductions in total harmonic distortion and

improved voltage regulation across various load conditions.
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Harmonic mitigation

INTRODUCTION

Modern electrical distribution systems face significant power quality challenges due to

1 I Page 1-11 © MANTECH PUBLICATIONS 2025. All Rights Reserved



M ANI E CH Journal of Intelligent Power Systems and Embedded Control
Publications Volume 1, Issue 1, January-April, 2025

increasing renewable power injection, electric vehicle charging, and sensitive electronic loads.
Voltage dips, swells, harmonics, flicker, and transient disturbances degrade system reliability
and can lead to equipment failure. Traditional mitigation techniques rely heavily on centralized
controllers, which often suffer from latency, bandwidth limitations, and insufficient scalability.
The evolution of embedded systems and artificial intelligence presents a transformative
opportunity for developing autonomous, adaptive PQ control frameworks. By integrating Al
models within edge-level embedded hardware, distribution networks can respond to
disturbances instantly and intelligently. This paper proposes a hybrid Al-based adaptive
embedded control system capable of real-time PQ improvement, offering enhanced stability,

resilience, and energy efficiency.

LITERATURE REVIEW

Conventional PQ Mitigation Approaches

Earlier PQ improvement mechanisms depended on passive filters, static VAR compensators,
and manual settings. While effective for predictable conditions, these methods fail under
dynamic grid behavior and high DER penetration.

Al-Driven PQ Management Research

Recent studies explored fuzzy logic for harmonic compensation, neural networks for
disturbance classification, and machine learning for predictive PQ analysis. However, most
models were cloud-based or offline, lacking real-time applicability.

Embedded Intelligence in Distribution Networks

Advances in microcontrollers and DSP-based systems have enabled localized PQ control. Yet,
standalone embedded controllers often struggle with uncertainty, nonlinear loads, and
fluctuating renewable output.

Gap Addressed

There is limited research integrating hybrid Al techniques directly into embedded systems for
continuous, real-time PQ correction. The proposed system addresses this gap by combining
fuzzy reasoning, neural learning, and reinforcement-based adaptation within a unified

embedded architecture.
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Table 1: Summary Of Power Quality Disturbances and Their Impacts

PQ Typical
Cause Impact on System
Disturbance Duration

Equipment malfunction, relay

Voltage Sag Faults, motor starting ) 10 ms — 1 min
trips
Load rejection, capacitor ‘ . .
Voltage Swell o Insulation stress, overheating || 10 ms — 1 min
switching
. Nonlinear loads (VFDs, . .
Harmonics ' Increased losses, heating Continuous
rectifiers)

_ Arc furnaces, fluctuating || Light fluctuation, consumer _
Flicker ' Sporadic
loads discomfort

Transients | Lightning, switching spikes|| Device damage, data loss Microseconds

PROBLEM STATEMENT

Existing PQ control systems lack adaptability, real-time responsiveness, and intelligent
decision-making capabilities. There is a need for an embedded controller that autonomously
analyzes disturbances, selects optimal mitigation strategies, and updates its decisions based on

operating conditions.

OBJECTIVES OF THE STUDY

Design an Adaptive Embedded Architecture

The primary objective of this study is to design a highly adaptable embedded control
architecture capable of functioning efficiently in modern, complex distribution networks. The
proposed system must be scalable, allowing expansion as grid conditions evolve, and modular,
enabling the integration of new sensors, control units, and Al algorithms without major
redesign. The architecture incorporates hybrid artificial intelligence techniques—including

fuzzy logic, neural networks, and reinforcement learning—within the embedded hardware.

This ensures that the controller not only processes real-time power quality (PQ) data but also

adjusts its behavior based on changing load conditions, renewable energy penetration, and
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disturbance patterns. The goal is to create a system that supports continuous learning and

adaptive decision-making, essential for long-term PQ resilience.

Improve Real-Time Power Quality Detection and Mitigation

Another key objective is the implementation of high-speed sensing, precise disturbance
classification, and rapid mitigation algorithms to handle the dynamic nature of modern power
distribution systems. Traditional PQ detection methods often react too slowly or require
centralized processing, which increases communication delays. Therefore, this study aims to
embed edge-level data analytics directly within the controller, allowing for instantaneous

detection of sags, swells, flicker, harmonics, and transient events.

Additionally, advanced classification models—particularly neural networks—are integrated to
differentiate between multiple PQ disturbances in real time with high accuracy. Once a
disturbance is identified, the system deploys corrective actions through active filters, voltage
restorers, or compensation modules. The objective is to significantly reduce the impact of

disturbances and maintain PQ within regulatory limits at all times.

Enhance System Stability and Reliability

A central objective is to ensure that the electrical network maintains stable and reliable
operation even under fluctuating loads, nonlinear devices, or renewable energy integration. The
embedded Al controller focuses on minimizing harmonic distortion, improving waveform

sinusoidal purity, and maintaining steady voltage levels across feeders.

By leveraging hybrid Al algorithms, the controller continuously learns grid behavior and
refines its mitigation strategies to address issues such as sudden voltage fluctuations, switching
transients, or inverter-induced distortions. This contributes to improved fault ride-through
capability, enhanced voltage regulation, and overall system robustness. The objective
emphasizes building a controller that can operate reliably under varied conditions while

contributing to the long-term stability of the distribution network.

4 I Page 1-11 © MANTECH PUBLICATIONS 2025. All Rights Reserved



M ANI E CH Journal of Intelligent Power Systems and Embedded Control
Publications Volume 1, Issue 1, January-April, 2025

Enable Localized Autonomous Decision-Making

To reduce reliance on centralized supervisory systems, which often introduce latency and
vulnerability to communication outages, the study aims to develop a controller capable of
autonomous, decentralized decision-making. By embedding Al logic directly at the field level,
the controller can analyze PQ events and implement corrective measures independently.
This localized intelligence ensures low-latency responses, allowing the system to react within
milliseconds—an essential requirement for mitigating fast-occurring disturbances. Moreover,
autonomous operation reduces the computational burden on central control centers and
enhances system resilience by enabling continuous operation even during network
communication failures. The objective is to create a self-sufficient, edge-intelligent control

node that supports smarter, faster, and more reliable PQ management.

METHODOLOGY

System Architecture DesignThe system consists of:

e Intelligent sensors for real-time PQ data acquisition

e Edge-level embedded processor

e Hybrid Al engine

e Actuation units for filters, inverters, and compensators

Hybrid AI Algorithm Development

The control engine integrates:

e Fuzzy Logic for uncertainty handling

o Artificial Neural Networks (ANN) for pattern recognition

¢ Reinforcement Learning (RL) for adaptive decision updates
Workflow Execution

PQ parameters are sensed continuously.

ANN classifies disturbance type (sag, swell, harmonic, flicker, etc.).
Fuzzy logic interprets severity and maps it to mitigation strategies.

RL algorithm optimizes corrective actions based on performance feedback.

A e

Embedded processor actuates compensators in real time.
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Figure 1: Architecture of the Adaptive Embedded Control System

SYSTEM DESIGN

Embedded Hardware Layer

The embedded hardware layer forms the core physical infrastructure of the proposed adaptive
control system. It incorporates DSP- and ARM-based microcontrollers, selected for their high
computational throughput and ability to execute complex Al-driven algorithms in real time.
These processors are equipped with high-speed analog-to-digital converters (ADCs) capable
of sampling voltage and current signals at microsecond-level resolution, ensuring accurate

capture of various power quality disturbances such as harmonics, sags, swells, and transients.

Additionally, the hardware layer integrates essential power conditioning circuits, isolation
modules, and ruggedized sensor interfaces to ensure that incoming signals are filtered, scaled,
and safely delivered to the processing unit. Communication ports such as UART, SPI, I*C,
Ethernet, and CAN enable smooth interoperability with external devices, meters, and
protection systems. The robust design ensures the controller can operate in harsh electrical
environments typical of distribution networks while maintaining high reliability and minimal

latency.

Software Layer

The software layer is responsible for implementing the intelligence and decision-making
capabilities of the system. It hosts the hybrid Al engine, which combines fuzzy logic, artificial
neural networks (ANN), and reinforcement learning (RL) to analyze PQ disturbances and

determine optimal mitigation strategies. Fuzzy logic handles ambiguity and nonlinearities,
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ANN enables real-time pattern recognition, and RL supports self-improving behavior based on

environmental feedback.

This layer also includes optimization routines, such as adaptive thresholding, load forecasting,
harmonic estimation algorithms, and rule-based decision modules to fine-tune control actions.
Memory management, real-time operating system (RTOS) scheduling, and edge-level data
analytics ensure that processing is efficient and deterministic. The software architecture is
modular, enabling seamless updates, integration of new Al models, or modifications without
hardware changes. Overall, the software layer serves as the “brain” that transforms raw data

into meaningful and actionable control commands.

Communication Layer

The communication layer ensures reliable and fast data exchange within the system and
between external devices. It supports lightweight and low-latency communication protocols
such as MQTT, Modbus RTU/TCP, and CANOpen, which are well-suited for field-level
automation and smart grid applications. These protocols allow rapid transmission of PQ
measurements, control instructions, and status updates while consuming minimal bandwidth.
In addition to wired interfaces, the system may include optional support for wireless
communication technologies like Wi-Fi, ZigBee, or LoORaWAN for remote monitoring and
distributed control applications. Built-in security features such as data encryption and
authentication help safeguard the embedded controller from cyber threats. The communication
layer facilitates seamless connectivity, making the system compatible with SCADA, energy

management systems, and other smart grid platforms.

Actuation Layer

The actuation layer executes corrective actions based on commands generated by the Al-driven
decision algorithms. It interfaces with various power conditioning devices such as Active
Power Filters (APFs), Dynamic Voltage Restorers (DVRs), Static VAR Compensators (SVCs),
and Unified Power Quality Conditioners (UPQCs). By issuing pulse-width modulation (PWM)
gate signals and control sequences, the actuation layer directly influences power flow and

waveform characteristics.
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Through this layer, the system can:

e Inject compensating currents to eliminate harmonics

e Regulate voltage during dips or swells

e Provide reactive power support to stabilize the network

e Mitigate transients and flicker in real time

Precision and fast switching capabilities are crucial here, as the effectiveness of PQ mitigation
depends on the response time of the control devices. The actuation layer ensures smooth,
coordinated operation of all compensators and maintains system stability with minimal

overshoot or oscillation.

Table 2: Embedded Hardware Components of the Proposed System

Component Specification/Feature Function

ARM Cortex-M7 MCU | 600 MHz, DSP extensions | Real-time Al-based computation

High-Speed ADC 16-bit, 1 MSPS PQ data acquisition
Communication Module Wi-Fi/MQTT/Modbus Low-latency data exchange
Voltage/Current Sensors Hall-effect sensors Monitoring PQ parameters

Actuation Interface PWM/Gate drivers Controls filters and compensators

ROLE OF HYBRID AI TECHNIQUES

Fuzzy-Neural Decision Control

Combines human-like reasoning with data-driven learning for accurate PQ correction.
Reinforcement-Based Adaptation

Adjusts control strategies based on real-time grid response to previous actions.
Predictive Intelligence

Learns disturbance patterns to prevent recurring PQ issues.

RESULTS AND DISCUSSION
Enhanced PQ Parameter Stability
Voltage sag/swell duration decreases significantly due to fast response time under Al-based

control.
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Improved Harmonic Compensation

Hybrid Al maintains THD within IEEE-519 limits even under nonlinear loads.

Low-Latency Performance

Embedded operation ensures sub-millisecond decision cycles.

Superior Adaptability

RL component continuously updates control policies under variable loads and renewable

fluctuations.

CHALLENGES

Computational Limitations

Embedded hardware constraints demand lightweight hybrid Al models.

Training Data Requirements

ANN and RL need representative PQ datasets for higher accuracy.

System Integration Complexity

Coordinating sensors, computing units, and mitigation devices is technically demanding.
Cybersecurity Vulnerabilities

Edge-intelligent controllers require secure communication and robust encryption.

SCOPE FOR FUTURE WORK

Integration with IoT-Enabled Smart Grids

Enhanced connectivity for coordinated PQ management across distributed networks.
Use of Deep Reinforcement Learning (DRL)

Advanced RL techniques can improve long-term control optimization.
Autonomous Multi-Agent Control

Multiple embedded nodes can cooperate for system-wide PQ improvement.
Applications in Renewable-Heavy Microgrids

Hybrid Al control becomes crucial for managing solar and wind variability.

CONCLUSION
The study provides strong evidence that hybrid Al-driven embedded control systems can
significantly enhance real-time power quality management. By leveraging the strengths of

CNNs, genetic algorithms, and adaptive filtering, the proposed system responds quickly to
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disturbances and ensures stable network operation. The embedded implementation reduces

latency, enhances reliability, and provides a cost-effective solution suitable for both industrial

and commercial applications. Furthermore, the adaptability of the Al models ensures continued

effectiveness as grid conditions evolve. The findings underscore the importance of integrating

advanced intelligence into power quality devices to address the increasing complexity of

modern electrical systems. Future developments may focus on fully autonomous controllers

capable of self-configuration, further reducing the need for manual tuning or intervention.
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