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Abstract -In electrical power systems, the widespread use of inductive loads such as motors, transformers, and compressors
introduces significant reactive power, leading to a degraded power factor. A low power factor results in increased line currents,
higher $1"2R$ energy losses, reduced system efficiency, and financial penalties from utility providers. To mitigate these issues, this
research presents the design and implementation of an Automatic Power Factor Correction (APFC) system utilizing an 8051
microcontroller architecture. The proposed framework continuously monitors the electrical system, calculates the phase difference
between voltage and current waveforms to determine the real-time power factor, and autonomously engages a localized capacitor
bank via a relay module to compensate for the lagging reactive power. By employing deterministic, register-level control, the system
ensures high-fidelity predictive switching, maintaining the power factor near unity. This framework serves as a robust, automated
energy management tool, empowering industrial setups to achieve higher energy efficiency and compliance with standard electrical
regulations.
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1. INTRODUCTION require a real-time, automated response. This project
' bridges the gap between theoretical power system
concepts and real-world implementation by developing a
classical embedded system capable of autonomous,

In modern electrical distribution networks, power is . .
continuous power factor correction.

consumed in two forms: active power (measured in kW),
which performs the actual work, and reactive power
(measured in KVAR), which sustains the electromagnetic
fields of inductive loads. The ratio of active power to total
apparent power (measured in kVA) is known as the power
factor. Ideally, a system operates at a unity power factor
(1.0). However, the heavy reliance on inductive machinery
in industrial environments causes the current to lag behind
the voltage, decreasing the power factor.

This necessitates the implementation of intelligent, real-
time closed-loop systems. This project addresses this
critical industrial requirement by designing and
implementing an Automatic Power Factor Correction
(APFC) system utilizing a classical 8051 microcontroller
architecture. By continuously sensing zero-crossing
intervals of voltage and current, calculating real-time
phase delays, and autonomously actuating a localized
capacitor bank, this system bridges the gap between
theoretical power system optimization and practical,
deterministic embedded control. The proposed framework
aims to provide a reliable, automated energy management
solution that enhances grid efficiency, minimizes
transmission losses, and ensures strict compliance with
utility regulations.

A degraded power factor forces the utility provider to
supply higher currents to meet the active power demand,
leading to excessive wear on the grid and financial
penalties for the consumer. While manual switching of
parallel capacitors has traditionally been used to inject
leading reactive power, dynamic industrial environments
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e Grid Overloading and Reduced Capacity: A low power factor
means the utility grid must supply a higher total apparent power
(kVA) to deliver the required active power (kW). This excess
current consumes the limited capacity of cables, switchgear, and
transformers, preventing the facility from adding new machinery
without undertaking costly infrastructure upgrades.

o Increased $I"2R$ (Line) Losses: Because current is
disproportionately high in low power factor systems, the resistive
heat losses within the distribution wiring increase exponentially
(proportional to the square of the current). This results in wasted
electrical energy that dissipates as heat rather than performing
useful work.

e Voltage Regulation Issues: The excessive draw of reactive
current causes significant voltage drops across the distribution
lines. This leads to poor voltage regulation at the load end, which
can cause motors to overheat, run sluggishly, or stall, ultimately
shortening the lifespan of expensive industrial equipment.

Fig.1 APFC circuit setup

2. BACKGROUND AND MOTIVATION

¢ Financial Penalties: To compensate for the strain placed on their
generation and transmission infrastructure, utility companies
universally implement stringent billing structures. Consumers
operating below a mandated statutory power factor limit (often 0.90
or 0.95) are subjected to heavy kVARh penalties or maximum

The transition from purely resistive electrical grids to
modern, heavy-machinery-driven industrial networks has
fundamentally altered power consumption dynamics. This
section outlines the core technical challenges and economic
drivers that necessitate the development of automated power

factor correction systems.

A. The Proliferation of Inductive Loads

The backbone of modern industrial manufacturing relies
heavily on electromagnetic devices. Equipment such as
three-phase asynchronous motors, power transformers,
HVAC compressors, arc welding machines, and high-
intensity discharge (HID) lighting ballasts are inherently
inductive. These devices require a continuous supply of
reactive power (KVAR) to establish and maintain their
magnetic fields. While active power (kW) performs the
actual mechanical or thermal work, reactive power
oscillates between the source and the load. This
phenomenon causes the alternating current to lag behind
the voltage, resulting in a low power factor. As industrial
facilities continue to automate and expand, the
concentration of these inductive loads increases, making
lagging power factors an unavoidable infrastructural
challenge.

B. Technical and Economic Ramifications of a Low

Power Factor

Operating a facility with a degraded power factor
introduces severe, cascading inefficiencies across the
entire electrical distribution network:
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demand (kVA) tariffs.

C. The Inadequacy of Traditional Correction Methods

Historically, facilities addressed lagging power factors by installing
fixed, static capacitor banks at the main distribution panel. While
these fixed capacitors successfully inject leading reactive power to
neutralize lagging reactive power, they are fundamentally unsuited
for modern, dynamic industrial environments. Industrial loads are
rarely constant; motors cycle on and off, and production lines ramp
up and down.

e Under-compensation: During peak load times, fixed
capacitors may not provide enough kVAR, leaving the
facility exposed to utility penalties.

e Over-compensation: Conversely, during light load
conditions (such as night shifts or weekends), fixed
capacitors inject too much leading reactive power. This
creates a leading power factor and dangerous over-voltage
conditions that can destroy sensitive electronic drives and
control systems.

D. Motivation for an Automated, Microcontroller- Based
Approach

The inherent flaws of manual and static switching create an urgent
need for an intelligent, closed-loop mechanism capable of real-time
load tracking. The motivation behind this project is to engineer an
Automatic Power Factor Correction (APFC) system that eliminates
human error and protects the network from both under and over-
compensation.
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Specifically, this research utilizes the classical 8051
microcontroller architecture to fulfill this need. While newer,
high-level prototyping boards exist, the 8051 provides a highly
deterministic, register-level control environment that mirrors
legacy industrial programmable logic controllers (PLCs). This
project aims to demonstrate that a highly reliable, cost-effective,
and highly precise APFC system can be developed using robust
embedded computing principles, providing Small and Medium
Enterprises (SMEs) with a viable solution to optimize their
energy consumption, reduce carbon footprints through
minimized line losses, and achieve immediate financial savings
on utility tariffs.

3. LITERATURE REVIEW

The continuous evolution of electrical power systems has driven
extensive research into reactive power management and power
factor correction (PFC) techniques. Historically, power factor
improvement was achieved through static methodologies, but
the advent of embedded systems has shifted the academic and
industrial focus towards dynamic, automated solutions. This
section reviews the technological progression of PFC systems,
evaluating various controller architectures and their
applicability to modern industrial environments.

Evolution from Manual to Automated Systems Early
research in power factor correction focused on the deployment
of fixed, static capacitor banks or synchronous condensers.
While these methods provided baseline reactive power
compensation, they were fundamentally unsuited for dynamic
industrial loads, often resulting in severe over-voltage
conditions due to over-compensation during off-peak hours. The
introduction of analog automated systems using operational
amplifiers and dedicated timer circuits mitigated some of these
issues, but these systems were plagued by temperature drift,
mechanical wear, and a lack of flexible control logic. The
transition to digital, closed-loop control mechanisms marked a
significant milestone, allowing for continuous calculation of the
power factor in an operating system and the automatic switching
of capacitor banks without manual intervention.

High-Level Microcontroller Implementations In recent years,
literature has extensively covered Automatic Power Factor
Correction (APFC) project variants using different controller
technologies. Many contemporary studies have focused on high-
level, abstracted platforms such as Arduino. These
microcontroller systems offer rapid prototyping capabilities and
utilize simplified, high-level programming languages. While
highly effective for basic academic demonstrations, these
platforms heavily abstract the underlying timing logic.
Researchers have noted that while high-level boards are user-
friendly, they often fail to provide the deep exposure to low-
level control that is necessary for robust, industrial-grade power
factor correction engineering.

Advanced and Smart Grid Approaches Parallel research has
explored the integration of Artificial Intelligence (Al) and
Internet of Things (1oT) into reactive power management. These

advanced systems utilize cloud computing to predict load variations
and pre-emptively switch capacitor banks. While these smart grid
applications represent the cutting edge of power distribution
research, they introduce significant computational overhead,
require constant network connectivity, and are often cost-
prohibitive for Small and Medium Enterprises (SMEs) looking to
upgrade legacy systems.

The Role of Classical 8051 Architecture Despite the emergence
of high-level microcontrollers and loT-based systems, classical
embedded architectures remain highly relevant. APFC controllers
built around the classical 8051 microcontroller architecture offer a
deterministic and low-level approach to reactive power
compensation. Literature emphasizes that the 8051 microcontroller
reflects traditional embedded system design methodologies
commonly encountered in industrial and legacy control
environments. Because the 8051 allows for strict register-level
control, it provides deterministic timing behavior that is highly
suitable for industrial-style control logic.

Summary of Technological Approaches The existing body of
research highlights a trade-off between the ease of prototyping and
the robustness of low-level hardware control. The table below
summarizes the comparative analysis of various APFC controller
technologies discussed in recent literature

4. PROPOSED METHODOLOGY

The realization of an automated framework for real-time power
factor optimization demands a rigorous, multi-tiered
methodology. This section details the conceptual design,
mathematical modeling, and algorithmic architecture governing
the proposed 8051-based Automatic Power Factor Correction
(APFC) system. The pipeline transitions systematically from
analog waveform ingestion to low-level deterministic switching.

4.1 System Functional Pipeline

The functional processing pipeline of the APFC device is structured
into five sequential operational stages:

1. Signal Ingestion & Isolation: The high-voltage AC line
parameters are continuously tracked and isolated using
stepping-down instrumentation transformers.

2. Analog Waveform Preprocessing: The sinusoidal output
profiles of the transformers are converted into clean digital
square waves to mark exact voltage and current phase
orientations.

3. Phase-Lag Measurement: The microcontroller gauges
the time-domain interval between the rising edges of both
square waves using register-level hardware timers.

4. Computational Correction Mapping: Mathematical
models are executed in the firmware to compute the
current power factor, evaluate the reactive power deficit
($Q_{\text{comp}}$), and determine the necessary
corrective capacitor value.
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Fig.2 Workflow of System
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4.2 Mathematical Modeling of Power Factor Extraction

To construct a highly accurate automated switching algorithm,
the electrical system's current vector behavior must be translated
into deterministic equations within the 8051 firmware.

The apparent power (S), active power (P), and reactive power
(Q) within an AC distribution grid operating at a frequency (f)
are mathematically interrelated through the power triangle:

The baseline power factor (PF initial) is calculated as:

PFinitia.l - COS(91) = —

Where theta_1 represents the uncompensated phase angle
difference between the voltage and current vectors. To extract
theta_1, the zero-crossing hardware converts the phase shift into
a measurable time delay (Delta t). Given a system frequency f =
50 Hz (or a period T = 20ms), the maximum possible phase shift
is 180 (10ms). The phase angle in degrees is calculated using
the time delay:

0; = 360 x f x At

When the 8051 microcontroller detects that cos(theta 1) falls
below the target threshold (PF target = cos(theta_2)), it
calculates the net reactive power compensation (Q_comp)
required to restore the target system balance:

Qcomp =P X (tan(ol) o ta‘n(OZ))

Assuming a parallel capacitive load configuration, the total
required compensating capacitance C_total is modeled as:

Because the physical system employs a discrete, multi-stage
capacitor bank where each individual capacitor stage has a
known rating (C_stage), the controller executes a step-
quantization algorithm to solve for the required integer number
of operational relay stages (N):

4.3 Signal Ingestion and Waveform Conversion Architecture
(ZCD)

The system cannot interface directly with high-voltage AC
waveforms. Consequently, the sensing stage scales down the line
parameters into readable low-voltage boundaries.

e Potential Transformer (PT): A step-down transformer
reduces the grid voltage from preserving the exact phase
behavior of the voltage waveform.

e Current Transformer (CT): Positioned in series with the
active line, the CT generates a stepped-down proportional
current output. This current passes across a high-precision
burden resistor to generate a proportional low-voltage
drop representing the current waveform.

These downscaled AC sine waves are routed directly into two
independent Operational Amplifiers configured as non-inverting
Zero Crossing Detectors (ZCDs). The operational amplifier
switches between its saturation rails (+-V_sat) whenever the
incoming sine wave crosses the OV reference axis. The output is
bounded by clamping diodes to generate a clean 0V to 5V logic-
level square wave, transforming the abstract phase lag into sharp,
distinct rising and falling logic edges.

4.5 Algorithmic Switching and Closed-Loop Control Logic

Once Delta is captured, the main program loop calculates the power
factor and orchestrates the actuation sequence. To prevent
mechanical damage to the relays from rapid, repetitive switching at
boundary thresholds, the firmware implements an optimized
control algorithm featuring a built-in hysteresis margin.
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ALGORITHMIC SWITCHING AND CLOSED-LOOP CONTROL LOGIC
FOR AUTOMATIC POWER FACTOR CORRECTION SYSTEM

1 ALCORITHIE ST [OGC CAMCITR SLISTON 3, CLOSED 000 SEMINOL LOGE
me
]
viem es e DT PaE— R
S, L) S ol gy vt et
i " 3 e rat
- S g 1 o ¥
e
e L]
oy - T
i e - K
o e 13000 ] ki o A
oot ”y o -y
Tesy
1
o
i .
)
| e Vet
' Frvorimeyf
] S e ~
h"" s aoon
P——— -~
' e 1 CAMENOR EWTICANG TASLE [EXANALE)
]
- W
razn i Dot o o - P
I i - w—ny BN DE | uw
} [ear . ~a
P
-
LA S ‘ S
-
s [ —

W, ot Powee P
[ ——— o [ ——— A e e —— - o Vo
b o Tew e

The algorithm compares the measured power factor against a
targeted deadband:

e Under-Compensation Detection: If the computed
power factor is less than $0.92$ (lagging), the
controller pulls a designated pin low on Port 1, driving
a transistor to engage the next available staging relay.
This introduces an additional capacitor stage to inject
leading VARSs.

e Over-Compensation Protection: If the system
detects a leading power factor (exceeding $0.98%
leading due to shedding inductive loads), the controller
sequentially de-asserts Port 1 pins, safely
disconnecting capacitor stages.

e Hysteresis Integration: The control loop enforces a 1-
second delay before re-evaluating the line status. This
stabilizes the mechanical contacts of the relays and
dampens any transient current spikes during switching,
maintaining the system near unity efficiency.

5.SYSTEM ARCHITECTURE

The architectural configuration of the proposed  8051-
based Automatic Power Factor Correction (APFC)
system is engineered to provide a seamless, low-latency
pathway from analog electrical parameter tracking to
discrete mechanical compensation. The architecture is
modularly segmented into five critical subsystems: the
Sensing  Subsystem, the Signal Conditioning
Subsystem, the Central Processing Subsystem, the
Visual Diagnostics Interface, and the Isolation &
Actuation Matrix. Each module is structurally
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interdependent, establishing a high-precision, closed-loop
telemetry and control node.

5.1 Power Supply Subsystem

Industrial grid environments run on high-voltage
alternating current (230V, 50Hz, single-phase), which is
fundamentally incompatible with the Low-Voltage
Transistor-Transistor Logic (LVTTL) required by digital
embedded components. To address this, a dedicated step-
down and rectification power supply unit is integrated into
the system architecture:

e Step-Down Transformation: A linear step-down
transformer reduces the grid voltage from 230V AC to
12V AC

e Full-Wave Bridge Rectification: A bridge rectifier
configuration utilizing four IN4007 silicon diodes
converts the alternating current into a pulsating direct
current (DC).

e Capacitive Filtering: High-capacity electrolytic filtering
capacitors (1000muF) smooth the voltage ripples,
establishing a stable, unregulated DC rail.

e Linear Voltage Regulation: Monolithic voltage
regulator integrated circuits—specifically the LM7805
and LM7812—are deployed to generate rock-solid,
transient-free +5V DCand +12V DC buses. The +5Vrail
powers the 8051 microcontroller, logic gates, and LCD,
while the +12V rail drives the magnetic coils of the
mechanical relays.

5.2 Sensing and Signal Conditioning Subsystem

The sensing matrix acts as the interface for physical telemetry. It
captures the raw electrical characteristics of the distribution line
and formats them for digital processing without altering their
underlying phase profiles.

5.2.1 Potential Transformer (PT) Unit

Voltage acquisition is managed via a high-precision, instrument-
grade Potential Transformer connected in parallel across the
incoming AC lines. The PT steps down the hazardous grid voltage
to a safe, low-amplitude 6V AC sine wave. Crucially, the
transformer is calibrated to maintain perfect phase linearity,
ensuring that the zero-crossing points of the stepped-down
secondary voltage precisely match those of the primary 230V utility
line.

5.2.2 Current Transformer (CT) Unit

Current tracking is accomplished using an instrument-grade
Current Transformer installed in series with the active phase line
supplying the load. The CT steps down the high line current into a
micro-ampere or milli-ampere level proportional current output.
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This secondary current is routed across a high-wattage, low-
tolerance burden resistor. The resulting voltage drop across this
burden resistor yields a clean, low-amplitude AC sine wave that
directly mimics the phase and magnitude behavior of the current
traversing the industrial load.

5.2.3 Zero Crossing Detector (ZCD) Matrix

The stepped-down voltage and current AC sine waves are routed
to independent channels of an operational amplifier (such as the
LM358) configured as high-gain, non-inverting Zero Crossing
Detectors.

The non-inverting input of the operational amplifier receives the
scaled AC wave, while the inverting input is tied directly to the
analog OVground reference. When the input sine wave
transitions into the positive half-cycle, the operational amplifier
immediately saturates to its positive supply rail (+5V).
Conversely, as the wave transitions into the negative half-cycle,
the output swings to its negative saturation rail (OV). This
process transforms the sinusoidal voltage and current inputs into
high-velocity square waves. Clamping diodes are placed at the
outputs to safeguard the microcontroller from voltage transients,
yielding clean -5V logic-level square waves that precisely mark
the exact moments the source waves cross the zero axis.

5.3 Central Processing Subsystem (8051 Microcontroller)

The core computational logic of the system is executed by an
8051-family microcontroller (such as the AT89S52), operating
at an external crystal frequency of 11.0592MHz. This frequency
provides a standard baud rate clock and an exact machine cycle
timing benchmark (1machine cycle = 12, 11.0592 MHz =
1.085m/s).

The microcontroller manages the control loop via two hardware
external interrupt channels:

e Voltage ZCD Link: The output of the Voltage ZCD is
mapped to External Interrupt O (INTO / Pin 3.2).

e Current ZCD Link: The output of the Current ZCD
is mapped to External Interrupt 1 (INT1/Pin 3.3).

The internal timers are configured in 16-bit Timer Mode 1.
When a rising edge is registered at INTO, an Interrupt
Service Routine (ISR) is triggered, activating the hardware
timer. The timer increments continuously at every machine
cycle until a rising edge is registered at INT1, which halts
the timer. The accumulated hex value within the THO and
TLO registers is then pulled directly by the main execution
loop to compute the precise phase lag (Delta t) with
microsecond-level accuracy.

5.4 Actuation and Compensation Switching Matrix

Once the power factor is calculated and a reactive power
deficit is identified, the microcontroller determines the
necessary compensation stages. The switching matrix is

engineered to step up low-power digital signals into high-power
mechanical actions.

6. PERFORMANCE EVALUATION

The final phase of this research involves a rigorous quantitative
assessment of the 8051-based Automatic Power Factor
Correction (APFC) framework. To determine the industrial
viability of the proposed system, we employ a multi-
dimensional performance matrix that evaluates the system’s
ability to detect reactive power deficits and execute precise
compensation without over-correcting the grid. The system
was tested across various inductive load profiles to simulate
real-world industrial fluctuations.

6.1 Statistical Evaluation Metrics

In electrical engineering projects, the cost of a "False
Switching™ or an inaccurate phase measurement can lead to
grid instability or hardware damage. The following metrics are
utilized to provide a balanced view of system performance:

e Measurement Accuracy: Quantifies the reliability of the
8051 microcontroller in capturing the zero-crossing delay
and calculating $\cos\theta$.

e Response Sensitivity: Measures the system's ability to
capture sudden load variations and initiate corrective
action immediately.

e Switching Stability: The primary indicator of the model's
stability, ensuring the relay module does not experience
"hunting" or rapid, repetitive switching during boundary
conditions.

e Compensation Efficiency: Evaluation of the reduction in
reactive power losses and improved energy utilization
following capacitor engagement.

6.4 Interpretation of Hardware Results

Analysis of the hardware setup confirms that the modular
design prevents significant interference between the logic and
power stages. The integration of the 16x2 LCD, as displayed
in WhatsApp Image 2026-06-16 at 11.39.13 AM (2).jpeg,
provides real-time feedback that aligns with the computed
mathematical models. The 4-capacitor bank, seen in
WhatsApp Image 2026-06-16 at 11.39.13 AM.jpeg, provides
granular control, ensuring that the system can achieve efficient
reactive power compensation across a wide range of operating
parameters.

7.RESULT AND DISCUSSION

The experimental validation of the proposed 8051-based
Automatic Power Factor Correction (APFC) framework was
executed under rigorous laboratory conditions using a
simulated industrial distribution grid. This section provides a
granular analysis of the quantitative telemetry acquired
during testing, evaluates the computational fidelity of the
firmware's phase-tracking algorithms, and discusses the
engineering implications of the resulting hardware behavior.
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7.1 Realized Hardware Setup and Telemetry
Verification

The physical system architecture was fully assembled and
cross-verified against the schematic pipeline. The control
layout consists of an 8051-family development core linked
to a zero-crossing detection matrix.

During the initial baseline characterization, the system
was energized under a purely resistive load (incandescent
array) to establish an instrumentation benchmark. The
Potential Transformer (PT) and Current Transformer (CT)
outputs were monitored via a digital storage oscilloscope
(DSO). The  waveforms  demonstrated  perfect
synchronicity, crossing the zero-voltage reference axis at
identical temporal coordinates. The 8051 internal Timer 0
registered zero counts, and the 16x2 alphanumeric LCD
displayed a baseline Power Factor ($\text{PF}$) of $1.00$,
verifying the calibration accuracy of the sensing and signal
conditioning subsystem.

7.2 Technical Discussion and Operational Observations

The experimental data highlights several critical design
achievements and performance characteristics of the 8051
controller architecture:

e Impact of Deterministic Execution: Unlike high-
level microcontrollers that execute abstracted background
processes, the register-level execution of the 8051 ensured
that interrupt tracking was highly consistent. The time
delay (At) was captured with a resolution of +£1.085ps,
minimizing mathematical noise in the phase angle
calculation.

e System Response Time: The complete closed-loop
transmission delay—spanning from the initial detection of an
inductive phase lag to the physical closing of the relay
contacts—averaged 120 ms. This rapid response time is
highly effective for industrial operations, ensuring that
fluctuating loads are compensated before utility billing

meters register a low power factor penalty.

e Mitigation of Relay Hunting: A key issue in
automated power factor correction engineering is
"hunting," where a system rapidly cycles a relay on and
off when the power factor hovers directly on a
threshold boundary. The integration of a software-
defined hysteresis deadband (0.92 to 0.98) paired with
a mandatory 1-second re-evaluation delay successfully
dampened mechanical switch oscillations, protecting
the relay contacts from premature arc-flash wear.

e Electrical Insulation Efficacy: The integration of the
ULN2003 Darlington driver provided excellent
isolation between the low-power digital control board
and the high-power AC lines. Oscilloscope tracking
confirmed that zero voltage transients or back-EMF
spikes bypassed the isolation barrier during heavy
inductive load switching, ensuring long-term
operational stability for the processing core.

8. LIMITATIONS & FUTURE SCOPE

While the developed 8051-based Automatic Power Factor
Correction (APFC) system has proven to be highly
deterministic, cost-effective, and efficient for standard
industrial load profiles, evaluating its operational boundaries is
essential for scaling the technology. This section provides a
critical analysis of the current system's engineering limitations
and outlines prospective future trajectories for research and
industrial deployment.

8.1 Research and Hardware Limitations

Despite achieving stable closed-loop compensation, the physical
prototype exhibits structural and computational limitations when
subjected to advanced, non-linear industrial environments:

e Quantization Errors in Discrete Compensation: The
system utilizes a multi-stage, discrete shunt capacitor bank
(4 independent stages). Consequently, reactive power
compensation occurs in predefined, stepwise increments.
If an industrial load fluctuates minutely between two
capacitive steps, the system cannot achieve an absolute
unity power factor (1.00). This limitation introduces a
residual quantization error where the system settles at an
approximation (e.g., 0.95 or 0.96) rather than perfect
synchronization.

e Mechanical Degradation of Electromechanical Relays:
The actuation matrix relies on magnetic induction relays
to switch the capacitor banks. Mechanical relays possess
physical contacts that degrade over time due to electrical
arcing and wear during contact bounce. Continuous, high-
frequency load switching under heavy industrial
conditions curtails the operating lifecycle of these
components, presenting a long-term reliability risk.

e Switching Transients and Inrush Currents: Connecting
a discharged capacitor directly across a live AC line
induces massive localized inrush currents and voltage
transients. While the integrated software hysteresis
mitigates rapid cycling, the mechanical relays cannot
synchronize switching exactly at the zero-voltage point of
the AC sine wave, exposing the system to transient
thermal and electrical stresses.

e Vulnerability to Total Harmonic Distortion (THD):
Modern industrial facilities are saturated with non-linear
loads, such as Variable Frequency Drives (VFDs), switch-
mode power supplies (SMPS), and industrial rectifiers.
These devices inject high-frequency harmonics into the
power grid. Plain metallized polypropylene capacitors
lower their impedance at higher frequencies, inadvertently
attracting harmonic currents. The current framework lacks
active or passive harmonic filtering (such as detuned
reactors), risking parallel resonance and localized
capacitor overheating in harmonic-heavy environments.

e Processing and Memory Constraints of the 8051 Core:
The 8-bit AT89S52 microcontroller, operating at
11.0592 MHz,  possesses  limited  computational
bandwidth and RAM. While excellent for deterministic
time-delay tracking using hardware interrupts, it lacks the
floating-point performance required to compute Fast
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Fourier Transforms (FFT) for real-time harmonic
analysis or to host complex predictive optimization
algorithms.

8.2 Future Trajectories and Enhancements

To transition this prototype into a highly resilient, next-
generation smart-grid infrastructure component, several
advanced technological modifications are proposed for
future iterations:

8.2.1 Solid-State Thyristor Switched Capacitors
(TSC)

To completely eliminate mechanical wear, contact
arcing, and slow response times (>100 ms), future
designs will replace electromechanical relays with
solid-state, anti-parallel thyristor switches.

. Transient-Free Switching: Thyristor firing
circuits can be precisely timed via specialized zero-
voltage crossing microcontrollers to engage capacitor
banks exactly when the alternating voltage difference
across the switch is zero.

. Zero-Current Deactivation: Similarly, they
can disengage capacitors at zero current, achieving
completely transient-free, high-speed  switching
(<20 ms) that protects the capacitor bank and minimizes
grid noise.

8.2.2 Integration of Detuned Reactors and Active
Harmonic Filters (AHF)

To fortify the system against harmonic distortion, series
detuned reactors (inductors) will be integrated with each
capacitor stage. This scales the LC circuit's resonant
frequency safely below the lowest dominant grid
harmonic (typically the 5th harmonic, or 250 Hz),
preventing parallel resonance. For highly sensitive
environments, a parallel Active Harmonic Filter driven
by a Digital Signal Processor (DSP) can be introduced
to dynamically inject counter-phase currents,
neutralizing total harmonic distortion (THD) while
correcting the power factor.

8.2.3  Stepless Reactive = Compensation
(STATCOM Implementation)

To resolve the quantization issues of discrete capacitor
staging, the system architecture can expand toward a
Static Synchronous Compensator (STATCOM) or a
Static VAR Compensator (SVC) framework. By
replacing or pairing fixed capacitors with a continuous,
pulse-width modulated (PWM) voltage source inverter,
the system can inject exact, continuously variable
reactive currents (both inductive and capacitive),
achieving a continuous power factor correction profile
directly at 1.00.
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8.2.4 Internet of Things (IoT) Telemetry and Edge
Analytics

The incorporation of an edge-computing communication
module (such as an ESP32 or an industrial RS485 Modbus
interface) represents a crucial advancement. By transmitting
the power factor metrics, line voltages, load currents, and
relay actuation logs to a cloud-based dashboard (e.g.,
ThingsSpeak or AWS IoT Core), plant managers can review
historical load trends. Furthermore, cloud-hosted machine
learning models can perform predictive maintenance
analytics, forecasting capacitor degradation or scheduling
relay replacements before a critical component failure occurs.

8.25 Upgrading to High-Performance 32-Bit
Microarchitectures

Transitioning from the legacy 8-bit 8051 architecture to a
high-speed 32-bit ARM Cortex-M or Texas Instruments
C2000 Digital Signal Controller (DSC) will expand the
system’'s processing capabilities. A 32-bit architecture
provides advanced timers, high-speed integrated Analog-to-
Digital Converters (ADCs), and hardware floating-point
units. This mathematical bandwidth enables the concurrent
execution of multi-channel phase tracking, complex power
quality calculations, active filtering algorithms, and real-time
network communications over a single integrated silicon chip.

9.Conclusions

This research has successfully demonstrated the design,
architectural  implementation, and experimental
validation of a low-cost, high-precision Automatic Power
Factor Correction (APFC) framework using the classical 8051
microcontroller architecture. Developed as an automated
solution to mitigate the severe technical and economic
inefficiencies introduced by lagging industrial inductive loads,
the system replaces traditional static and manual reactive
power compensation with an intelligent, data-driven closed-
loop control mechanism.

Through rigorous hardware testing, the system proved highly
effective at real-time telemetry processing and dynamic grid
stabilization. By avoiding high-level  programming
abstractions and leveraging register-level hardware interrupts
(INT 0 and INT 1), the 8051 core captured the zero-crossing
intervals of stepped-down voltage and current waveforms with
microsecond-level timing precision (pm 1.085m\s). The
firmware successfully processed this phase-lag data into
accurate, real-time power factor computations, displaying
them continuously on a 16x2 alphanumeric diagnostic
interface.
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