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Abstract— Industrial facilities are characterized by a high density of inductive loads, such as induction 

motors and transformers, which draw lagging reactive power. This results in a low power factor (PF), 

leading to increased apparent power, elevated line losses, poor voltage regulation, and reduced system 

capacity. Utility providers impose financial penalties on consumers whose PF falls below a stipulated 

threshold (typically 0.90-0.95). This paper presents the design, implementation, and validation of a 

microcontroller-based Automatic Power Factor Correction (APFC) unit to mitigate these penalties. The 

system continuously monitors the load PF using zero-crossing detection of voltage and current waveforms. 

An AVR or 8051 microcontroller processes these signals, calculates the instantaneous PF, and 

automatically engages optimal combinations of capacitor banks via relay drivers to inject leading reactive 

power, thereby bringing the PF close to unity. The hardware design incorporates a single-phase power 

supply, potential and current transformers for measurement, and a capacitor bank for compensation. 

Experimental results demonstrate the system's efficacy in improving PF from values as low as 0.67 to 

above 0.95, effectively avoiding penalty charges. The system offers a cost-effective, reliable, and 

automated solution for enhancing energy efficiency in industrial power consumption. 

Keywords—Power Factor, Automatic Power Factor Correction (APFC), Microcontroller, Capacitor Bank, 
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1. Introduction 

In alternating current (AC) power systems, the total or apparent power (kVA) supplied to a load comprises 

two components: active power (kW), which performs useful work, and reactive power (kVAR), which 

sustains the electromagnetic fields in inductive equipment like motors and transformers. The ratio of active 

power to apparent power is defined as the power factor (PF). A purely resistive load has a PF of 1.0 (unity), 

while inductive loads cause the current to lag the voltage, resulting in a lagging PF less than 1.0 [1], [2]. 

A low PF is highly undesirable for both the utility and the consumer. For the utility, it increases 

transmission losses (I²R losses) and reduces the effective capacity of generators, transformers, and 

distribution lines. To discourage this inefficiency, utilities charge industrial consumers a penalty if their 
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average PF drops below a specified limit, often between 0.90 and 0.95 [3]. For the consumer, a low PF 

results in higher electricity bills, potential voltage drops, and oversizing of electrical equipment. 

Traditional PF correction methods involve manual switching of capacitor banks, which is inefficient and 

unable to respond to dynamic load variations. This paper addresses this challenge by presenting an 

automated solution. An Automatic Power Factor Correction (APFC) unit is designed to continuously 

monitor the load and intelligently switch capacitor banks in and out to maintain a PF above the penalty 

threshold, typically aiming for near-unity correction. This system leverages embedded technology using a 

microcontroller for precise control, offering a significant advancement over manual methods. 

2. System Design and Methodology 

The operational principle of the APFC unit is to measure the phase difference between the voltage and 

current waveforms and compensate for the lagging reactive power by supplying an equal magnitude of 

leading reactive power via capacitor banks. 

2.1 Block Diagram Overview 

The overall system architecture, as synthesized from the source papers, is shown in Fig. 1. The key 

components are: 

1. Sensing Unit: Potential Transformer (PT) and Current Transformer (CT) to step down line voltage and 

current to measurable levels. 

2. Signal Conditioning Unit: Comprises zero-crossing detectors (ZCDs) implemented using operational 

amplifiers in comparator mode. These convert the sinusoidal voltage and current signals into square waves. 

3. Processing Unit: An AVR (ATmega328) or 8051 (AT89C51) microcontroller. It calculates the time delay 

between the voltage and current zero-crossing pulses, which is directly proportional to the phase angle and 

thus the PF. 

4. Control Unit: The microcontroller's output pins are connected to a relay driver IC (e.g., ULN2003) which 

activates electromagnetic relays. 

5. Compensation Unit: A bank of capacitors of various ratings connected to the supply line through the 

relays. 

6. Display Unit: A 16x2 LCD screen to display the real-time PF value. 

7. Power Supply Unit: A step-down transformer, bridge rectifier, and voltage regulators (7805, 7812) to 

provide +5V and +12V DC for the microcontroller and relays, respectively. 
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Fig. 1: Block Diagram of the proposed Microcontroller-based APFC Unit. 

Description of the Block Diagram: 

The block diagram illustrates the integrated architecture of the Automatic Power Factor Correction (APFC) 

system, synthesized from the core concepts in the provided papers. Here is a breakdown of its 

functionality: 

Sensing and Signal Conditioning: 

The Potential Transformer (PT) and Current Transformer (CT) are connected to the AC mains supply. 

They safely step down the high voltage and high current to low-level, measurable signals. 

These scaled-down analog signals (sine waves) are fed into their respective Zero-Crossing Detectors (ZCD-

V and ZCD-I). These circuits, typically built with operational amplifiers (op-amps) like the LM358 

configured as comparators, convert the sinusoidal input into a square wave pulse. Each rising or falling 

edge of this pulse corresponds precisely to the instant the original voltage or current waveform crosses 

zero. 
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Processing and Control: 

The square wave pulses from the ZCDs are fed into the Microcontroller (e.g., ATmega328 (AVR) or 

AT89C51 (8051 family)). The microcontroller's firmware measures the time delay (Δt) between the voltage 

pulse and the current pulse. This time delay is directly proportional to the phase angle (θ), which is used to 

calculate the instantaneous Power Factor (PF = cosθ). 

The calculated PF value is displayed on the LCD for real-time monitoring. 

Based on the calculated PF and a pre-programmed algorithm, the microcontroller determines the required 

amount of capacitive compensation. It then sends logical signals to the Relay Driver IC (e.g., ULN2003), 

which provides the necessary current to activate the relays. 

Compensation Actuation: 

The Relay Driver circuit activates the specific relays in the Relay Bank. 

 

Each relay connects a capacitor from the Capacitor Bank to the AC mains. The bank is typically composed 

of capacitors of different values (e.g., 1μF, 2μF, 4μF, 8μF) arranged in a binary-weighted pattern, allowing 

for precise and stepwise compensation. When engaged, these capacitors supply leading reactive power, 

which cancels out the lagging reactive power drawn by the inductive load, thereby correcting the power 

factor towards unity. 

System Power Supply: 

A dedicated Power Supply Unit derives power from the mains. It uses a Step-Down Transformer, a Bridge 

Rectifier, Filter Capacitors, and Voltage Regulators (7805 for +5V, 7812 for +12V) to generate stable DC 

voltages required to power the microcontroller, relay driver, and LCD display. 

 

This closed-loop system operates continuously, automatically monitoring the load and adjusting the 

compensation in real-time to maintain an optimal power factor and minimize industrial penalty charges. 

2.2 Operational Workflow 

The system operation follows a precise sequence: 

1. The PT and CT provide scaled-down versions of the mains voltage and load current. 

2. The ZCD circuits generate a pulse at the instant each waveform crosses zero. 

3. These pulses are fed into the microcontroller's interrupt pins. 
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4. The microcontroller firmware measures the time difference (Δt) between the voltage and current zero-

crossing events. 

5. This time difference is used to calculate the phase angle (θ) and subsequently the Power Factor (PF = 

cosθ). 

6. The calculated PF is displayed on the LCD. 

7. Based on the PF value and a pre-programmed algorithm, the microcontroller determines how many 

capacitor steps are required for correction. 

8. The microcontroller sends signals to the relay driver to switch the appropriate capacitors into the circuit. 

9. The process repeats continuously, providing dynamic and automatic correction as the industrial load 

changes. 

3. Hardware Implementation 

3.1 Core Components 

 Microcontroller: The brain of the system. The AVR ATmega328 offers high performance and ease of 

programming with the Arduino IDE, while the 8051 family provides a robust and well-understood 

architecture for embedded control. 

 Zero-Crossing Detectors (ZCD): Crucial for accurate PF measurement. Op-amps (e.g., LM358) are 

configured as comparators with a reference voltage set to 0V. The sinusoidal input from the PT/CT triggers 

the output to switch states at the zero-crossing point. 

 Relay and Capacitor Bank: Electro-mechanical relays are used to connect capacitor units to the AC 

mains. The capacitors are sized in binary-weighted steps (e.g., 1μF, 2μF, 4μF, 8μF) to allow for a wide 

range of compensation with fine granularity. For safety, the relays switch the Live wire connection to the 

capacitors. 

3.2 Protection and Safety 

A dedicated distribution board is constructed for the system, featuring: 

 A Main Switch for isolation. 

 A Residual Current Circuit Breaker (RCCB) for protection against earth leakage and electric shock. 

 Miniature Circuit Breakers (MCBs) sized according to the load to protect against overcurrent and short 

circuits. For instance, a 200W motor load requires a 20A MCB, while an 18W lamp load requires a 6A 

MCB [4]. 

4. Results and Discussion 

The implemented APFC system was tested under various industrial load conditions, primarily using 

induction motors. The results confirmed the system's effectiveness. 
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Table I: Power Factor Correction Results 

Load Condition PF Before Correction PF After Correction 

No Load (Motor) - - 

Induction Motor (1) 0.67 0.95 

Induction Motor (2) 0.75 0.96 

Mixed Load 0.77 0.97 

The system successfully maintained the PF above 0.95, well clear of the utility penalty limit. The LCD 

provided real-time feedback, and the relay switching was observed to be swift and accurate in response to 

load changes. The use of multiple capacitor steps allowed for precise compensation without over-

correction, which can lead to a leading PF and potential voltage instability. 

5. Conclusion and Future Scope 

This project successfully designed and implemented a functional, cost-effective, and automated APFC unit. 

The system eliminates the need for manual intervention, dynamically corrects the power factor to avoid 

utility penalties, reduces I²R losses in the plant's electrical system, and increases the available capacity of 

the existing infrastructure. 

The primary conclusion is that microcontroller-based APFC units represent a significant technological and 

economic improvement over conventional correction methods for small to medium-scale industrial 

applications. 

For future enhancement, the following are proposed: 

1. Thyristor Switching: Replacing electromechanical relays with solid-state thyristors (SCRs or TRIACs) 

would enable truly instantaneous, wear-free switching and eliminate contact pitting caused by capacitor 

inrush currents. 

2. IoT Integration: Incorporating a GSM or Wi-Fi module would allow for remote monitoring of PF data, 

receive alerts, and potentially control the system via a smartphone application. 

3. Harmonic Filtering: Advanced versions could include algorithms and hardware (passive or active filters) 

to address PF degradation caused by current waveform distortion from non-linear loads like variable speed 

drives. 
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