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This paper presents the design and implementation of a PIC microcontroller-
based power factor correction system using a stepped capacitor bank and low-
cost analog measurement modules. The proposed design aimed to address the
low power factor issue caused by inductive loads that intern increases the
current, losses, and apparent power demand. The developed PIC-based
controller integrated analog conditioning circuits for voltage, current, and
phase-angle measurement. The proposed system acquires analog signals from
a voltage transformer, a current transformer—op-amp module, and an
AD8302-based phase detector, computes real, reactive, and apparent power
in real time, and automatically connects or disconnects capacitor-bank steps
to maintain the power factor within a predefined band (0.92—0.98).
Experimental results on a 4 kW inductive load array indicated that the
measurement error of the analog voltage module was approximately 1.32%,
while the analog current module exhibited an error of around 3.02% in
comparison to digital measuring instruments. Additionally, there was an
improvement in the power factor from 0.865 to 0.935, with by a reduction in
load current of approximately 7% and a decrease in load reactive power of
about 35%. The proposed design confirms satisfactory operation for
automatic capacitor-bank control in power factor correction applications.
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1. INTRODUCTION

With today's increasing demand for electrical power, it has become imperative that electrical power
systems provide as much apparent power as possible to supply all loads connected to the electrical grid with
minimal losses and without the need for additional new generators. Adding new generators requires increasing
the capacity of transmission and distribution networks in order to accommodate the increased current in the
grid. There is a growing trend towards highly efficient and high-quality energy systems, especially when using
multiple energy sources, both conventional and renewable, in response to the steady increase in energy demand.
The increasing trend towards hybrid energy systems is also aimed at addressing energy supply shortages,
particularly in areas experiencing energy supply problems. Energy quality is a crucial consideration; therefore,
improving the power factor (PF) directly impacts energy quality, the cost of energy systems, and the efficiency
of power transmission and distribution systems, as a low power factor can cause numerous problems for these
systems.

The solution to these challenges lies in improve the power factor, which has many advantages that enable
the necessary power to be provided to the loads without increasing the capacity of the electrical networks and
generators. Power factor is a very important element in electrical power systems, therefore improving this
factor is very important because when the power factor correction occurs it will lead to increasing the efficiency
of the electrical power system and reducing energy losses [1]-[3].

Power factor correction (PFC) is important to reduce power losses and thus reduce the peak apparent
power demand (kVA) consumed by the customer, leading to increased system efficiency [4]-[7]. It also reduces
the customer’s electricity bill, as customers are billed not only according to the actual power, they consume
but also according to the apparent power level that the grid needs to provide to them. In addition to voltage
stability, extending the life of electrical grid components and enhancing the overall reliability of the power
grid. Furthermore, there is also an environmental benefit due to the reduced use of natural resources to produce
electricity as a result of using electricity more efficiently.

In reaction to climate change and the rising carbon emissions that are a direct result of the usage of
traditional energy sources, the globe is increasingly relying on a variety of different forms of renewable energy
sources [8]-[13]. It is necessary to have a grid that is able to accommodate the various types of energy sources
and the ever-changing quantities of those sources in order to accomplish this shift [14][15]. Improving the
power factor is crucial for enhancing the efficiency and stability of electrical grids, especially in power systems
powered by renewable energy sources. This is because it has become a key focus as modern electrical systems
increasingly seek clean and sustainable energy sources [16].

Power factor (PF) is the ratio of real power to apparent power. It shows the phase of the voltage waveform
with the phase of the current waveform. It also shows the relationship between real power and reactive power,
and is a measure of how efficiently electrical energy is being used. Electrical power consists of two orthogonal
components, real power (P, kW) and reactive power (Q, kVAR) [17]. When the P and Q vectors are added
together, they form the apparent power (S, kVA), which represents the power triangle.

An ideal electrical power system operates with a unity power factor (PF=1). Power factor values slightly
below 1, often greater than 0.9, have proven satisfactory because they balance efficiency with load
characteristics in practice. Electricity companies may set standards requiring network users, particularly
factories, to maintain a power factor above 0.92, and customers who cause it to fall below this level are
penalized due to increased losses and capacity requirements [18][19]. This is in accordance with the IEEE 1036
standard for the application of shunt power capacitors, which provides guidance for applying capacitors to
improve the power factor to achieve a high power factor of approximately 0.95 [20]. After applying power
factor correction technique, the reactive power decreased which leads to apparent power decreased, and so that
the current decreased accordingly. The adoption of PFC reducing the phase difference between current and
voltage as in Figure 1. The lagging current, which is the case practically, after applying PFC technique the
phase angle between the current and voltage becomes zero ideally.

The industrial and commercial electrical loads typically exhibit both resistive and reactive elements. The
resistive part consumes real power to produce work (energy) in the form of motion or heat. The reactive power
is not consumed in the resistance but supports the electromagnetic field generated in the reactance that is
important for operating inductive loads such as motors and transformers. The current passing through the
reactive impedance does not dissipate real power, but this current will be transmitted through the distribution
lines and will dissipate real power through other resistors in the system such as cables, switches and bus-bars,
causing additional losses and voltage drops. Power factor correction mitigates these undesired effects by
reducing the circulating reactive current. There are several prevalent methods for PFC, including synchronous
condensers, static VAR compensators (SVCs), active power factor correction filters, and capacitor banks.
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Synchronous condensers are grid connected synchronous motors that operate under over-excited and no-
load conditions to generate reactive power for the power system to correct the power factor. If this motor is
operated with an armature current that lags the voltage (lagging PF), now if the field current of this motor
increases, the armature current will be in phase with the voltage. If the field current continues to increase, the
armature current will lead the voltage (leading PF). When the field current of a synchronous motor is high
causing the motor current to lead its voltage, it is called an over-excited synchronous motor. Connecting such
a leading power factor load to the grid will regulate voltage and improve grid stability [21]-[24]. The
advantages of this method are the ability to adjust the reactive power output to suit rapid load changes, as well
as the ability to provide a significant improvement in power factor, particularly in big industrial plants.
However, the disadvantages of this method are the expensive cost of synchronous motors. In addition to the
high cost of frequent maintenance, these motors require specialized expertise to maintain best performance.
Furthermore, the large size of these motors requires a large area for installation.

Static VAR compensators are power electronic devices used in electrical power systems to quickly
compensate for reactive power. They stabilize voltage and correct power factor by the employment of thyristor-
controlled inductors and capacitors. The SVC system controller continuously checks the reactive power, when
the power factor becomes lagging due to increased inductive loads; it connects the thyristor-switched capacitors
to the grid system. This provides capacitive reactive power, which reduces the phase difference between
voltage and current while improving the system efficiency. Similarly, when the power factor becomes leading,
it connects the thyristor-controlled inductors to the grid system, providing inductive reactive power [25]-[29].
The advantage of SVCs method is the quick response to changes and fluctuations in loads. In addition, it helps
in maintaining the stability of the voltage in the system and preventing sudden surges and drops in voltage.
Moreover, it reduces transmission losses by improving the power factor. However, the disadvantages of this
method are the high cost of setting up and installing the SVCs system. In addition, the high complexity of these
systems requires skilled personnel for operation and maintenance.

The active power factor correction filter is a power electronics device that adjusts the current waveform
to match the voltage waveform by use of a boost converter. In order to eliminate harmonic distortion, lower
inductive reactive power, and correct the power factor, the controller continually checks the grid system's
voltage-current phase angle and modifies the converter's duty cycle in real time. This will lead to a more
efficient use of electrical energy and less losses because the power grid system will only have fundamental
harmonic current and voltage in the form of a sine wave [30]-[33]. The advantages of this method are that it
corrects the power factor and at the same time eliminates harmful harmonic currents, which improves the
stability of the grid system. In addition, by continuously monitoring the system load conditions in real time, it
leads to a more accurate result of the power factor correction. However, the disadvantages of this method are
its high cost, which makes it unsuitable for small industrial units. In addition, its configuration and setup require
specialized expertise and may involve complex designs to fit into existing systems.

Using capacitor banks a study proposed a three-stage automatic power factor correction system using an
optimization-based algorithm to select the optimal capacitor configuration to achieve a specific power factor.
The system aims to improve system stability within acceptable operating limits [34]. Capacitor banks are the
most effective method for power factor correction. The capacitors compensate and balance the reactive power
consumed by inductive loads, reducing the apparent power required from the electrical grid, reducing current,
and correcting the power factor. In this study, automatic capacitor banks with microcontroller will be
introduced. The microcontroller determines in real time the number of capacitors should be connected to the
grid system based on the actual reactive power demand. This ensures that the power factor remains within the
required range even when the load varies and results in more accurate compensation.

Improving the power factor advantage in mitigation of the transmission lines power losses which in return
improve the overall system efficiency. From the economic point of view as the voltage drop decreased the
transmission cable cross section decreased thus reducing the installation costs. In addition, the capacity of
transformers and generators lowered. Also, it advantages as well in remove any potential penalties related to
low power factor that accordingly lowering the power bills [35]-[38].

The purpose of this study is to design, implement, and experimentally validate an automatic capacitor-
bank PFC system controlled by a low-cost PIC16F877A microcontroller. The proposed design employs
integrated analog signal-conditioning modules based on a voltage transformer, current transformer with an op-
amp interface, and an AD8302 phase detector to provide the microcontroller with a scaled analog representation
of the grid quantities. Using these measurements, the controller calculates the required reactive power and
subsequently adds or removes a number of capacitors based on the results in order to keep PF within a required
level. This ensures better electrical grid performance by improving power factor and providing precise reactive
power.
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Figure 1. Reducing the phase difference between current and voltage

2. HARDWARE IMPLEMENTATION

In this section, the implementation details on measurement devices used to capture the power parameters
need to realize the power factor correction system will be demonstrated alongside with system PIC
microcontroller.

2.1. PIC16F877A Microcontroller

One of the most popular microcontrollers is the PIC16F877A which is widely used due to its flexibility
and low power consumption. It has 368 bytes of RAM and 3.5 kB of flash memory, 33 input/output pins, eight
of which are analog-to-digital converters (ADCs), as shown in Figure 2. It has high timing precision because
of its three timers [39]-[42]. It is used in this research to control the system and to convert the analog values of
voltages and currents collected from modules into digital values, which are then combined with phase angle
for power factor correction. The PIC microcontroller device is programmed using C++ language.
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2.2. Analog Voltage Module

The voltage module is used to measure load voltage and is connected to the microcontroller as an analog
input. Figure 3 shows the design of the voltage circuit module, which consists of a 220/10V voltage
transformer, a LED indicator, and a variable resistor that acts as a voltage divider. Its main function is to
provide the appropriate input voltage to the PIC microcontroller. The voltage module is connected to pin 2 as
an analog input of the PIC microcontroller. Whereas pins RAO to RAS (pins 2 to 7) and REO and RE1 (pins 9
and 10) are analog-to-digital converter pins and are used as analog inputs.
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Figure 3. Analog voltage module

2.3. Analog Current Module

The current module is used to measure load current and is connected to the microcontroller as an analog
input. The current circuit module is shown as in Figure 4. This module consists of a LED indicator, a resistance
that measures current proportional to voltage, and a 100A/30mA current transformer. Its main function is to
reduce the current to suit PIC microcontroller input limits. The LM741 Op-Amp amplifies the weak current
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signal supplied by the current transformer as a dual stage of the inverter amplifier. The overall gain is adjusted
so that the maximum expected load current corresponds to a voltage within the ADC input range. Although the
LM741 is a general-purpose op-amp, it was selected for the prototype because of its availability and cost. The
current module is connected to pin 3 as an analog input of the PIC microcontroller

Figure 4. Analog current module

2.4. Phase Detector Module

The phase detector module uses the AD8302 integrated circuit, as shown in Figure 5. This integrated
circuit provides improved sensitivity and accuracy for calculating the phase angle (8) between voltage and
current. This module produces a proportional analog voltage of 10mV/degree after comparing two input
voltages (one from the voltage module and the other from the current module). The PIC microcontroller
converts this voltage to a digital value using an analog-to-digital converter. The phase detector module is
connected to pin 4 as an analog input of the PIC microcontroller.
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Figure 5. Phase detector module with AD8302 IC

2.5. Opto-Isolation Module

This module is used as the input for the phase detector module, supplying it with a regulated constant
voltage of 5V to protect the AD8302 integrated circuit against voltage fluctuations, especially over-voltages.
The optical isolation module consists of two PC817 optocouplers with appropriate resistors, as shown in Figure
6. The PC817 is a single-chip package that includes a phototransistor and a LED. The LED generates infrared
light when an electrical signal is applied to it, and the phototransistor absorbs this light to produce a 5V
electrical output. This provides good protection for sensitive integrated circuits from noise or overvoltage by
electrically isolating the inputs and outputs [43]-[45].
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Figure 6. Opto-isolation module
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2.6. Output Units

e LCDLMOIG6L is used to display current, voltage, phase angle and PF values. It is connected to (Pin 19 -
Pin 22 and Pin 27 - Pin 30) of the PIC microcontroller outputs.

e  Relay output unit that is an electromagnetic switch with three terminals. One terminal is connected to the
12V supply from the ULN2003A, and the other terminal is connected to ground, as shown in Figure 7. It
is activated when a 5V signal is received from the PIC output. The third terminal is connected to a
contactor. The ULN2003A connects to one of the PIC outputs (pins 33, 34, 37, and 40), which provides
5V to activate the relay. The ULN2003A is utilized to connect the relay to the microcontroller since the
relay requires more current than the microcontroller's output. An internal diode is used to protect the
ULN2003A from sparks generated by the relay.

e  Contactor output units are used as a second stage to connect and disconnect three-phase delta-connected
capacitors that receive activation signals from relay output units.

e  Capacitor bank unit that is a three-phase capacitor bank connected in delta connection is used to adjust
the reactive power compensated into the grid according to the required value for power factor correction.
The microcontroller connects and disconnects the capacitor bank using contactors.

i

Figure 7. Relay output units

2.7. Power Supply

The XL4016 Buck converter is used to power the microcontroller, current and voltage modules, and
output relay units. The voltage and current requirements for the microcontroller are approximately 5V 10mA,
while the analog current module requires 12V 5mA, the phase detector module requires 5V 3mA, the opto-
isolator module requires 5V 20mA, and the relay units requires 12V. The Buck converter changes the voltage
from 220V to 12V DC, and then the regulator circuit steps it down to 5V DC. This converter boasts a high
efficiency of up to 95%, which helps avoid overheating by lowering the amount of heat produced. Its dual heat
sink design ensures that the system stays cool and functional for longer periods of time by extending battery
life and reducing heat loss. Additionally, long-term dependability and steady performance are built into its
design [46].

3. METHODOLOGY

Figure 8 shows a flowchart of a PFC system that illustrates the detailed steps taken by the system
controller to achieve a correction process for any power factor. The microcontroller initializes the peripherals,
sets up timers, and configures the analog-to-digital converters. After the peripherals are initialized, the current
and voltage modules capture the current and voltage as analog values using current and voltage transformers.
The AD8302 phase detector checks zero-crossing points and compares the phase difference between voltage
and current. The built-in phase detector within the AD8302 generates a DC analog voltage at the output
terminal of approximately 10 mV per degree of phase difference. The PIC microcontroller reads the voltage,
current, and phase difference via the analog input, then converts them to digital voltage, current, and phase
angle using an ADC. It then calculates the apparent power, real power, reactive power, and power factor.
Where, the apparent power S is (S = V.I), VA. The real power P is (P = V.I.cos8), W. The reactive power
Qis (Q = V.I.sinf), VAR. While the power factor PF is (PF = cos8).

The most important operation here is checking the power factor value, which is the cosine of the phase
angle (cos 0). If the power factor value is between 0.92 and 0.98, the controller continues to monitor the system
without taking any action. If the power factor value is less than 0.92, the system connects the first unit of the
capacitor bank, rereads the inputs, and calculates the power factor. As long as the power factor value remains
below 0.92, the controller continues to add another capacitor bank unit and re-evaluate. If the power factor
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value increases above 0.98, the microcontroller disconnects the final capacitor bank unit connected in the final
step.

To avoid large fluctuations resulting from the speed of disconnecting and connecting the capacitors, a
time delay of 5 seconds was added before any disconnection or connection operation was performed. The LCD
displays both the read values (V, I, and 0) and calculated values (S, P, Q, and PF) sequentially, one value at a
time, and the user can switch between them by pressing a push button. This continuous loop process improves
power efficiency and guarantees real-time power factor correction monitoring.

Initialize PIC, LCD, Modules

! !

Current module Voltage module
capture | capture V

v

ADS302 capture
» VandI <
phase difference

PIC read and convert
I, V, and 6 to digital

]

Determine
cos(0), P, Q, S

!

Check PF

If
92<PF
<98

Connect one C Disconnect one C
unit unit

|

> Return *

Figure 8. Flowchart of the proposed system

4. RESULTS AND DISCUSSION

To verify the system's effectiveness, several experiments were conducted on each module individually.
The effectiveness of the voltage module was first tested. Multiple readings of the load voltage values were
taken using a voltmeter and an analog voltage module through PIC microcontroller. The results are shown in
Figure 9. These experiments revealed that the percentage error of the voltage module's readings compared to
the voltmeter readings was 1.32%.
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The effectiveness of the analog current module was then tested. Multiple readings of the load current
values were taken using an ammeter and an analogue current module through PIC microcontroller, and the
results were shown in Figure 10. These experiments revealed that the percentage error of the current module's
readings compared to the ammeter readings was 3.02%.

The effectiveness of reading input values from analog input modules, calculating power types and power
factor results was then tested. In this test, there are four inductive loads, all rated at 1kW and 220V. The first
has a power factor of 0.92, the second 0.88, the third 0.85, and the fourth 0.82. It was found that the measured
and calculated values using the proposed system for the loads individually were as shown in Table 1.

Voltage module Voltmeter

250

o 200
E

S 150
=)
]

100
E

50

0

0 50 100 150 200 250
voltmeter

Figure 9. Voltage measurement using a voltmeter versus analog voltage module
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Figure 10. Current measurement using an Ammeter versus analog current module

Table 1. The measured and calculated values by the proposed system for the loads used
Load V(V) 1(A) 0O(degree) S(VA) P(W) Q(VAR) PF

1 222 4.72 23.07 1086 1000 425 0.92
2 221 493 28.36 1136 1000 539 0.88
3 223 5.1 31.79 1176 1000 619 0.85
4 222 53 3491 1219 1000 698 0.82

The effectiveness of the power factor correction was then tested on the four combined inductive loads
mentioned, and the measured and calculated values are shown in Table 2. The power factor before the controller
added any capacitors was 0.865. Now the controller added the first unit of capacitors, so the power factor
became 0.884. Thus, the controller continued adding units of capacitors until the power factor reached 0.935.
The load current was reduced by 7% from 19.9A to 18.5A, while the load reactive power of was decrease by
35% from 23.1kVAR to 15.1kVAR.

The experimental results show that the power factor correction for this system ranges between 0.92 and
0.98. If the power factor falls below this limit, a capacitor is added; if the power factor rises over that limit, the
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last added capacitor unit is disconnected. Therefore, while many studies have focused on calculating reactive
power and capacitor values, this study simplifies the process without overcorrection. Table 3 compares the
proposed power factor correction system with earlier methods documented in the literature, all of them involve
capacitor bank technology.

Table 2. The measured and calculated values during the power factor correction process

Loads + Capacitors  V(V) I1(A) 0 (degree) S(VA) PMW) Q(VAR) PF
4 loads 224 19.9 29.9 4619 4000 2310 0.865
4 loads +1C 222 19.5 27.8 4522 4000 2110 0.884
4 loads +2C 221 19.2 25.5 4432 4000 1910 0.902
4 loads +3C 223 18.9 23.1 4350 4000 1710 0.919
4 loads +4C 222 18.5 20.6 4275 4000 1510 0.935

Table 3. Comparison of the proposed system with other PFC systems using capacitor bank technology.

Ref Controller and Technique Strengths Limitations
Arduino uses the Emonlib library to
isel itori Iculati . o . . . .
precisely monttoring power, calewating ¢ pines PFC and monitoring for PFC is affected by distortions, in
power parameters from voltage and . . ; o, oL
[38] . high-precision power evaluation addition to some complexities in
current sensors, and then automatically using the Emonlib libra oprammin
switching capacitor banks via relays g 1y prog &
based on the required KVAR value.
. . . Modified voltage and current The effects of overcorrection and
Using Arduino and zero detecting Lo . .
[47] .o . detection circuits for improved ways to avoid them were not
circuits for single and three-phase loads. .
accuracy. discussed.
Arduino controls TRIACs to connect TRIACs makes the switching Ip flexible because it dpes not Fake
[48] . . into account changes in real-time
and disconnect capacitors process faster than relays load
Using thyristors is expensive
. . . . to relays. Requi
Controller are not specified. Thyristors Suitable for varying loads due to c'orr‘lpared 0 refays. sequires.
. o . . specialized expertise for installation
[49] control capacitors with high response the fast response time provided by . S
. . and maintenance. Overcorrection is
time thyristors . . .
not considered to avoid a leading
power factor
Combini PI controller with
ombining a P controier with a The PI controller ensures that the
termination algorithm achieves high . . .
power factor remains stable, and Fine tuning of the PI controller
accuracy through a closed-loop control . . . .
[50] . . . . the termination algorithm prevents parameters is required and becomes
algorithm with precise reactive . - .
. . overcorrection by precisely complex to implement.
compensation capacitor Lo ?
. adjusting the number of capacitors.
connect/disconnect.
The 8051 microcontroller uses a detailed . . .
. Provides detailed calculations for . .
algorithm to measure the phase . . The microcontroller is outmoded,
. capacitors and tables for selecting .
[51] difference between current and voltage basic, and responds slowly.
- . them based on the target current o . oo
and then switch the appropriate Additionally, it lacks flexibility.
. and power factor.
capacitors for PFC.
MATLAB Slmullnk uses an automatic Reducesvthe probablhty of MATLAB/Simulink experience
[52] control algorithm to correct the power overcorrection by separating the : . .
S . . . - required for implementation
factor by switching capacitor banks. capacitors into multiple stages.
Analog modules are used.
. Furthermore, no overcorrection
PIC microprocessor connects and
disconnects capacitors using relays and oceurs. The proposed system
Proposed . evaluates the PF, and if it falls Slower response than TRIACs,
contactors, and it measures and corrects . . .
system below 0.92, it connects the suitable for small scale applications

power factor using analog current,
voltage, and phase detector modules.

capacitors. If it exceeds 0.98, it
disconnects the final stage of
capacitors.

5. CONCLUSIONS
The power factor correction system for capacitor bank technology is designed based on a PIC

microcontroller, where load measurements of current, voltage, and phase difference between them are obtained
from analog modules. The microcontroller receives these readings through its analog inputs, converts them to
digital, calculates the power values, and determines the power factor. If the power factor is low, the
microcontroller begins adding capacitors and continues monitoring the power factor until it reaches 0.92. If the
power factor reaches 0.98, the microcontroller undoes the last capacitor connection and continues monitoring
the load and power factor. Based on all previous experiments on a 4 kW inductive load set, it is clear that the
system is capable of reading values from analog inputs, calculating power and power factor values, and
performing a power factor correction. The system corrected the power factor from 0.865 to 0.935, resulting in
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a 7% reduction in load current and a 35% reduction in reactive load power. This demonstrates the feasibility
of the proposed approach and its ability to improve the stability of the electrical grid in small-scale applications.
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