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ABSTRACT

Presented research paper delves into the pivotal realm of Power Quality Improvement, employing a sophisticated
and innovative approach: the integration of Shunt Active Power Filter (SAPF) with Artificial Neural Network
(ANN) and Machine Learning (ML) techniques. The convergence of SAPF technology with ANN and ML not
only enhances the accuracy and efficiency of power quality monitoring but also facilitates adaptive and
intelligent control strategies for optimal compensation. The analysis and modelling is done in MATLAB
Simulink, A six IGBT Voltage Source Inverter (VSI) based Shunt Active Power Filter (SAPF) with hysteresis
control is used to generate compensating current for harmonic mitigation at the point of common coupling (PCC).
PQ method is used for this process employing a Pl controller. The training data is collected from this model for
our Machine Learning (ML) model. The PI controller is then replaced with the ML model to provide an
improved, ANN based method for power quality improvement.

Keywords:- APF, SAPF, THD, IGBT, PCC, ANN, VSI, ML

INTRODUCTION

In an era characterised by an ever-growing dependence on electronic devices and an escalating demand for
energy, the stability and quality of power supply have become paramount concerns. Power quality, or more
precisely, a power quality disturbance, is broadly defined as any variation in power (current, voltage or

frequency) that conflicts with the regular functioning of electrical equipment. The vulnerability of the end-use
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system determines the required degree of power quality [3]. Because it has direct influence on the reliability,

efficiency, and safety of electrical systems, ensuring good power quality is a fundamental concern for utilities,
businesses, and consumers. Even small swings in power quality can cause electronic equipment malfunctions,
data loss, and costly downtime. Power quality difficulties in industrial settings can lead to production losses,
poor product quality, and diminished worldwide market competitiveness. Power quality has a significant impact
on the stability and efficiency of modern power grids. Issues related to power quality, such as voltage sags,
reactive power fluctuations and harmonics, can lead to detrimental effects on sensitive electronic equipment,
resulting in operational inefficiencies, increased downtime, and economic losses. To address the vital necessity
of power quality, standards that apply to both industrial and residential environments have been devised. IEEE
519, IEEE 1159, IEC 61000 series, and EN 50160 are examples of standards that establish specified voltage and
current guidelines to prevent malfunctions, damage, and safety issues in electrical equipment. Maintaining
acceptable power quality requires adherence to these guidelines. As industries and infrastructure continue to
evolve, the need for effective power quality analysis and improvement mechanisms becomes increasingly

pressing.

LITERATURE SURVEY

HARMONICS:

The idea of harmonics pertains to steady states, whereby the waveform under analysis is presumed to repeat
indefinitely [9]. Basically, harmonics are current or voltage waveforms whose frequencies are integer multiple
of fundamental frequency (2x, 3x, 4x, etc.). These harmonics are created by a variety of sources, including non-
linear loads and devices. These days, by use of modern devices, up to 63rd harmonics are measurable. But the

most regularly found harmonics are between 3rd to 25th [7].

Harmonics are mostly created by non-linear loads and devices in electrical systems. Because of the existence of
semiconductor devices such as diodes and transistors, non-linear loads draw current in a manner that deviates

from the ideal sinusoidal waveform.

The harmonics present in a system are often quantified by the system's Total Harmonic Distortion (THD). THD
is a measure of the harmonic content of a signal or waveform. It measures a waveform's deviation from its pure
sinusoidal shape by comparing the amplitudes of the harmonic components to the amplitude of the fundamental
frequency. THD is a critical measure for analysing the quality of electrical power and is stated as a percentage

or a ratio. THD is calculated using the following formula:

2[IZ24+ 15+ [F+...... +1?

THD =
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Where,

I is the amplitude of the fundamental current (the first harmonic).

15,13, 14. ... I,, are the amplitudes of the harmonic components of current at frequencies 2f,3f.4f,....nf

respectively.

International harmonic standards IEC 61000.3.6 and IEEE 519 Establish limits for the harmonic voltages in the
power system. THD limits for current and voltage in power systems can be around 5% to 8% for total current

and 6% or lower for individual harmonics.

Harmonics in an electrical power system can have a number of negative consequences on both equipment and
power quality. Inductive loads are perceived by low frequency harmonics as having a low impedance, resulting
in larger harmonic currents and higher I?R losses. It can distort the voltage waveforms, causing voltage
fluctuations and potentially damaging sensitive electronic equipment. It causes overheating in electrical
equipment, leading to reduced equipment lifespan and potential failures. Harmonics can lead to power quality

problems, affecting the efficiency and reliability of the power distribution system.

Filters:

Harmonic mitigation is required to keep the power system's quality and efficiency. Filters are used to mitigate
harmonics, and several types of filters are used for this purpose. Filters are basically devices or systems that are
employed allowing certain parts to flow while restricting or blocking others.

In this paper we will be mainly focusing on power filters.

Passive Power Filter:

It functions by adding impedance to a range of harmonic frequencies, allowing them to be redirected or consumed
before they can damage delicate loads and equipment. To increase power quality and shield equipment from
harmonic damage, passive power filters are frequently utilised. Inductors and capacitors are used together to
provide passive power filters. The way these parts are connected results in a resonant circuit at a certain harmonic
frequency or frequencies. Targeting particular harmonics that are common in the power system is the goal of the
tuning of the inductors and capacitors. They are made to have high impedance at some frequencies while having
low impedance at those harmonic frequencies. The impedance provided by the filter is very low at the harmonic
frequencies at which it is intended. Harmonic currents are redirected away from the equipment linked
downstream as a result. The impedance produced by the inductors and capacitors is encountered by the harmonic
currents that the filter has deflected. These harmonic currents may be absorbed or released as heat in the filter
components, depending on the design. The passive power filter significantly lowers harmonic distortion in the
power system by deflecting or absorbing harmonic currents. This prevents delicate equipment and keeps the
voltage waveform in good condition.

Toma Hruby et al. (2014) [10] provide measured results of two different types of broadband passive power filters

powered by the Pacific 3120ASX programmable three-phase power source and compare them to those of a
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simulation model created using the EMTP-ATP program. This demonstrates that, provided the supply voltage

quality is good, the tested filters are quite effective. The filter's performance is also impacted by the voltage

quality at the coupling.

Active Power Filter:

Modern electrical technology called an active power filter is used to reduce harmonic distortion in power
supplies. Active power filters, in contrast to passive power filters, actively combat and remove harmonic currents
from the system using active electronic components and control algorithms. As a result, they are quite good at
handling harmonic problems in complicated and dynamic power situations. The current waveform at the
connecting point is always being watched by active power filters. In real time, they determine the harmonic
frequencies and their magnitudes. The active power filter produces opposing currents that are precisely out of
phase with the harmonic currents detected based on the harmonic measurements.The harmonic components are
essentially cancelled by these opposing currents. The system receives the generated counteracting currents and
sends them in parallel with the non-linear loads or other harmonic sources. The active power filter prevents
harmonic currents from compromising the quality of the power by neutralising them in this way. The injected
currents are continuously adjusted by active power filters to meet the varying harmonic content in the system.

Even when the load circumstances alter, this adaptive control assures effective harmonic abatement..

According to Kritika Sharma et al. (2020) [5], active filters introduce harmonic voltage or current components
that are parts of supply lines or non-linear loads, and they categorise APFs based on the type of converter and

the categories of load that are depicted in the figure:

Active

DEE

Figure 1. Types of active power filter

Lukas Motta et al. (2016) [6] employed a PQSine Active power filter to compare active and passive power filters.
The Active Power Filter is tested with a variety of electrical loads and applications. The study concluded that
active filters outperformed passive filters for a variety of reasons, including flexibility, accuracy, and enhanced

power factor.
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Series Active Power Filter:
Enio R. Ribeiro et. al. (2006) [2] used a series active power filter as a voltage compensator to reduce harmonic

voltage. The topology of their system is shown in figure.

kys |
AVd
—>(1/V1pp 9 Gals) Gd(s)
AD Av,
V*4
HI(S) kd -—

Figure 2. Series active power filter as a voltage compensator

Shunt Active Power Filter:

Salem Rahmani et. al. (2006) [8] presents a three-phase shunt active power filter used in power distribution
networks to dampen harmonic propagation. It was discovered that the voltage detection-based active filter
designed for harmonic reduction should be mounted on a power distribution line's end bus. It was also established
that the shunt active power filter has more viability and efficacy than the series active power filter in damping

down harmonic propagation in power distribution systems. The control block diagram is shown in figure.
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Figure 3. Shunt active power filter used in [5]

In AC distribution networks, the SAPF technology is currently a fully developed solution for neutral current,
reactive power, and harmonic current correction. Over the last 25 years, it has changed in terms of different

configurations, control schemes, and solid-state devices. In three-phase systems, shunt active power filters are
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also used to control the terminal voltage and reduce voltage flicker. These goals can be accomplished alone or

in combination, depending on the setup, control approach, and needs that must be carefully chosen.Since solid-
state AC power regulation is now widely used, power quality problems have also grown in importance.
Numerous articles cover topics such as reactive power in electric networks, harmonic source and effect,
measurements, analysis, and power quality surveying. A shunt active power filter is thought to be the best tool
for reducing power quality issues.

Shunt active power filters can be categorised according to their architecture, number of phases, and kind of
converter. A voltage source converter or a current source converter may be utilised in the SAPF. Various VSC
circuits can be used to achieve different SAPF topologies. Three-phase, four-wire, and single-phase APF systems
make up the third category, which is based on the number of phases [1].

Shunt APF based on Artificial Neural Networks (ANN) controllers for reducing distribution system harmonics.
Shunt active power filters use an ANN-based approach to provide the regulated pulses needed for the IGBT
inverter, hence enhancing the performance of the traditional controller and leveraging smart controllers. The
suggested method primarily uses capacitor energy to maintain a shunt connected filter's DC link voltage, which
shortens the transient response time when the load varies suddenly. The MATLAB environment was used to
generate the whole power system block set model for the proposed plan. Using MATLAB, simulations are run,
and it is observed that the ANN-controlled filter lowers the THD to 2.27% from 29.71%. The findings of the
simulated experiment also demonstrate that the innovative control mechanism is highly effective at minimising

harmonics and is simple to compute and execute [4].

PROBLEM IDENTIFICATION

Because of inherent harmonic problems, nonlinear loads were traditionally primarily found in heavy industrial
settings and were handled by specialists. But non-linear loads are being used far more often these days across a
range of industries, including the household. Devices with non-linear loads produce distorted current waveforms
because they don't draw current proportional to applied voltage. They may impact the quality of the electricity,
which may result in device malfunctions and flickering lights. Computers and industrial machinery like variable
frequency motors are two examples of electronics devices. Controlling these loads is essential to preserving
consistent power quality. A pulse waveform with a high crest factor is one typical kind of distorted current,

which is frequently brought on by devices like switched mode power supply, or SMPS.

Using MATLAB, simulations of three phase transmission line with a three phase full wave AC to DC
uncontrolled converter and a unbalanced three phase resistive load are run to witness how non-linear loads affect

the waveform of current and voltage of the system and hence the power quality of the system.
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5

Figure 4. Simulink

diagram of a transmission line with both non-linear load and unbalanced load

From the simulation we get the following waveforms of the source voltage and source current as result.
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Figure 5. Source current harmonics

It is evident from the above waveforms that the source currenAfter performing the FFT analysis we get a

measurement of the harmonic distortion present in the source current waveform in terms of THD.
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It consists of harmonics causing distortion in the waveform of source current.
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Figure 6. FFT analysis of current containing harmonics

Hence it is concluded that the introduction of non-linear loads in the system produces harmonics in it.This
existence of harmonics in the system can cause numerous problem in the distribution network.It is commonly
recognised that the occurrence of harmonics is the main cause of power quality degradation, with nonlinear loads
being the cause of the drop.Therefore, undesirable electrical distortions referred here as harmonics can have a
variety of detrimental effects on electrical systems.Harmonics can potentially damage devices and create voltage
instability when they interact with the system's inherent frequencies. Additionally, they lower the power factor,
which increases the likelihood of higher electricity costs. Electromagnetic interference, which interferes with
electrical equipment and communication networks, can also be produced by harmonics. Harmonic restrictions
are enforced by regulatory organisations to avert these issues; disobedience with these requirements may incur

fines and penalties.

The primary requirements for the expected compensation for the case of an APF are the quick and accurate
detection of the disturbance signal, the quick processing of the reference signal, and the controller's high dynamic
responsiveness. Under conditions such as parameter fluctuations, load disturbance, nonlinearity, and so on, the

traditional controller is unable to provide power quality that is sufficient.

PROPOSED METHODOLOGY

A Simulink model of transmission line is created to test our proposed model of Shunt APF with proposed
Artificial Neural Network (ANN) control technique. A three phase source is chosen with 400V output at 50 Hz
frequency for power supply to the line. The system consists of two different loads, namely a rectifier (non-linear
load) and a resistive unbalanced load. These loads act in a way that eventually leads to current harmonics being
introduced in the source current of the system.
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To uphold the parameters set by the standards of power quality, a way to reduce these harmonics must be found

for the system. A Shunt Active Power Filter is thus connected to the transmission to administer compensating
current to the system and neutralise the harmonics present in the source current. The Shunt APF used here is a
Pulse Width Modulation based VSI based SAPF with hysteresis controller.

In order to create an ANN based control technique we need to collect data to train the neural network. For this
purpose, we first use PQ theory with SAPF to collect the required data. The following Simulink diagram is

created using PQ theory to accomplish this task.
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Figure 7. Simulink diagram of transmission line with Shunt APF
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Figure 8. Inside the Shunt APF

An essential part of keeping the function of the power filter optimal is to keep the DC link Capacitor voltage at
a constant value. To accommodate this tremendous task, a Proportional-Integral controller (P1 controller) is used,
which also provides the value of power loss taking place in the inverter bridge for further steps of calculating
compensation current. The PI controller action should be very accurate and fast. This is the part of our model

that will be later replaced by ANN to improve its performance.
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The value of Power loss is sent to the subsystem assigned to calculate the value of compensating current. This

block uses the technique of Clarke transformation to simplify the calculations in a three phase rotating frame of
reference, by converting it to a stationary frame of reference. The equations used for this conversion are given

as:
Va o \/? 1 7% 7%
Vi ~ V3 0 Y3 _ 3
The value of instantaneous active and reactive powers are then calculated using the equation

AR

This is passed through a low pass filter to remove any AC part present in them.Then they are used for the
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The actual value of current in the system is then compared with this value in the hysteresis controller to generate
the PWM pulse required to control the operation of VSI and generate the compensating current to be injected in

the system.

The simulation is run once to gather all the data from the PI controller in the workspace. The value of error (e),

the reference voltage (Ref) and output (output) of the PI controller is taken in the workspace.
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Figure 9. P1 Controller

The values of e and Ref are arranged in a 2D matrix. This matrix is the input matrix for ANN training. The target

matrix is constructed from values of output. Since we are using supervised learning method for training, therefore

we require both input and target matrices. In supervised learning the actual output is compared with the desired

output. This error is reduced until it is tolerable and the model is trained.
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Figure 10. Input matrix

NN Fitting app available in MATLAB is used to create the Artificial Neural Network.
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3000 samples were taken to train the network. The data is partitioned into three kinds of samples: Training,

Validation and Testing. During training, the network is given training data, and it undergoes modification based

on its errors. Network generalisation is measured using validation data, and training is stopped when

generalisation no longer improves. Since testing data doesn't affect training, it offers a separate way to gauge

network performance both

before and after training.

We divided the data in the ratio of 70%, 15% and 15% i.e. 70% data for training, 15% data for validation and
the rest 15% data for testing. The model consists of 10 hidden neurons.
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Levenberg-Marquardt algorithm is used for the training of the ANN model. Usually, this method takes a shorter

time while requiring greater memory. When generalisation no longer improves, as seen by a rise in the validation

samples' mean square error, training automatically ends.
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Figure 14. Training process of ANN

At last, after training the ANN model, the model is imported as a simulink diagram. The PI controller is removed

from the simulation and it is replaced by the ANN model. The final simulation incorporating Artificial Neural

Network is thus created.
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Figure 15. Simulink diagram of Shunt APF with ANN control

MBC optimization of the Network is done by taking the values of frequencies, THDs and phase angles, both
with and without connecting Shunt APF. Here we import the data i.e. the values of frequencies, THDs and phase
angles when SAPF is not connected. The file we import contains the value of frequencies, THDs and phase
angles when SAPF is not connected, another file which contains the value of frequencies, THDs and phase angles
when SAPF is connected. By plotting these values in 2D and 3D plot we get our required optimised model. We
get a relation between frequency, THD and phase angle in the form of 2D and 3D plot graphs through the

optimised model.
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Figure 16. MBC model optimization
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RESULT

The ANN model Regression and error plots are shown below. The training regression is 0.0368, validation

regression is 0.0826, testing regression is 0.2497 and overall regression is 0.0369.
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Figure 17. Regression plot

The error histogram shows the errors obtained for various instances.
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Figure 18. Error Histogram

The FFT analysis of the system after the inclusion of Shunt Active Power Filter with ANN is shown below:-
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Figure 20. FFT analysis of system after connecting ANN

The THD before the inclusion of ANN control in Shunt Active Power Filter was 30.13% of the fundamental
value, which has been reduced to 1.98% of the fundamental value. Thus there is a 93.43% decrease in the THD
of the system from its initial value. Also, the individual harmonic components were also mitigated by following
magnitudes from their respective initial individual values - 5th harmonics by 93%, 7th harmonics by 94% and
11th harmonics by 94%. Thus the system’s power quality is improved.

Following 2D graph shows the relation between Frequency and THD when SAPF is not connected:-
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Figure 21. relation between Frequency and THD when SAPF is not connected

Following 2D graph shows the relation between Frequency and THD when SAPF is connected: -
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Figure 22. relation between Frequency and THD when SAPF is connected

Following 2D graph shows the relation between Frequency and Phase Angle when SAPF is not connected:-
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Figure 23. relation between Frequency and Phase Angle when SAPF is not connected

Following 2D graph shows the relation between Frequency and Phase Angle when SAPF is connected: -
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Figure 24. relation between Frequency and Phase Angle when SAPF is connected

Following 2D graph shows the relation between THD and Phase Angle when SAPF is not connected:-
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Figure 25. relation between THD and Phase Angle when SAPF is not connected

Following 2D graph shows the relation between THD and Phase Angle when SAPF is connected:-

& bata Estor -1 it ) st fnor -1 it
e View Tools Wedow Help Fie View Tools Window Tielp
28EEY: 29 DamiEl v v 28GEY: 39 D=
Sunmory Stanenics Vansbles Filers Teetitese et Nates Summary. Seastics Varsbies Fes Testfilers Test Notes
70270 e
3+ 0varti [
-
x o P o ) = = w0
[ U —

a 1 T 1
7 7
3 3
. : as :
s s
- o .
= £ £
] e [}
s 5
W 0
. " ar i
u u

0
T " T
i “
i 3 o !
7! % _ i3
£ ! " £ i
£ W it "
4 i 2 W
3 k) n
£ fil £l
a ! 2
§ n n
& M E
- 2% ¥ ams seiechon a3 %
m ® Prase Arge_Degees )
i 7
]} n
n o2 E]
st £ %
n £
) o »
’ 33 . ]
u b
o 3
a* L " 2 ot . T L *
] + ez e 04 05 @ 07 a8 0s 1 % o - ) . ™ = - [
™o_[x) 5 onane_Ange_Oegees_ Do %

Dt has 210270 Riocords, 3+ D Variables, and 270 Tesis " - o ] Duta s 270270 Ricrds, 3+ 0 Variables, and 718 Tasls.

Figure 26. the relation between THD and Phase Angle when SAPF is connected

Now we will plot a graph between frequency, THD and phase angle. We have taken frequency as X-axis, THD

as Y-axis and phase angle as Z-axis.
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Following 3D graph shows the relation between Frequency, THD and Phase Angle when SAPF is not

connected:-
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Figure 27. relation between Frequency, THD and Phase Angle when SAPF is not connected

Following 3D graph shows the relation between Frequency, THD and Phase Angle when SAPF is connected:-
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Figure 28. relation between Frequency, THD and Phase Angle when SAPF is connected

CONCLUSION

A control technique for Shunt APFs based on Artificial Neural Network (ANN) has been developed. The ANN
model based Shunt APF created in this study has given satisfactory results. Based on the simulation findings, the
resulting source current THDs are less than 5%, as specified by the IEEE-519 standard. The final THD is 1.98%
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which is an outstanding result in the field of harmonic mitigation proving the model’s prowess being greater than

most common filters. To speed up the estimation of harmonic components, the Levenberg-Marquardt learning

technique was applied. The model is not only effective but also simple in design.
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