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ABSTRACT The growing use of nonlinear devices is introducing harmonics in power system networks that
result in distortion of current and voltage signals causing damage to power distribution systems. Therefore, in
power systems, the elimination of harmonics is of great significance. This paper presents an efficient techno-
economical approach to suppress harmonics and improve the power factor in power distribution networks
using Shunt Hybrid Active Power Filters (SHAPF) based on neural network algorithms like Artificial Neural
Network (ANN), Adaptive Neuro-Fuzzy Inference System (ANFIS), and Recurrent Neural Network (RNN).
The objective of the proposed algorithms for SHAPF is to enhance system performance by reducing Total
Harmonic Distortion (THD). In our filter design approach, we tested and compared conventional pq0 theory
and neural networks to detect the harmonics present in the power system. Moreover, for the regulation of DC
supply to the inverter of the SHAPF, the conventional PI controller and neural networks-based controllers are
used and compared. The applicability of the proposed filter is tested for three different nonlinear load cases.
The simulation results show that the neural networks-based filter control techniques satisfy all international
standards with minimum current THD, neutral wire current elimination, and small DC voltage fluctuations
for voltage regulation current. Furthermore, the three neural network architectures are tested and compared
based on accuracy and computational complexity, with RNN outperforming the rest.

INDEX TERMS Harmonic analysis, neural networks, power harmonic filters, power system analysis

computing, total harmonic distortion.

I. INTRODUCTION

The performance of electrical devices has been steadily
improving with advancements in power electronics. How-
ever, the use of nonlinear load tends to degrade the sinu-
soidal electric supply. Instead of conducting in a smooth
manner, the nonlinear loads draw current in short pulses and
introduce harmonics in the system. This issue of harmonics
is not confined to industrial users; it affects the domestic
users as well. The use of uninterrupted power supplies, com-
puters, LED light bulbs, LCDs, fans, and refrigerators are
common in commercial and residential sectors. Moreover,
the use of distributed resources to fulfill the energy demands
affects the power transmission similar to the nonlinear
loads.
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The distribution transformer in saturation becomes a
source of harmonics and heats up due to the increased circu-
lating current in the delta connection. Because of the triplen
harmonics, the current contains zero sequence along with the
positive sequence. Zero sequence current causes the flow of
large currents through the neutral wire. The electric system
suffers the unexpected operation of protective relays due to
harmonic distortions. Moreover, due to harmonics, insulation
of conductors is damaged, loss of mechanical parts in elec-
tric motors occurs, and interference in telecommunication
lines is introduced. To limit the extent of harmonics in the
power system, international standards, such as IEEE-519 and
IEC-61000 have been introduced [1]. These standards sug-
gest possible recommendations to minimize current and volt-
age distortions to a tolerable level.

To address this problem of harmonic contamination in
the power system, researchers have presented different

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 69913


https://orcid.org/0000-0001-7549-3880
https://orcid.org/0000-0003-3730-2128
https://orcid.org/0000-0002-9355-7486
https://orcid.org/0000-0002-5441-9689
https://orcid.org/0000-0002-0030-8959
https://orcid.org/0000-0001-5090-7813
https://orcid.org/0000-0001-9588-0052
https://orcid.org/0000-0002-5254-9148

IEEE Access

M. Igbal et al.: Neural Networks Based SHAPF for Harmonic Elimination

techniques to suppress harmonic distortion. For example,
installation of capacitor banks has been suggested as a low
cost and simple solution to eliminate harmonics in the power
system. However, in the case of overvoltage or undesired
fuse operation, a threat appears to shorten the life of the
capacitor banks through the insulation breakdown [2]. More-
over, the issue of resonance arises when the reactance offered
by the capacitor bank becomes equal to the system induc-
tive reactance at a certain time instant. Therefore, the use
of capacitor banks to eliminate harmonics in voltage and
current signals is not encouraged. One of the widely used
solutions against harmonics in the industrial sector is the
use of passive filters tuned for single frequency or a specific
band of frequencies [3]. Passive filters mitigate the harmonics
by providing a low resistance path to the tuned harmonic
current [4]. However, due to undesired resonance present in
the high voltage systems, the use of passive filters cannot
guarantee desired results. Moreover, the compensation execu-
tion is fixed in case of passive filters. Active power filters are
favored over passive filters because active filters eliminate the
issue of resonance and mitigate the detected harmonics in the
system [S]. However, the use of active filters for harmonics
elimination is very costly. Therefore, an intermediate solution
(between passive and active filters) known as hybrid active
filter has been described as the most suitable solution for the
harmonic elimination [6]. In this paper, we present the use
of Shunt Hybrid Active Power Filters (SHAPF) for harmonic
elimination in power distribution systems. The efficiency of
the SHAPF is improved using neural network based adaptive
controllers, such as Artificial Neural Network (ANN), Adap-
tive Neuro Fuzzy Inference System (ANFIS), and Recurrent
Neural Network (RNN).

The main contributions of the paper are as follows:

o To address the problem of harmonic distortion, neural
networks based SHAPF are designed and compared for
an unbalanced three phase four-wire power system.

« First, a conventional SHAPF is designed for compari-
son and decision-making, where the voltage regulation
circuit and reference current detection circuits are imple-
mented using PI controller and instantaneous active and
reactive power theory (pq0), respectively.

o The control circuit of the SHAPF is improved using
three different neural network-based techniques, such as
ANN, ANFIS, and RNN for three different nonlinear
load cases. To the best of our knowledge, ANFIS and
RNN based predictive control techniques are used for
the first time in the control circuitry of the SHAPF,
where RNN outperforms the rest.

o To provide a thorough review from a broad perspective,
we conducted a detailed comparison between the con-
ventional pqO theory and PI controller-based techniques
with proposed neural network based SHAPF. The results
present practical need of adopting neural networks for
harmonic elimination in power systems.

o To illustrate the capability of SHAPF, a thorough com-
parison of series and parallel resonance elimination is
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conducted between the conventional PPF and proposed
SHAPF.

The rest of the paper is organized as follows: Section 2
presents the literature review on harmonic elimination using
filters. Section 3 describes the system model using SHAPF.
Section 4 describes the proposed control methodologies.
Sections 5 includes the results and discussion. Section 6
concludes the articles and presents future research directions.

Il. LITERATURE REVIEW

The growing usage of nonlinear loads in residential and
industrial sectors brings the problem of harmonics in the
power system, which results in numerous energy losses.
The efficiency and durability of the technical instruments,
such as transformers and relays are affected by the pres-
ence of harmonics [7]. To improve the transmission and
distribution systems, harmonic elimination is necessary.
Researchers have proposed different solutions, such as Pas-
sive Power Filters (PPF) [4], [8], [9], Active Power Filters
(APF) [5]-[7], [10]-[21], and Hybrid Active Power Filters
(HAPF) [22]-[25], [28]. The architectural overview of
research conducted in harmonic filters is graphically pre-
sented in Figure 1.

PPF is a low-cost solution to eliminate harmonics. There-
fore, use of PPF to achieve a pure sinusoidal source and
to reduce the energy losses has always been an attractive
solution for power systems in both industrial and domestic
sectors. In the design of the PPFs, various structure-based
topologies have been presented but the most simple and
efficient is the Single Tuned PPF (STPPF) [3]. Researchers
have applied various optimization techniques to improve the
response of STPPF reducing its cost and complexity. In [8],
implementation of different STPPFs considering the recon-
figuration of the power distribution system is presented. The
author achieved a significant reduction in THD; however,
complexity and system response time increased compared to
the traditional technique. The STPPF should be connected in
parallel to the system near the connection of the nonlinear
load to achieve the better results.

Designing the parameters of filters using optimization
algorithms is expected to be error free while improving sys-
tem behavior. In [9], the optimal parameters for two STPPFs
are determined using a multiple objective based Grasshop-
per Algorithm for renewable energy based on a smart grid
including a nonlinear load. A comparison is made with GA
based optimization algorithm to prove validity of the pro-
posed technique. Although use of PPFs is a better economical
approach towards the elimination of harmonics in a system
but the approach has drawbacks: (a) The rigid nature of PPF
is not suitable for variable load system, (b) Once PPF is
installed in a system, it cannot easily be resized, (c) In order
to eliminate more than one harmonics, more filters will be
required inter-harmonics, and (e) The PPFs have resonance,
this causes an enhanced impact of harmonics in the system
instead of diminishing. Therefore, to avoid these drawbacks,
Active Power Filters (APF) are used due to their characteristic
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FIGURE 1. Taxonomy of harmonic elimination filters.

of detecting all the harmonics in the power system, improving
THD, and power factor accordingly. The APF also eliminates
the issue of resonance raised by PPF. Because of low copper
losses in case of a parallel connection, Shunt Active Power
Filters (SAPF) are found efficient among APFs [3].

For SAPFs, a lot of research has been carried out focusing
the use of control techniques to ensure robustness and vari-
ous structure-based topologies are introduced to reduce the
structural complexity and cost of SAPFs. In [10], a compara-
tive study and applicability of five different structure-based
techniques for SAPF are analyzed using two cases differ-
ing by zero sequence current. The topology considering
zero sequence current is closer to the practical situation
because in actual systems the amount of current in a neu-
tral wire is not negligible [10]. In [5], instead of using
STPPF or a simple capacitor bank for the elimination of
a single harmonic, SAPF is used along with the capacitor
bank to improve the power factor for a variable load system.
This cost-effective flexible technique is applicable to both
large-scale and laboratory-scale power systems without any
change.

In SAPFs, detection of harmonics, voltage regulator design
and current controller design are the three main control-
lable parts. In the literature, we noted that various control
techniques have been used for these three parts. For the
detection of harmonics in a power system, there are two
basic control techniques used by researchers with modi-
fications. These basic techniques are instantaneous active
and reactive power theory (p-q theory) and synchronous
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reference frame theory (d-q theory) [3]. For a voltage reg-
ulator, the conventional Proportional Integral (PI) control
technique is proposed [6], [11]-[19], [22]-[24], and for
the current controller, the hysteresis-based control is pro-
posed [5]-[7], [11]-[20], [22], [23].

To eliminate all undesired harmonics from the system,
researchers have designed SAPFs with different control tech-
niques for the detection of harmonics present in a distorted
power system. In [11], the d-q theory is used with Fourier
technique for harmonic reference current generation. In [12],
Atrtificial Neural Network (ANN) based active filter is sim-
ulated and practically verified for up to eleventh order har-
monics elimination. This ANN-based more efficient APF
requires only half cycle of the source current for detection
of harmonics while the DFT based APF requires at least two
cycles. Therefore, the ANN based is a preferable method for a
system having more peak hours due to its robustness. In [13],
instead of training the neural network, harmonics are deter-
mined adaptively using its fundamental principle within a half
period of the fundamental considering only odd harmonics.
In [14], instead of using conventional sliding mode controller
only, itis employed with a sequential behavior neural network
containing two hidden layers to help the former controller
in determining the unknown function for the estimation of
the reference harmonic current. This new composition of the
controller for SAPF is better compared to a single hidden
layer for the reduction of THD.

Instead of presenting a completely new technique for har-
monic detection, most researchers have tried to improve the
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response of p-q and d-q techniques with the use of new
control methods based on Phase Locked Loop (PLL) and low
pass filters. In [15], the SAPF for a three-phase balanced
system is implemented using the conventional d-q theory
with a novel PLL system employing an adaptive neural net-
work technique for phase extraction. To avoid computational
complexity for the estimation of the fundamental frequency,
a low pass filter is utilized, and ANN is converged rapidly
with a low estimation error for its weights considering only
the first 13 harmonics. The technique proposed in [15] is
novel; however, computationally complex, and less effective
for triple and higher-order harmonics. In [16], the behavior
of SAPF for a balanced supply voltage system utilizing p-q
theory with the replacement of low pass filter by two Adap-
tive Linear Neural Networks (ADALINES) is presented. This
SAPF technique is designed for the elimination of five major
odd harmonics. In [17], Kalman filter gives the average and
quadrature components of voltages to the sliding surfaces
that produce reference current for the elimination of harmon-
ics. This technique gives better performance; however, there
are drawbacks because of the complexity and suppositions
to reduce the computational time. In [18], the PLL based
sinusoidal integrator tuned for the third-order pre-filter is
used to extract fundamental and quadrature components of
the currents adaptively. In comparison with the traditional
PLL based technique, it is found to be more robust and
independent of any change in system frequency. In [7], a
comparison of three various techniques for the detection of
harmonics in SAPF is presented, resulting the p-q theory as
the best suitable one.

To improve the performance of SAPFs, another important
aspect of research is to reduce ripples in DC link voltage and
steady state error of DC voltage by designing appropriate con-
trol for voltage regulator. In [19], the fuzzy controller-based
technique is used instead of PI controller and synchronous
reference frame-based technique is used for the detection
of harmonics. In [20], multi-objective particle swarm opti-
mization based fuzzy logic sliding mode controller is used
for voltage regulation. The capacity of a harmonic filter in
the case of variable speed drives in the system is typically
evaluated by the measurement of harmonic current generated
by these drives. In [21], the author presents the effects of
active harmonic filter regarding the change in the THD for
current in the system with the help of case studies, a margin
factor to determine the capacity of the filter using the results
of various cases is suggested.

Despite the advantages of APFs in the power distribution
systems, electromagnetic interferences might be caused by
the fast switching of currents in these filters and the most
common drawback of APFs is the high cost owing to a large
rating inverter. The intermediate way between PPFs and APFs
is the use of HAPF that have advantages of PPF and APF.

In [22], the author claims that for a three-phase four-wire
non-ideal supply voltage, the conventional synchronous refer-
ence frame technique based HAPF fails to give an appreciated
response. Therefore, the response of HAPF is improved with
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the help of a modified PLL that efficiently provides the
positive sequence components resulting in a fluently tackling
the dynamic behavior methodology. In [23], transformer-less
three-phase HAPF design is made that includes few passive
components for the upgrading of power quality using PI
controller and instantaneous power control.

In [24] fuzzy logic based varying hysteresis band controller
is used to reduce the converter switching losses for the HAPF.
The LC filter used in [24] cannot effectively tackle the har-
monics of the 23rd and 25th order; therefore, an extra block
for the extraction of these harmonics from the load current
is utilized. However, transformer conversion for low voltage,
makes it costly.

In [25], because of controllability and accuracy under
periodic disturbance conditions in the power system,
a structure-based repetitive control approach with a 31-level
cascaded inverter hybrid active filter is presented. This topol-
ogy increases the complexity and the cost because of the
increase in switching devices. Therefore, it is preferred to
use the conventional structure and improve the system with
controller-based novelty.

In all the aforementioned research work for harmonic anal-
ysis, more time is taken by Fast Fourier Transform (FFT)
and other topologies involving the correlation function for the
extraction of harmonics generated by the nonlinear load. The
harmonic elimination with the help of digital filters is not a
preferred technique due to its complexity. Moreover, the DFT
and FFT methods-based filters are unable to detect the inter
harmonics resulting in low efficiency for the reduction of
harmonic contamination in power systems. Furthermore, a
significant drawback of d-q theory is the inability to detect
individual harmonics in a distorted power system. Moreover,
the use of a low pass filter affects the response time of the
fundamental frequency component.

Therefore, keeping in view the fundamental drawbacks of
the aforementioned techniques, in this research, Shunt HAPF
is designed for a distorted three phase four wire system with
a RNN based novel control algorithm. The HAPF focusses
on the elimination of all harmonics, minimization of neutral
wire current and switching losses. Therefore, instead of using
a four-leg voltage source inverter, a conventional three-leg
structure with a split capacitor case is employed with a series
connection of PPF and APF and their shunt connection to the
system. A comparative analysis of the proposed technique
is also presented with conventional techniques, such as p-q
theory, PI controller, ANN, and Neuro-Fuzzy Logic. The
target is the detection of harmonics in the system and the
regulation of the DC voltage.

Ill. SYSTEM MODEL

There are different topologies regarding the connection
of active and passive components in hybrid APF [26].
To improve the harmonic elimination response of shunt PPF
due to nonlinear load, the APF is attached in series with PPF
to change the impedance offered by PPF. This method shows
a negligible resistance to load side harmonics. The topology
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of the SHAPF is illustrated in Figure 2 [26]. In Figure 2,
the use of SHAPF reduces the switching losses and voltage
rating for the APF due to the low DC link voltage requirement
with the prevention of both parallel and series resonance.
In real world power systems, the varying operating conditions
of the source results in the occurrence of resonance with
source current amplification. The relation between harmonic
source current and harmonic load current presented in [26],
which illustrates the capability of SHAPF to overcome series
and parallel resonance. The SHAPF does not have any circu-
lating current problem that occurred in stand-alone PPF and
APF. Moreover, if a fault occurs in either PPF or APF, both
can easily be bypassed and repaired. Therefore, the advan-
tages of HAPF topology, led us to use this configuration in our
paper. The SHAPF behaves as an open circuit for harmonics
introduced by nonlinear loads.
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FIGURE 2. System with shunt connection of series combination of PPF
and APF.

The concept of shunt harmonic current compensation is
illustrated in Figure 3 [26]. In Figure 3, the single tuned
PPF is used for the elimination of the dominant 5th har-
monic because it consumes more reactive power. In Figure 3,
the source currents (iy4, isp, isc) are the sum of load currents
(ira, irp, irc) and compensating currents (icq, ich, icc). The
use of single-phase load is more common in the distribu-
tion system therefore, to have a more realistic approach,
the nonlinear load comprises of three single-phase recti-
fiers that are introducing harmonics in the power system.
In SHAPE, to avoid harmonic propagation due to resonance
of PPF, the harmonic damping can be provided via power line.
In Figure 3, the power circuit for the APF consists of center
split voltage source inverter made up of six MOSFETs with
freewheeling diodes. The midpoint of series DC link capaci-
tors is considered as ground reference g, which is connected
to the neutral wire. The behavior of the voltage source inverter
with hysteresis control pulse width modulation is similar to
controlled current source. In Figure 3, the controller of the
SHAPF consists of three main functional blocks, such as
(a) voltage regulator, (b) reference current calculation, and
(c) generation of pulses for inverter switches.
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A. VOLTAGE REGULATOR

The voltage regulator circuit generates a pj,ss signal from the
error signal of voltage reference (V,.r) and DC link voltage
(Vae)- If pioss signal is not included in the reference current
calculation, the DC link capacitor will not charge. For the
normal operation of hysteresis control block, the DC link
voltage (V;.) must be higher than the AC voltage (Vi —rms)-
The reference DC link voltage for the voltage regulator is
computed as [26]:

2\/§VL—ers
Vam

where the m is the modulation index taken as 1.

ey

ref =

B. REFERENCE CURRENT CALCULATION USING

PQO THEORY

The instantaneous active and reactive power theory is known
as the pq0 theory in a three-phase four-wire system. The pq0
theory-based detailed control activity of SHAPF is depicted
in Figure 4 [27]. For the generation of the required har-
monic reference currents (iyq, iyp, irc), pq0 theory initiates
with the Clarke transformation (abc to @B0) for load currents
(ira, iLb, irc) and source voltages (Vsq, Vsp, Vse). This conver-
sion is used to compute instantaneous powers (p, ¢, po) using
Eqgn. (2) [27].

p 0 vy vg I
qg|=10vg—vgy ig 2)
Do vo 0 O io

In pqO theory, a low pass filter is used to separate aver-
age active power (p) and oscillating active power (p) from
active power (p). A careful selection of the low pass filter
is necessary to avoid the compensation errors of harmonics
that may occur during transients in the system. In this paper,
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FIGURE 4. p-q theory-based harmonic detection in SHAPF [27].

a fourth-order low pass filter is used for the conversion of
active power (p) into average (p) and oscillating (p) parts.

Voltage regulator determines the excessive part of real
power (pjoss) to maintain the DC voltage (V) across the
split capacitors close to the reference DC link voltage (Vef).
The active power obtained by the subtraction of pj,s from p,
power due to neutral wire (pg), reactive power (g), trans-
formed voltages, and zero sequence load current (izg) are
fed to the inverse pqg0 block. Finally, the reference currents
obtained in B0 domain from the inverse pg0 block using
Eqn. (3) and Eqn. (4) are transformed to required abc domain
using inverse o80 block [27].

1:a 1 vove  vovg O p
ll-g :vo_A vo(;/ﬁ —v(())va 2 ;]O ) 3)
where
A=} +vj “)

C. HYSTERESIS CONTROL

The hysteresis control method is preferred due to the fast-
dynamic response, current limiting capability, and ease of
implementation [26]. The reference current (i,4p.) and filter
current (icqpc) are compared and their error signal is fed as an
input to the hysteresis controller. The output of the controller
is a pulse width modulation signal (switching signal) for a
three-phase inverter, which generates a similar waveform as
the detected harmonic waveform but with phase inversion to
eliminate the harmonics in the system.

According to Figure 5, the +-H and —H are the upper and
lower bounds of the hysteresis band [26]. When the error
signal is smaller than —H value, the generated signal will
have a high value (1). The hysteresis controller will generate
a low value (0) when the error signal is larger than +H
value. If the value of error remains between —H and +H,
then trigger signal will be maintained until the next reverse
operation. To avoid short circuit, both switches of the same
leg must not be switched on at the same time.
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IV. NEURAL NETWORK BASED PREDICTIVE CONTROL
SCHEME

Conventionally, the pqO theory is employed to compute ref-
erence current and PI controller for voltage regulation. How-
ever, we are proposing the neural network based predictive
control schemes, such as ANN, ANFIS, and RNN architec-
tures to design reference current controller and voltage regu-
lation. The pqO theory performs better until the supply voltage
is in ideal condition [26]. The linear mathematical models
of the system are required to design a PI controller, which
are difficult to obtain, and may not be suitable to give the
desired performance under load variations [28]. Moreover,
due to the nonlinear nature of the system, the PI controller
does not respond rapidly. The neural networks architectures
tend to provide a fast and accurate dynamic response for a
nonlinear system containing uncertain information. There-
fore, these neural networks are a more suitable options instead
of conventional techniques.

A. ARTIFICIAL NEURAL NETWORK

The ANN algorithm is used to model the complex relation-
ships between the input and output of the system. The feed-
forward backpropagation-based ANN control is used in this
research work for voltage regulation and harmonic detection.
In ANN architecture, hidden layers are used between input
and output layers. The ANN has the characteristic to give an
improved response by learning from experience and modify
itself according to system variations.

Hidden Layer | Hidden Layer 2 Output Layer

FIGURE 6. ANN for harmonic detection in SHAPF [29].

In this paper, for harmonic detection in SHAPF, a similar
ANN architecture proposed in [29] is used having a two
hidden layer architecture with 20 neurons each, as illustrated
in Figure 6. The gradient descent algorithm with momentum
is used as the learning function while training the ANN
architecture. Levenberg Marquardt’s training function is used
for the optimization of weights and bias values. Moreover, tan
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sigmoid activation function is used in the training of ANN
architecture. During the training of ANN, weights and biases
are updated iteratively to minimize the error (e) between the
predicted output (ypreq). and the required target value (Viarger)
as shown in Eqn. (5).

€ = Ypred. — Ytarget (5)

In Figure 6, the ANN architecture has seven inputs, three
3 — ¢ source voltages (Vyq, Vsp, Vsc), three 3 — ¢ load cur-
rents (irq, irp, irc), and the seventh input is the pj,s variable
obtained from voltage regulation. The harmonic reference
currents (iyq, irp, i) are the three outputs of the ANN.
Similarly, ANN is trained for the voltage regulator with two
inputs (Vyr, and V) and one output (pjs,) using two hidden
layers each carrying 20 neurons.

B. RECURRENT NEURAL NETWORK

For sequential data problems, the RNN with Long
Short-Term Memory (LSTM) units has emerged as an effec-
tive algorithm. The simple RNN structure consists of neural
network loops with feedback. The RNN can connect the
past information with the present task but there exists a
vanishing and exploding gradient problem [30]. During the
training, weights of the RNN are updated proportionally to
the gradient of error (e) with respect to weights (w;). In case of
vanishing and exploding gradient problem, gradient becomes
very small, thus resulting in the loss of information [31].
In time series problems, RNN faces only vanishing gradient
which is accommodated using LSTM units with RNN.

The LSTM units are effective to capture the long-term
dependencies temporarily [32]. The structure of the
LSTM-based RNN allows time delay connections between
the hidden units. This enables the model to maintain the
previous information discovering the temporary correlations
among the far away events. The ability of memory cells to
maintain the data with time and function of information flow
gates to allow the flow of required information to or from the
memory cell for specific cases is the main idea behind the
working principle of LSTM architecture.

This research used LSTM based RNN control models for
the regulation of DC voltage and for the detection of har-
monics in the SHAPF [30]. In both of the aforementioned
controls, LSTM based RNNs are trained using Adam as a
training algorithm with 250 epochs and 200 hidden units to
make the system more robust and adaptive. The architecture
of LSTM based RNN is shown in Figure 7, which includes
mathematical computation based three layers in each loop
such as:

o The first layer is known as forget gate layer, which uses
sigmoid (o) for determination of the data that is not
required and should be removed from the memory cell.
Eqn. (6) represents the working of forget gate layer such
as, current input (X;) and output of the previous RNN
unit (H;_1) modified by respective weights and bias are
passed through the sigmoid function resulting in a value
between zero and one for the operation of forget gate.
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FIGURE 7. LSTM architecture for RNN [30].

Fy =0 (wr (Hi—1,X;) + bF) (6)

o The second layer known as input gate layer, which
decides to store new information in memory cell. This
layer consists of two steps, such as (a) The values to be
updated (/;) are determined by a sigmoid function (o) as
shown in Eqn. (7), and in Eqn. (8), the fanh function is
used to find the vector of new candidate values (d;).

I; =0 (WI (Ht—l»Xt) + bl) (7)
d; = tanh (wg (H—1, X;) + ba) ®)

(b) The old cell state (F; xd;_1) of the:, memory cell is updated
to the new cell state (d;) using I; and d; determined by step (1)
as shown in Eqn. (9).

dy = (Fy xdi—1) + (It X glz) 9

o The third layer is the output gate layer. The sigmoid
function here decides the data that should be passed to
the next unit of RNN using Eqn. (10). The output (H;)
of this layer is generated by passing the memory cell
data (d;) through a tanh function and multiplying it with
the output (Oy) of the sigmoid function (o) as shown in
Eqgn. (11).

O; = o (wo (H;-1, X;) + bo) (10)
H[ = O[ X tanh (d[) (11)

C. ADAPTIVE NEURO-FUZZY INFERENCE SYSTEM

The neuro-fuzzy system based on the approach of Takagi and
Sugeno shown in Figure 8 is also known as the Adaptive
Neuro-Fuzzy Inference System (ANFIS). The general archi-
tecture of the ANFIS algorithm used in the paper consists of
five layers and similar to the one used in [33], [34]. The inputs
(X; ) of the system are fed through a linear transfer function
to layer 1. Layer 1 is the fuzzification layer corresponding to
real values of given inputs. The layer involves determination
process to find the membership distribution functions for the
inputs. In the result of fuzzification in layer 1, mu (x) values
are obtained. The third layer consists of rules for all possible
combinations of input parameters. The p values obtained
from the first layer are used as inputs in the second layer to
compute firing strength (W) of this layer. Since the value of
u lie between 0 to 1; therefore, the value of W will be in

69919



IEEE Access

M. Igbal et al.: Neural Networks Based SHAPF for Harmonic Elimination

the range of 0 to 1. In layer 3, the normalized value of W is
determined for each neuron, such as the normalized value for
the first neuron (Wl) is obtained using Eqn. (12) [33], [34].
The output in layer 4 is obtained by multiplication of the
results of the previous two layers. To generate the final output,
products of layer 4 are added together in the fifth layer, which
is also known as the defuzzification layer.

Wi = i
W AWt W .. W

(12)

In layer 1 and layer 5, the selection of optimization algo-
rithm for ANFIS tuning can improve the model performance.
In the paper, the backpropagation optimization algorithm is
used for the training of ANFIS. Moreover, the performance of
ANFIS also depends on the appropriate selection of member-
ship function distribution for the input variables. Therefore,
the selection of linear membership functions, such as trian-
gular membership function [28] is an easy approach but it is
unable to give a precise response [33], [34]. To achieve more
accuracy, we select a nonlinear membership function, such
as the Gauss membership function. The gaussian distribution
is a bell-shaped function (low, and high values) having some
overlapping regions.

To design the controller for voltage regulator in SHAPF,
there is a single input (e(¢)) and single output (p;,ss). We select
17 membership functions for the input e(¢) and the output is
selected as linear. Therefore, the ANFIS structure used in the
paper has 17 rules.

For the detection of harmonics, three multi-input and single
output ANFIS models are constructed for each phase refer-
ence current generation. Two membership functions are taken
for each of the input to generate the reference harmonic cur-
rents (i, i;p, irc). Since there are seven inputs for harmonic
detection; therefore, each ANFIS model in this control block
has 49 rules.

V. RESULTS AND DISCUSSIONS
The proposed neural network-based controllers for hybrid
SHAPF presented in Figure 3 are evaluated and compared
with respect to power quality maintenance of the power sys-
tem under study. A series of simulations are performed, and
response of proposed control techniques based SHAPF are
presented in this Section. It is worth mentioning that the selec-
tion for the number of neurons for all three architectures are
considered suitable based on 50 trail runs each. Moreover, a
comparison of proposed techniques is made with the existing
conventional technique, such as the pq0 theory with the PI
controller. The applicability of designed control techniques
is characterized by three cases employing different nonlinear
load scenarios are described in Table 1, having a balanced
supply voltage. Moreover, power system specifications to
validate the simulations of SHAPF for the aforementioned
three load cases are presented in Table 2.

For a balanced sinusoidal supply with a directly con-
nected nonlinear load, the designed SHAPF targets to filter
the harmonic contaminated source current only. For Test
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TABLE 1. Test cases considered for the proposed work.

Test Cases pq0  ANN ANFIS RNN
with
PI

Case 1 (3-phase rectifier with v v v v
fixed RLC load)

Case 2 (3-phase rectifier with v 4 4 4
variable RLC load)

Case 3 (3-phase rectifier with v 4 4 4

fixed RLC load and DC Motor)

xl——O<
N
X3—O<
X3—O0< — I
—
e L —Nr
X —O — L
=
— === i

Layer Layer Layer Layer Layer
1 2 3 4 5

FIGURE 8. General architecture of ANFIS.

TABLE 2. Parameters for testing the system response with designed
SHAPF.

System parameters Physical values

Phase voltage rms value 220V
Frequency 50 Hz
Ry 1 mQ
Ls 3mH
G =20 470 uF
Vrer 622V DC
k, 25

k; 17

Power rating 10 KVA

3 Single phase rectifiers and DC motor
based nonlinear load (R, L, and C)

43.2Q,34.5mH, 292 uF
(720 VAR)

Case 1, without SHAPF, the power system has three-phase
distorted current with 58.70% THD in phase a, 67.42% THD
in phase b, and 50.82% THD in phase c. The conventional
pqO theory with PI controller based SHAPF reduces the
harmonic contamination to 3.08% THD in phase a, 5.03%
THD in phase b, and 3.79% THD in phase c. Moreover, the
compensation current is produced by the SHAPF because
of the harmonics detected in the system. The neutral wire
originally caries 12A current because of the disturbance in
the system introduced by the nonlinear load. The SHAPF
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minimizes the neutral wire current on the source side to
0.90A with the conventional pq0 theory with PI controller.
The PI controller regulates the DC voltage according to the
required set point with the response time of 0.06 seconds. The
reduction of harmonic distortion in the system depends on
the efficiency of control technique to detect the tendency of
harmonics present in the system, and the generation of the
compensation current accordingly.

Similarly, the behavior of the power system for test
Case 1 using ANN, ANFIS, and RNN techniques based
SHAPF simulations are also observed. The THD of source
current is reduced to 3.29% in phase a, 4.20% in phase b,
and 3.73% in phase c using ANN control technique. ANFIS
based control topology reduces the source current THD to
3.35% in phase a, 3.99% in phase b, and 3.30% in phase c.
The RNN based controller minimizes the THD to 2.94% in
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phase a, 5.01% in phase b, and 2.97% in phase c. Moreover,
the designed SHAPF also improved the power factor of the
system. The RNN technique based SHAPF gives the lowest
neutral wire current of 0.45A with minimum DC voltage fluc-
tuations as compared to the ANN, ANFIS, and conventional
pq0 theory with PI controller.

The analysis of system response in test Case 2 with the
conventional technique is illustrated in Figure 9. The load
current, filter current, source current, neutral wire current
on the load side, neutral wire current on source side, and
the DC voltage regulation are presented in Figure 9 subplots
(), (b), (c), (d), (e), and (f), respectively. In test Case 2,
the three-phases are connected separately with three single-
phase rectifiers along with a reference RLC taken as same
in test Case 1. However, the RLC load is varied in three
sub-cases, such as (a) 25% of RLC load, (b) 50% of RLC
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load, (c) 75% of RLC load, (d) 100% of RLC load. The
amplitude of current and the extent of distortions in the
system varies according to the connected load variation. Orig-
inally, the system with 25% RLC load contains a 15.27%
THD in phase a, 17.89% THD in phase b, and 17.59% THD
in phase c. The conventional pq0 theory with PI controller
reduces the THD in phase a to 3.62%, 7.22% in phase b, and
2.35% in phase c. The neutral wire current on the sources
side was equal to the neural wire current on the load side
and the average value of the current was 12.952A, as shown
in Figure 9(d). The conventional pq0 theory with PI controller
based reduce the neural wire current on the source side to
0.179A, as shown in Figure 9(e). When the nonlinear load
changes to 50% of the RLC load, the three-phases originally
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contain 37.29%, 38.37%, and 37.98% THDs, respectively.
The harmonic contamination is reduced in the aforemen-
tioned load condition to 2.49%, 3.16% in phase b, and 4.00%
in phase ¢ with minimization of neutral wire current from
22.149A to 0.179A. Varying the nonlinear load to 75% RLC
load introduces 42.10% THD in phase a, 44.57% THD in
phase b, and 41.59% THD in phase ¢ without SHAPF. The use
of conventional pq0 theory with PI controller based SHAPF
minimize the THDs to 5.06%, 6.44%, and 5.09% in phase a,
b, and c, respectively. For sub-case four with 100% RLC
load, the increase in THDs for the three-phases is also sat-
isfactorily mitigated according to the international standards
with the elimination of neutral wire current, as illustrated
in Table 3.
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TABLE 3. Comparison of total harmonic distortion (THD).

Source Current THD Load Current THD Power Factor with filter Power Factor without filter
(%) (%)
Case Method Phase Phase Phase Phase Phase  Phase Phase Phase Phase Phase Phase Phase
No. A B C A B C A B C A B C
Case  pq0 3.08 5.03 3.79 58.70  67.42 50.82 1 0.9999 1 0.8309 0.7886 0.8036
1 with PI

ANN 3.29 4.20 3.73 58.70  67.42 50.82 1 1 1

ANFIS 3.35 3.99 3.30 58.70  67.42 50.82 0.9998 0.9997 1

RNN 2.94 5.01 2.97 58.70  67.42 50.82 1 1 1
Case  pq0 3.62 7.22 2.35 15.27 17.89 17.59 1 1 1 0.9999 0.9978 0.9968
2(a) withPI

ANN 6.29 5.98 12.30 15.27 17.89 17.59 0.9999 0.9999 1

ANFIS 3.60 3.23 5.36 15.27 17.89 17.59 1 1 1

RNN 1.90 2.07 2.12 15.27 17.89 17.59 1 1 1
Case  pq0 2.49 2.30 2.56 37.29  38.37 3798 1 1 1 0.9603 0.9176 0.9156
2(b) withPI

ANN 3.25 3.16 4.00 37.29  38.37 37.98 0.9683 0.9385 0.9879

ANFIS 2.49 2.02 2.05 3729  38.37 37.98 1 1 1

RNN 2.05 2.00 1.90 3729  38.37 3797 1 1 1
Case pq0 5.06 6.44 5.09 42.10 4457  41.59 1 1 1 0.8626 0.8139 0.8259
2(c) with Pl

ANN 6.36 10.29 9.23 42.10 4457  41.59 0.9939 0.9984 0.9709

ANFIS 5.55 6.43 5.06 42.10 4457  41.59

RNN 2.30 4.22 5.01 42.10 4452  41.57 1 1 1
Case  pq0 3.55 8.18 5.35 58.70  67.42 50.82 1 1 1 0.8319 0.7887 0.8035
2(d) withPI

ANN 8.96 9.69 9.54 58.70  67.42 50.82 1 0.9995 1

ANFIS 3.37 5.01 3.97 58.70  67.42 50.82

RNN 3.36 4.87 3.35 58.70  67.42 50.82 1 1 1
Case pq0 3.17 4.01 345 57.04  61.17 48.13 1 1 1 0.8264 0.7853 0.8009

3 with PI

ANN 3.16 491 3.35 57.04  61.17 48.13 1 1 1

ANFIS 3.30 7.62 4.16 57.04 61.17 48.13

RNN 2.79 3.35 3.01 57.04  61.17 48.13 1 1 1

The analysis of test Case 2 using neural network-based
techniques, such as ANN, ANFIS, and RNN are pre-
sented in Figure 10, Figure 11, and Figure 12, respectively.
In Figure 10(f), the voltage regulator becomes stable at
0.035sec. for 25% RLC load scenario but the regulator fails
the stability condition at 0.85sec. and the impact is observed
in the form of low minimization of THD and neutral wire
current. The aforementioned condition does not occur when
the load values go beyond 25% RLC load scenario. The
overall response of the ANN-based controller trained for
the variable load condition is not satisfactory as compared
to the conventional pqO theory with PI controller-based tech-
nique. Employing the ANN control technique, the harmonic
distortion obtained for test Case 2 still satisfy the international
standards.

In the four different load variations of test Case 2, the pro-
posed RNN based SHAPF technique is the most proficient
and robust. The RNN based controller for SHAPF gives
minimum THD and neutral wire current for the system under
consideration compared to all other applied techniques. The
comprehensive comparative analysis results are presented
in Table 3. All the techniques used are compared based on
source current THD, load current THD, and power factor
improvement. Moreover, the comparative analysis of neutral
wire current and DC voltage fluctuations in the regulator is
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presented in Table 4. It is evident from comparative analy-
sis that the RNN based controller clearly outperforms other
employed techniques.

The comparative analysis of test Case 3 comprising of three
single-phase rectifiers and DC motor nonlinear load is also
depicted in Table 3 and Table 4. Similarly, the RNN based
controller for SHAPF is comparatively better in test Case 3.
In this scenario, the system has the lowest 2.79% THD for
phase a, 3.35% THD for phase b, and 3.01% THD for phase c.
The neutral wire was originally carrying a current of 9.758A,
reduced to the minimum level of 0.414A compared to other
techniques. The DC voltage fluctuations are not minimum
with RNN for test Case 3; however, the voltage fluctuations
are still within the required range to give minimum THD. The
power factor of the system source side is measured after the
mitigation of distortions using Eqn. (13), i.e.,

0 P 13
cosf = 5 (13)

In Eqn. (13), P is the real power, and S is the apparent
power. The angle 6 is measured between the zero crossings
of sinusoidal voltage and the current waveform.

In Addition, we conducted a thorough comparison for the
elimination of series and parallel resonance in the system.
To show the effectiveness of the proposed SHAPF and its

69923



IEEE Access

M. Igbal et al.: Neural Networks Based SHAPF for Harmonic Elimination

TABLE 4. Comparison of neutral wire current and DC voltage fluctuations.

Cases Methods Neutral Wire Current ~ DC Voltage Fluctuations
A) ™
Case 1 pq0 with PI 0.900 3.8912
ANN 0.650 1.7948
ANFIS 5.550 5.2129
RNN 0.450 1.6748
Case 2(a) pq0 with PI 0.179 8.1481
ANN 2.723 9.5267
ANFIS 0.170 6.1491
RNN 0.177 5.4005
Case 2(b) pq0 with PI 1.441 6.1872
ANN 2.230 8.4027
ANFIS 0.175 4.9359
RNN 0.108 3.1365
Case 2(c) pq0 with PI 0.527 3.4344
ANN 2.274 9.622
ANFIS 0.183 3.3839
RNN 0.610 2.712
Case 2(d) pqO with PI 0.900 3.8912
ANN 0.650 1.7948
ANFIS 5.550 5.2129
RNN 0.450 1.6748
Case 3 pq0 with PI 0.567 3.6273
ANN 0.512 1.7099
ANFIS 0414 2.8776
RNN 0.354 3.2873

TABLE 5. Simulation results before Compensation and after PPF and SHAPF compensation separately.

Before compensation

After compensation

Capabilities Method THD,s Isn DPF THD,s Isn DPF

(%) (A) (%) (A)
Parallel Resonance Prevention PPF 35.84 12.0 0.78 40.00 10.42 0.97
SHAPF 35.84 12.0 0.78 3.17 0.570 0.99
Series Resonance Prevention PPF 35.84 12.0 0.78 51.09 13.90 0.98
SHAPF 35.84 12.0 0.78 4.38 0.610 1.00

comparison with PPF, Table 5 presents the detailed analysis
of system response before applying the compensation circuit
and after applying PPF and SHAPF separately. Moreover,
the results shown in Table 5 are representing the resonance
condition for test Case 3 as it is the most complex case
considered in our study. The comparison is conducted based
on THD of system current (is), system’s neutral current (/s;,),
and system’s displacement power factor (DPF). This verifies
the capability of SHAPF to eliminate the effect of series
and parallel resonance due to variations in source operating
conditions. Moreover, we can observe from Table 5 that by
using only PPF, the THD of system current is increased to
40% in case of parallel resonance and 51.09% in case of series
resonance because PPF is unable to suppress the 3™ harmonic
per resonance, while SHAPF is working effectively as the
THD of system current and Ig, are reduced significantly,
while DPF also improved.

VI. CONCLUSION AND FUTURE WORK

In this paper, a comparative analysis of conventional pqO the-
ory with PI controller and neural network-based control pro-
cedures for the SHAPF is presented to improve the power
quality of the non-sinusoidal power system. The structure of
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the proposed three-phase filter is designed to eliminate the
harmonics and neutral wire current. The RNN based control
strategy for the extraction of harmonics present in the system
and the DC voltage regulation is encouraging approach due
to robustness and more capability for filtering. The depen-
dency of the proposed technique is analyzed and compared
using three different case scenarios. The simulated response
reviled the significance such as: (a) In the three different
case scenarios, the proposed techniques were used for the
compensating current infusion and the DC voltage regulation,
(b) The THD and neutral wire current are diminished to
the minimum level by using the RNN control technique,
and (c) All the techniques applied in the paper eliminate
the current harmonics according to the desired range of the
IEEE and IET standards with the improvement in power
factor. In future work, the proposed filter will be extended
by Hardware-in-Loop implementation and implementation
in a local textile industry, which is the second phase of our
approved funded project. Moreover, complex hybrid control
technique will be applied to further improve the response of
the SHAPF. Finally, we intend further experimenting with
both deep and statistical machine learning models as in [35]
and [36].
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DATA AVAILABILITY

Simulations and Related Data to this article can be
found at DOL: http://dx.doi.org/10.17632/ywrdf462dz. 1#file-
cbbc68f9-25fd-4f13-b15f-5796d2523130, an open-source
online data repository hosted at Mendeley Data (Jawad and
Igbal, 2020).
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