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This paper proposes a single-phase shunt active filter (ShAF) combined with
photovoltaic (PV) to enhance power quality performance by reducing source
current harmonics and compensating for reactive power in a single-phase 220-
Volt distribution system with a frequency of 50 Hz connected to a non-linear
load. The PV panel consists of several PV modules with a maximum power

of 600 W each. An adaptive neuro-fuzzy inference system (ANFIS) controls

the voltage in the DC link capacitor circuit in the ShAF. This method is

Keywords: proposed to overcome the weakness of the Fuzzy Sugeno method in neural-

ShAF network-based learning capabilities to determine the fuzzy rules of the input

membership functions (MFs) and the weakness of the proportional-integral

ﬁNFIS . (PI) control in determining proportional and integral constants using trial and
armonics

error method. The single-phase system is connected to a non-linear load with
Reactive Power Compensation a combination, i.e. without ShAF, using ShAF, and using ShAF-PV,
PV respectively, with a total of seven cases. Based on the three proposed control
methods and model configurations, the ShAF-PV circuit with ANFIS control
is able to result in the best performance because it is able to produce the lowest
source current THD. The single-phase system using ShAF-PV with ANFIS
control is also capable of injecting the largest reactive power compared to the
ShAF and ShAF configurations with PI and Fuzzy-Sugeno control. The
increase in reactive power in the ShAF-PV is further able to compensate for
the reactive power, so it is able to suppress and reduce the source reactive
power significantly.

This is an open access article under the CC BY-SA license.
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1. INTRODUCTION

The adoption of numerous modern devices with non-linear loads in the business and residential sectors
indicates an increase in electricity consumption. Power quality issues are worsening due to domestic expenses,
including washing machines, televisions, air conditioners, computers, laptops, uninterruptible power supply
(UPS) equipment, battery chargers, switch-mode power supplies, and refrigerators, as well as industrial
expenses such as arc furnaces, metal, and paper mills. The use of rooftop solar-based independent generators
with inverters by many consumers can cause source current distortion, in addition to producing power and
reducing power consumption. All the equipment types can introduce harmonics into the source current, lower
the power factor, and result in unbalanced loads in the distribution system. The use of intelligent control in
power electronic equipment, on the other hand, also enhances the functionality of power electronic devices.
Still, it introduces harmonics and distorts the waveforms of source voltages and load currents. Therefore, the
regulation of low-voltage distribution systems must pay close attention to the elimination of harmonics. A
ShAF, a power electronic converter-based device, was developed to improve the system's power quality and
address this issue [1]. With the harmonic load linked in parallel, the ShAF injects a compensatory current that
is supposed to cancel the harmonics.
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Numerous studies have examined the ShAF control method as a current control for non-linear loads and
unbalanced currents. According [2], the P-Q and P-Q-R approaches have been used to compare the effects of
system voltage on a ShAF. To reduce harmonic currents and account for reactive power, a three-phase four-
wire ShAF has been developed [3]. A proposed optimal control strategy for a three-phase active filter has been
presented [4]. Super twisting-sliding mode control (ST-SMC)-based space vector modulation (SVM)-based
direct power control of ShAF has been introduced [5]. The fuzzy logic control-based optimization of ShAF
parameters has been described [6]. On a distorted power grid, simulations and tests of the fast repetitive control
(FRC) approach with closed harmonic correction for a three-phase ShAF and four-wire system have been
conducted [7]. To utilize dc-link voltages, three techniques for adaptive change of dc-link voltage on shunt
active filters have been compared [8].

Several researchers have suggested PV to enhance ShAF's effectiveness in improving power quality. PV-
based SAPF contributes to the grid's power supply and enhances power quality during the day when sunlight
is available; however, at night and when there is no sunlight, the grid is the sole source of electricity. During
this time, reactive power can be compensated for, and harmonic currents can be reduced through the
combination of ShAF and PV [9]. With parameter choices based on flower pollination methods, the control
implementation of the Kalman Filter on a PV-connected shunt active filter has been constructed [10]. The
process of balancing current and voltage due to distributed generation (DG) in the form of a single-phase PV
generating unit deployed haphazardly on a three-phase, four-wire grid using battery energy storage (BES) and
a single-phase bidirectional inverter [11].

For a single-phase, two-stage converter using a PV-based ShAF, the effectiveness of the two control
strategies has been compared [12]. Five-stage, three-phase, disconnected, and grid-connected H-bridge models
for the PV-connected DC-DC converter and shunt active filter have been created [13]. Investigations have been
conducted on the PV system connected to the distribution network utilizing a two-stage circuit and a ShAF
with hysteresis control [14]. It has been applied to supply active shunt filters to PV linked to the grid and
controlled by digital signal processing (DSP) [15]. Using a diphase artificial neural network control approach,
confirmed by the d-q reference frame method, a simulation of a PV array-based multifunctional shunt active
power filter (PV-SAPF) has been conducted [16].

To eliminate source current harmonics, an adaptive hybrid energy generation system based on PV-Wind-
Fuel Cell has been proposed, combined with a synchronous reference frame (SRF)- based active power filter
(SAPF) [17]. To reduce harmonic currents and improve power factor correction (PFC), a distribution static
compensator (D-STATCOM) without a capacitor, based on a matrix converter (MC) and operating using a
finite control set-model predictive control (FCS-MPC), has been developed [18]. Grid-connected PV/wind
hybrid systems have been presented and validated using the PI, Fuzzy, and ANFIS methodologies to mitigate
power quality issues (sags, swells, and harmonics) by employing a distributed power flow controller (DPFC)
with coordinated PQ theory and a FOPID controller [19]. A three-phase active power filter (APF) coupled to
a PV panel utilizing a direct power control (DPC) technique has been researched for improved power quality
[20]. With fuzzy logic control in maximum power point tracking (MPPT), this model was utilized to reduce
harmonic currents caused by nonlinear load currents while simultaneously ensuring the delivery of a portion
of the load request from the PV panel.

A three-phase, three-wire ShAF structure connected to the grid with a photovoltaic generator, without a
DC/DC converter to compensate for harmonic currents, unbalanced currents, and reactive power, has been
designed by [21]. The ShAF design, aimed at improving power quality and reducing harmonic effects resulting
from the integration of PV generators into the distribution network, has been simulated [22]. The neural
instantaneous power theory (Neural-IPT) based on a feed-forward backpropagation artificial neural network
(FFBP-ANN), for a three-phase SAPF combined with a PV, has been implemented [23]. Power quality
improvement using ShAF in grid-connected PV generation systems has been proposed [24]. Grid-connected
solar systems comprise PV systems, DC-to-DC converters, batteries, three-phase inverters, power electronics
devices, and non-linear loads. A PV-fed active power filter model has been designed to reduce harmonic
distortion and improve the power quality of a sinusoidal alternating current supply, utilizing Internet of Things
(IoT) devices [25]. An artificial intelligence method is used to generate a reference current signal and a
switching signal to decide the switching status of ShAF. The improvement of the current network quality
influenced by nonlinear loads supplied by a single-phase photovoltaic system connected to the grid has been
investigated [26]. The improvement in energy quality produced by the grid-connected PV system, which
compensates for harmonic currents due to nonlinear loads, has been observed using ShAF with multilayer
feedforward neural and fuzzy logic control [27]. The use of active power filters to improve power quality in a
three-phase power grid having a grid-connected bidirectional solar inverter and nonlinear loads has been
investigated [28]. PV Battery System Operating in Separate and Grid-Connected Mode with Shunt Active
Filter Capability has been studied [29]. Modelling of reactive power compensation using renewable energy
from sunlight through photovoltaics to reduce harmonics in the electricity network using ShAF has been
simulated [30].
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The use of solid oxide fuel cells (SOFC) as hybrid power generators and ShAF to compensate for current
harmonics has been simulated [31]. The implementation of ShAF has been observed to minimize the harmonics
introduced by inverters connected to stand-alone photovoltaic solar systems and grid-connected solar systems
[32]. The implementation of ShAF for harmonic mitigation in grid-integrated photovoltaic generation systems
has been observed [33]. The implementation of ShAF to reduce DC-link ripple current caused by the power
converter, thereby improving the life of aluminium electrolytic capacitors, has been simulated [34]. Modelling
of a two-stage solar PV system integrated with ShAF for harmonic mitigation, power factor correction, and
load compensation has been implemented [35]. The ShAF system is built with a three-leg Voltage Source
Converter and DC power extracted from the PV modules.

The SAPF has been developed using a double buck half-bridge converter (DBHB) and a three-phase half-
bridge interleaved buck shunt active power filter (HBIB-SAPF) [36][37]. An inner loop and an outer loop are
present in both models. The deep loop can resolve the overshoot transition issues with various switching
operating modes that occur in typical inverter circuits, in contrast to the HBIB model. The inner loop in the
DBHB model serves as a single power factor control. Fuzzy logic control is used in both the HBIB and DBHB
equations to maintain the DC converter voltage within the desired value range. Using a tiny capacity capacitor,
a modified extraction technique has been developed [38]. The disadvantage of the traditional extraction
approach is that it is sensitive to the quality of the DC-link voltage, necessitating the selection of expensive,
massive capacitors with poor dynamic response and low even-order harmonic components. This approach
utilizes a single-frequency-decoupled (SFD) structure with proportional-resonant (PR) control and a second-
order integrator frequency-locked loop (SOGI-FLL) to decrease the size of the DC-link capacitor and minimize
the SOGI-FLL. It has been noted that PV systems with PV panels, half-bridge inverters with capacitive
dividers, and LCLs coupled to a single-phase grid exhibit nonlinear modelling and control [39].

To regulate a SAPF with three-phase, reduced-connected PV panels, a controller design method based on
an automated hybrid approach was developed [40]. This approach uses an inner loop control and an outer loop
control, two cascade loop controllers. Deep loop control is utilized to ensure that the switching design's
operational model can produce an input power factor of 1. While the MPPT perturb and observer (P and O) are
utilized to manage the PV panel output voltage using a PI regulator in the outer loop (P and O). In a separate
investigation, a half-bridge inverter was coupled to two PV arrays via a single-phase SAPF controller and two
DC-link capacitors [41]. To achieve an input power factor of one and account for harmonic and reactive
currents caused by nonlinear loads, the inner loop is designed differently from the previous method, utilizing
the sliding mode method and the Lyapunov stability methodology. Also contains an adaptive observer for an
online estimate of variables related to the grid state that are not measurable. The PV output voltage is controlled
using an incremental conductance (IC) algorithm in the outer loop, which mainly consists of a filtered PI
regulator, to attain the MPPT value. Additionally, by adjusting the DC capacitor voltage, the power exchange
between the PV source and the AC power grid can be balanced.

The use of PV-based ShaF to improve power quality using the P-Q theory method has been simulated
[42]. Mapping of instantaneous load and source characteristics has been proposed [43] for a solar interface
front-end inverter operating as a ShAF, as well as an active power injector, to accommodate the dynamic
variations of source and load. A three-level Neutral Point clamped (NPC) photovoltaic (PV) interface voltage
source inverter based on three-phase Shunt Active Power Filter (SAPF) has been proposed [44]. The proposed
system is capable of compensating reactive power, minimising source current THD, improving power factor,
and injecting PV system energy into the power system. The implementation of ShAF based on PV connected
to storage devices has been simulated [45]. The proposed model can generate and inject maximum PV power
into the system, ensuring that the grid current remains healthy by offering high filtering quality at the grid side.
The use of an adaptive method in controlling two-stage PV-based ShAF under distorted grid conditions and
stochastic PV system behaviour has been proposed [46]. A compact structure, a shunt active photovoltaic filter
based on cascaded H-bridge multilevel inverter (SAF-PV/CHB-MLI) to eliminate electrical disturbances
caused by nonlinear loads and to generate MPPT from PV generator has been proposed [47].

The research proposes a ShAF combined with PV to reduce source current harmonics and compensate
for reactive power in a single-phase distribution system connected to a non-linear load. The ANFIS method
controls the voltage in the DC link capacitor circuit in the ShAF. This method was further validated using fuzzy
logic control with the Sugeno-Fuzzy Inference System (FIS) method, also referred to as the Fuzzy-Sugeno
method and the PI method, to determine the effectiveness and optimal performance of the proposed method.
Referring to the problems above, the main contributions of this research are:

1. Design a ShAF model supplied by PV and then implement the single-phase ShAF-PV configuration in a
single-phase low-voltage distribution system to reduce source current harmonics and compensate for
reactive power due to non-linear loads. The ShAF circuit is located between the load bus and the source
bus (PCC), which is then connected to a single-phase 220 V distribution line with a frequency of 50 Hz.
The PV panel consists of several PV modules with a maximum power of 600 W.
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2. Validate the performance of the single-phase ShAF-PV configuration against the single-phase ShAF
configuration to determine the optimal system configuration for mitigating source current harmonics and
compensating reactive power resulting from the contribution of non-linear loads on a 220 V single-phase
low-voltage distribution line.

3. Implement ANFIS control methods in single-phase ShAF-PV and single-phase ShAF, respectively, to
overcome the weaknesses of the Sugeno Fuzzy Method in neural-network-based learning capabilities to
determine fuzzy rules from input membership functions (MFs) as well as weaknesses in PI control in
determining proportional gain (K,,) and integral gain (K;) in the proposed model.

4. Validate the results of the ANFIS control method using the Fuzzy-Sugeno and PI methods on single-phase
ShAF-PV and single-phase ShAF circuits to determine the best control system performance in mitigating
source current THD and compensating reactive power when the system is connected to a non-linear load.

The structure of this article is as follows: Chapter 2 presents the proposed method, Chapter 3 discusses the

results and conclusions, and Chapter 4 provides the conclusion.

2. METHOD
2.1. Proposed Method

This paper proposes a single-phase ShAF model supplied by PV (ShAF-PV) to mitigate source current
harmonics and compensate for load reactive power in distribution lines connected to non-linear loads. The
performance of source current harmonics and reactive power compensation was tested using two circuit
combinations: single-phase ShAF and single-phase ShAF-PV. The PV panel consists of several PV modules,
each with a maximum power of 600 W. There are three proposed power electronics devices, namely ShAF one
phase and single phase ShAF-PV. The ShAF-PV system is proposed to overcome the weakness of the ShAF
circuit in reactive power compensation, thereby mitigating source current harmonics in a single-phase
connected distribution system with non-linear loads. The ShAF-PV circuit is located between the load bus and
is connected to the source bus or point common coupling (PCC) via a single-phase 220 V low-voltage
distribution line with a frequency of 50 Hz. The ANFIS controller is proposed to overcome the weakness of
the Fuzzy-Sugeno method in neural-network-based learning capabilities to determine the fuzzy rules of the
input MFs and the weakness of the PI method in determining proportional gain (K,,) and integral gain (K).
The proposed model of a single-phase ShAF-PV system is presented in Figure 1.
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Figure 1. Proposed model of a single-phase ShAF-PV system connected to a non-linear load

ANFIS control is implemented as a DC voltage control on a single-phase ShAF to reduce source current
harmonics and compensate for reactive power, and then the results are compared with FS control and PI control.
In the configuration of the ShAF model and the ShAF-PV model, each proposed configuration utilizes PI, FS,
and ANFIS controls, resulting in a total of six cases. The results of the analysis were carried out on the
parameters, namely the magnitude and THD of the current on the source bus, the magnitude and THD of the
current on the load bus, the magnitude and THD of the ShAF current, the reactive power of the source, the
active power of the load, and the reactive power of the ShAF. The current flowing from the ShAF to the single-
phase distribution line is then known as the shunt compensation current. Meanwhile, the reactive power flow
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from ShAF, hereinafter referred to as shunt reactive power compensation, functions to suppress and reduce the
reactive power of the source. After all, parameters are obtained, the next step is to determine the best
combination of ShAF circuits and control methods in reducing source current harmonics and compensating for
reactive power. Figure 2 shows the active and reactive power flows using a circuit without ShAF, ShAF, and
ShAF-PV in a single-phase system connected to a non-linear load. The simulation parameters for the proposed

model are further shown in Table 1.

Table 1. System Parameters

Devices Parameters Values
Single Phase Grid RMS Voltage 220 Volt
Frequency 50 Hz
Line Impedance Rs=1Q
Ls=1mH
Shunt Active Filter Shunt Inductance Lgp, =1.5mH
Non-Linear Load Resistance R, =57Q
Inductance L, = 0.5mH
Load Impedance R =60 ohm,
L-=0.5mH
DC Link DC Voltage Ve =650 volt
Capacitance Cye = 3000 pF
Photovoltaic Panel Active Power 0.6 kW
Irradiance 1000 W/m2
Temperature 5 50 C
MPPT Perturb and Observe
Proportional Integral Parameter Proportional Gain (Kp) Kp=0.2
Integral Gain (K) K,=1.5
Fuzzy Logic Controller Fuzzy Inference System Sugeno
Composition Max-Min
Defuzzyfication Wtaver
Input Memberships Function Error Vg (Vae_error) trapmf and trimf
Delta Error Vg (AVgc—error)
trapmf and trimf
Output Membership Function Instantaneous of Power Losses constant [0,1]
(ﬁloss)
ANFIS Training Method Neural Network Algorithm Backpropagation
ANFIS Maximum Iteration Epoch 40
ANFIS Training Error Error Degree 0
Ps*iGs v Y| Prio L Perige v Y| Purio !
R. | i k i * Re R L. | i, ic i * %RL
Single Phase Grid Source Bus Single Phase Grid Source Bus

Load Bus Rc

220 V-50 Hz
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Figure 2. Active and reactive power transfer of the circuit (a) Without ShAF, (b) ShAF,
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(c) ShAF-PV in a single-phase system connected to a non-linear load

The study uses three model configurations in Figure 2a, Figure 2b, and Figure 2c, with seven cases each

described as follows:

1. Case 1 (Without ShAF), In this case, the system is connected to an NL load, a sinusoidal source, without
using ShAF.

2. Case 2 (With ShAF-PI), In this case, the system is connected to an NL load, a sinusoidal source, and uses
ShAF with PI control.

3. Case 3 (With ShAF-FS), In this case, the system is connected to an NL load, sinusoidal source, and uses
ShAF with FS control.

4. Case 3 (With ShAF-ANFIS), In this case, the system is connected to an NL load, a sinusoidal source, and
uses ShAF with ANFIS control.

5. Case 4 (With ShAF-PV-PI), In this case, the system is connected to an NL load, sinusoidal source, and
using ShAF supplied PV with PI control.

6. Case 5 (With ShAF-PV-FS), In this case, the system is connected to an NL load, sinusoidal source, and
using ShAF is supplied with PV with FS control.

7. Case 6 (With ShAF-PV-ANFIS), In this case, the system is connected to an NL load, sinusoidal source,
and using ShAF supplied PV with ANFIS control.

2.2. Single-Phase Shunt Active Filter Control Using PQ Theory

Due to its well-known topology and simple installation process, the ShAF type is the most popular. The
basic design of an active power filter in parallel with a voltage source inverter (VSI) is depicted in Figure 1. It
consists of a capacitor acting as the terminal (C,.), four insulated-gate bipolar transistors (IGBTs) acting as a
power electronics switch, and two inductors (L; and L,) acting as an interfacing component [9]. The
fundamental idea behind ShAF is to inject a compensation current (I.) whose phase is inversely proportional
to the phase of the harmonic load current (I;). The vector sum of the source current (I5). The source bus or
PCC bus will be close to zero when the compensation current and load harmonic current have the same or
opposite phases at the harmonic frequency, resulting in the nearly sinusoidal current waveform depicted in
Figure 1. The ShAF is arranged parallel to the grid in the application. The ShAF measures the current, voltage,
and DC-link capacitor (Cy.), on the load side, to produce a reference signal. A reference harmonic is created
using the current signal and is later reversed. The power factor is improved by using the voltage signal in such
a way that the grid current supply is in phase with the grid voltage. Through the PCC bus, the processing
circuit's output signal is utilised to regulate switching on the inverter connected to the grid in parallel.

The ShAF circuit is made up of an active filter, a non-linear load, and an AC source voltage (V). The
source current (Ig), which flows in the direction of the non-linear load, powers the load. The line from the
active filter branches between the source bus and the nonlinear load. This line offers an inverter current that
reduces harmonics and accounts for reactive power so that the source current's (I5) power factor and harmonic
values can satisfy IEEE 519 requirements. Due to the influence of switching power electronic circuits and the
huge reactive power devices of non-linear loads, the load current (1) still exhibits harmonics and a low power
factor. For three-wire, three-phase power systems, as well as three-phase, four-wire power systems, the p-q
theory, also known as instantaneous power theory, is frequently employed. This theory employs three voltage
and current signals, but it can also be applied to single-phase active filters by duplicating two more voltage
and current signals with a 120° angle shift. The foundation of this theory is the division of power components
into mean and oscillations. Assign phase "a" to the load current of a single-phase load, and phases "b" and "c"
to the duplicating technique's additional phases. Mathematically, the load current can be expressed as phase
current "a" using the Equation. (1). By assuming that Equation (1) represents the load current for the phase
"a," Equations (2) and (3) below can be used to describe the load current for phases "b" and "c" [48].

n

ia = Z '\/711 Sin(Wi + 91) (1)
i=0
n

i, = Z V21, sin (w; + 6; — 120°) ()
i=0
n

i = Z V21, sin (w; + 6; — 120°) (3)
i=0

By assuming that Equation (1) represents the load current for the phase "a," Equations (2) and (3) below
can be used to describe the load current for phases "b" and "c." [48].
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Use Equation (6) for load current and Equation (7) for load voltage to calculate the o dan B reference
currents and the Clarke transformation [48].
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According [48], the active and reactive powers are expressed as Equation (8), Equation (9), and Equation
(10) respectively:

P = Valq + Vgl + 05, ®)

q= Uaia — vﬂlﬂ (9)

[p] [—vg Vg [ ] (10)

The two portions that make up active and reactive power are the average and oscillating, or the DC section
and the AC section, respectively. The equations for both active and reactive power are as follows:

b=
q=

-QI "ES|
-Qz "tSz

A low-pass filter, which may eliminate high frequencies and yield a fundamental component or DC
section, can be used to determine the DC section. Equation (11) can be used to describe the a-fp reference
current in terms of the part’s DC active power and reactive power [49].

l;;[; v +v IZ ] [ p+plOSS] (11)
@ B
Average active power is derived using the p;,.s parameter from the voltage controller. Before the signal
is reduced to the load current, the active power filter's three-phase reference current is given in Equation (12).
The pulse width modulation (PWM) signal is created utilizing the hysteresis band and the reduced three-phase
current. Only two of the six PWM signals produced by the hysteresis band are used as the hysteresis band input
for a single-phase active filter [48].

1 0
i;m:\E ~1, \/§/2 ihp (12)
=1/, V3,

The ShAF circuit control method is then developed and modelled in Figure 3 using Equations 1 through
12.
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Figure 3. Single-phase ShAF control scheme using p-q theory

2.3. Fuzzy-Sugeno Control Design

Fuzzy logic control has two effects, namely the error value (e) and the delta error (Ae). This control model
requires a degree of membership, [F-THEN activities, and a knowledge base. Fuzzy has a sequence in creating
the central functional block system, namely the Knowledge Base, Fuzzification, Inference Mechanism, and
Defuzzification. The knowledge base consists of a database and a rule base. The database consists of input and
output membership functions, providing information for the appropriate fuzzification operations, inference
mechanisms, and defuzzification. The rule base consists of a set of linguistic rules that relate fuzzy input
variables to the desired control action. Figure 4 shows the fuzzy logic control flow chart using the Sugeno
fuzzy inference system, which is hereinafter referred to in this paper as Fuzzy-Sugeno.

Input
Variable

Fuzzification

Determine Degree
of Membership

!

Fuzzy Inference System
(Sugeno)

Determine
Fuzzy Rule Base

Defuzzification
Output
Variable

Figure 4. Flowchart of fuzzy logic control using FIS-Sugeno

This research uses two input variables Vp¢_grror and AVp¢_error as Well as Py, ¢ as output variables. The
method used in the fuzzy inference system is the Fuzzy Sugeno method. The Fuzzy Sugeno method uses a
singleton MF, which has a membership degree of 1 for single crisp values and 0 for other crisp values. With
such an MF model configuration, Fuzzy Sugeno produces a faster processing time because it has a weighted
average to replace the defuzzification phase in Fuzzy Mamdani which requires a relatively long simulation
time [50]. The value of two input variables and one output variable in each membership function is divided
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into seven linguistic variable chips. Crips input variables used in Vp¢_gpror and AVpe_ oo are NB (Negative
Big), NS (Negative Medium), NM (Negative Small), Z (Zero), PS (Positive Small), PM (Positive Medium)
and PB (Positive Big) with fuzzy rule base are shown in Table 2. Crips of input variables are triangular and
trapezoidal memberships functions (MFs) with membership function limits between -650 to 650 In contrast to
the input variable crips, the output crips variable is p;,s in the form of two different constant values [0,1] with
a membership function limit between -100 to 100. The input variable crips and the output variable crips both
have the same linguistic variable. Fuzzy Sugeno MFs of two input variables and one output variable are shown
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in Figure 5, Figure 6, and Figure 7, respectively.
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2.4. ANFIS Control Design

ANFIS combines fuzzy logic control and artificial neural networks (ANN). The adaptive fuzzy technique
modifies the fuzzy relationship and is generated from a representative sample of mathematics. The fuzzy rules
that are unsure can be improved using the training data. Figure 8 depicts the ANFIS control architecture.
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Figure 8. Architecture of ANFIS control

When dealing with higher processing skills and the subject of intelligence, fuzzy sets are regarded as
beneficial. The NN block receives fuzzy input and triangle membership functions. The NN block is connected
to a FIS and consists of a rule base. To train FIS, the back propagation (BP) method was applied. The feed-
forward NN was trained using the BP learning method. Mamdani and Sugeno are the two FIS models most
frequently utilized. Because (i) its membership function (MF) is linear or constant, (ii) it is more
computationally efficient than the Mamdani type, and (iii) it may be trained using real data rather than historical
data, which is more vulnerable to expert systems. Figure 9 displays the flowchart for ANFIS training.

Step 1
Load training data in ANFIS editor

\ 4
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Define structure and MF selection

\ 4

Step 3
Selection of optimization method

\ A

Step 4
Set maximum iteration target (epoch)

Y

Step 5
Defuzzification phase dan extract the FIS file

Figure 9. Flowchart of ANFIS training

A fuzzy neural network, also known as a neuro-fuzzy system, utilizes the neural network approximation
technique to learn the characteristics of a fuzzy system, including fuzzy sets and fuzzy rules. There are some
parallels between fuzzy systems and neural networks. Both can be used to address the given problem if there
is no mathematical model for it (eg, pattern recognition, regression, or density estimation). The benefits and
drawbacks of neural networks and fuzzy systems are lost mainly when the two concepts are combined. Figure
10 illustrates the model of ANFIS control employed in this study.
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Figure 10. Model of ANFIS control

Figure 10 shows that the error value e(t) is obtained from e(t) = Y (t) — R(t) where Y (t) and R(t) are
the output and input values of the system as a reference. Initially, the error value e(t) and the change in error
value (delta error e(t)) will be converted to fuzzy variable values in the fuzzification block. Same with PI and
Fuzzy Sugeno control, the error value e(t) and the value of delta error e(t) are Vpc_error and AVpc_errors
respectively. After the fuzzification process, the output value of the fuzzification stage will be trained first by
using the ANFIS editor by typing the command "anfisedit" in the Matlab command prompt, after that the
fuzzification results that have been trained will enter the Inference Mechanism process by considering the rule
base and membership function which automatically created after doing data training. After that, the
defuzzification stage is processed to convert the fuzzy variable into its final output form in this system, which
is then processed by the PWM inverter block to generate pulses. The data that was previously trained is then
entered into the ANFIS editor window, where the results are shown in Figure 11. Figure 12 shows the learning
construction of ANFIS.
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Figure 11. Results of training data using the ANFIS editor window
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Figure 12. Structure of ANFIS input and output MFs

The structure of the ANFIS input and output control MFs used in this study is shown in Figure 12. The
input model of the ANFIS training data obtained is derived from the reference and previous data calculations.
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After the data training process is carried out, the MF model formed on the ANFIS control structure is then
shown in Figure 13.
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Figure 13. MFs of input variable 1 (Vp¢_error)

Figure 13 is the MF input variable 1 (Vpc_error) that is formed after data training is performed on the
ANFIS controller. Five linguistic variables utilize the triangular membership function (TRIMF) type in the
range of values from 0 to 0.25.
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Figure 14. MFs of input variable 2 (AVp¢_error)

Figure 14 shows the ANFIS control membership function value at input 2 (AVpc_error) totaling five
MFs. MFs delta error has an interval limit equal to the input variable 1 (AVpc_zp0r) Using triangular (trimf)
MFs type with an interval value between 0 and 0.25.
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Figure 15. MFs of output variable (p;,ss)

Figure 15 shows the MF of the output variable for ANFIS (p;,4 ). In contrast to fuzzy logic control, which
employs the Mamdani method for its output, the FIS method used in ANFIS is the Fuzzy Sugeno method. The
output value in this method is obtained by setting the rule base based on linguistic variables, and the range of
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input variables 1 and 2, each of which is five variables. The number of MFs is 25, where the value is obtained
from the MF input one and MF input 2, which the rule editor automatically generates.

3. Results and Discussions
3.1 Model Simulation

The proposed model is determined using three circuit models as shown in Figure 2a, Figure 2b, and Figure
3c. Three circuit models are proposed, namely without ShAF, using ShAF, and using ShAF-PV in a single-
phase system connected to a non-linear load. In the system using ShAF and ShAF-PV, each uses PI, FS, and
ANFIS-based ShAF control so that the total model used in this study is seven cases. The seven case models
are Case 1 (without ShAF), Case 2 (using ShAF-PI), Case 3 (using ShAF-FS), Case 4 (using ShAF-ANFIS),
Case 5 (using ShAF-PV-PI), Case 6 (using ShAF-PV-FS), and Case 7 (using ShAF-PV-ANFIS). Single-phase
CBI1 is used to connect ShAF to the system, while CB2 is used to connect PV to ShAF.

By using MATLAB Simulink, each model combination is executed according to the desired case to get
the curve of the source voltage (Vs), load voltage (V,), source current (Ig), load current (I;), compensation
current (I), DC-link voltage (Vp(), and PV voltage(V,,). Based on this curve, the magnitude value of the
source voltage (Vs), load voltage (V, ), source current (I), load current (I;), compensation current (I), DC-
link voltage (Vp¢), and PV voltage(Vpy ). Furthermore, the value of total harmonic distortion or THD Vs, THD
V., THD I, and THD I, is also determined based on a number of curves that have been plotted previously.
Finally, the next step is to determine the active load power (P, ), source reactive power (Qg), and ShAF reactive
power (Qgy,) to determine the contribution of reactive power in a single-phase system using ShAF and ANFIS
control supplied by PV generators. Measurements were carried out in one cycle starting from t = 0.25 seconds
with a total simulation time of t = 0.5 seconds. The curves of the source voltage (Vs), load voltage (V, ), source
current (g), load current (I;), compensation current (I;), DC-link voltage (Vj), and PV voltage (Vpy) in
three model configurations are shown in Figure 16, Figure 17, and Figure 18, respectively. While the magnitude
values and nominal values of THD Vg, THD V,;, THD Ig, dan THD I, are shown in Tables 2 and 3, respectively.
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Figure 16. Performance of Vg, V,, I, dan I, on a single-phase system without ShAF (Case 1)

Figure 16 shows that at t=0.25 sec of the total simulation time of t=0.5 sec, a single-phase system without
ShAF (Case 1) produces a magnitude and THD of source voltage (V) of 220 V and 1.76%, respectively. This
value is equal to the magnitude and THD of the load voltage (V). Because it does not have a ShAF
compensation circuit, the magnitude and THD values of the source current (Ig) and load current (I, ) each gives
the same result of 3,851 A and 33.90%, respectively.
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Figure 17. Performance of Vg, V;, I, I; and Vj on a single-phase system with
ShAF-ANFIS (Case 4)

Figure 17 shows that at t = 0.25 sec, a single-phase system with ShAF-ANFIS (Case 4) produces a
magnitude and THD of the source voltage of 220 V and 9.74%, respectively, within the total simulation time
of t= 0.5 sec. This value is equal to the magnitude and THD of the load voltage (V). In this model, it injects
a shunt compensation current (/) of 24.68 A and a THD of 15.03% in opposite phase to reduce the THD of
the source current to 2.91% compared to the THD of the load current of 31.76%.
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Figure 18. Performance of Vg, V;, I, I}, Vp¢, and Vpy, on a single-phase system with
ShAF-PV-ANFIS (Case 7)
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Figure 18 shows that at t=0.25 sec of the total simulation time of t=0.5 sec, a single-phase system with
ShAF-PV-ANFIS-PV (Case 7) produces a magnitude and THD of source voltage (V5) of 220 V and 1.76%.
This value is the same as the magnitude and THD of the load voltage (V). In this model, the ShAF-PV-ANFIS
circuit is capable of injecting a shunt compensation current (I;) of 24.78 A and a THD of 5.03% in opposite
phase to reduce the THD of the source current (/) to 1.54% compared to the THD of the load current (1) of
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Figure 19. Harmonic spectra of source current on a single-phase system system without ShAF (Case 1)
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Figure 19 shows that at t=0.25 sec of the total simulation time of t=0.5 sec, a single-phase system without

ShAF (Case 1) is able to produce magnitude and THD values of source current (/) of 3,851 A and 33.90%,
respectively. Since it does not have a ShAF compensation circuit, it is equal to the magnitude and THD of the
load current (I). Figure 20 shows a single-phase system with ShAF-ANFIS (Case 4)-capable of producing a
source current THD magnitude value (/) of 24.67 A and 2.91%, respectively. Figure 21 shows a single-phase
system with ShAF-ANFIS (Case 7)-capable of producing magnitude and THD values of source current (I_S)
of 23.65 A and 1.54%, respectively. In the same procedure, the magnitude and THD values for the source
voltage (V) load voltage (V) source current (I5), and load current (I;) for the configuration of Case 2, Case
3, Case 5, and Case 6 are simulated dan presented entirely in Tables 3 and 4.

Table 3. Current and Voltage Magnitude Values in Seven Proposed Case

Case Model I (A) 1, (4) I (A) | V. (V) v, (V)
1 Without ShAF 3.851 3.851 0 220 220
2 With ShAF-PI 24.42 4.197 22.93 220 220
3 With ShAF-FS 25.34 543 2347 220 220
4 With ShAF-ANFIS 24.67 434 24.68 220 220
5 With ShAF-PV-PI 23.43 443 22.56 220 220
6 With ShAF-PV-FS 24.42 4.76 23.90 220 220
7 With ShAF-PV-ANFIS 23.65 4.5 24.78 220 220

Table 4. Current and Voltage THD Values in Seven Proposed Cases

Case Model THD I (%) THD I, (%) THD I (%) THD V. (%) THD V, (%)
1 Without ShAF 33.90 33.90 0 1.76 1.76
2 With ShAF-PI 3.12 35.19 3.680 9.74 9.74
3 With ShAF-FS 3.70 31.12 5.990 8.17 8.17
4 With ShAF-ANFIS 2.91 31.76 15.03 9.74 9.74
5 With ShAF-PV-PI 2.91 33.16 2.830 8.17 8.17
6 With ShAF-PV-FS 2.13 34.09 16.14 1.76 1.76
7 With ShAF-PV-ANFIS 1.54 33.54 5.030 1.76 1.76

with ShAF, and with ShAF-PV is shown in Figure 22.

Performance of THD Source Current using PI, Fuzzy Sugeno and ANFIS control under without ShAF,
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Figure 22. Performance of THD Source Current using PI, Fuzzy Sugeno and ANFIS control under
conditions: (a) Without ShAF, (b) With ShAF, and (c) With ShAF-PV
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Table 4 and Figure 9 show that a single-phase system without using ShAF produces a source current THD
value (I) of 33.90%. The use of PI control using ShAF and ShAF-PV resulted in source current THD values
(Ig) of 3.21% and 2.91%, respectively. The use of Fuzzy-Sugeno control using ShAF and ShAF-PV produces
the THD value of the source current (I5) of 3.70% and 2.91%, respectively. Meanwhile, the use of ANFIS
control using ShAF and ShAF-PV is able to produce THD values of source current (I) of 2.91% and 1.54%,
respectively. These results indicate that the use of ShAF in a single-phase system connected to a non-linear
load is able to significantly reduce the THD of the source current (/) compared to a system without using
ShAF. The single-phase ShAF circuit is capable of injecting compensating current into the load bus so as to
successfully reduce the current harmonic content on the source bus under IEEE-519 requirements. The ShAF
circuit using ANFIS control supplied by PV is also able to produce the best performance because it is able to
produce the lowest source current THD (/) compared to the ShAF configuration without and with PV injection
based on Fuzzy-Sugeno and PI control.

3.2 Power Transfer Analysis

The study also conducted a power transfer analysis on the single-phase ANFIS control model
configuration using ShAF, both with and without PV injection. The analysis includes the examination of active
load power, source reactive power, and ShAF reactive power transfer on systems using ShAF with and without
PV injection.
3.2.1.Power Transfer Using Single-Phase ShAF Without PV Injection

Figure 23 shows the power transfer simulation of the load active power (P,,,4), source reactive power
(Qsource)> and ShAF reactive power (Qgpar) On a system using ShAF without PV injection. Simulations were
carried out in two conditions, namely a single-phase system before and after being connected to the ShAF
circuit at a time duration of (t = 0.0to 0.2sec) and (t =0.2to 0.5sec) . The nominal power transfer
measurements were carried out at t = 0.0 sec and t = 0.3 sec, respectively. The simulation results under these
conditions are then presented fully in Table 3.
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Figure 23. Transfer of load active power, source reactive power, and ShAF reactive power in a system using
ShAF without PV injection
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Table 5. Transfer of load active power, source reactive power, and ShAF reactive power
on single-phase systems using ShAF without PV injection

Before connected ShAF After connected ShAF
Control Method 0.1 sec 0.3 sec
PLgad (W) QSource (VAR) QShAF (VAR) PLnad (W) QSuurce (VAR) QShAF (VAR)
PI 10850 26 0 9300 1.7 1400
Fuzzy Sugeno 10850 26 0 9240 2 1420
ANFIS 10850 26 0 9200 2.3 1500

Table 5 shows that in a single-phase system, before being connected, ShAF (t = 0.1 sec ) produces load
active power (Pp,44), source reactive power (Qgyyrce) » and ShAF reactive power (Qgp4r) are 10850 W, 26
VAR, and 0 VAR, respectively. The use of PI control in a single-phase system after connecting the ShAF (t =
0.3 sec) can reduce the load active power and source reactive power to 9300 W and 1.7 VAR, respectively
and increase the ShAF reactive power to 1400 VAR. The use of ShAF with Fuzzy Sugeno control in a single-
phase system (t = 0.3 sec ) is able to reduce the active load and source reactive power to 9240 W and 2 VAR,
respectively and increase the ShAF reactive power to 1420 VAR. Figure 23 shows that the use of ShAF with
ANFIS control on a single-phase system (t = 0.3 sec ) can reduce the active load and source reactive power
to 9200 W and 2.3 VAR, respectively and increase the ShAF reactive power to 1500 VAR. The use of ShAF
on a single-phase system with ANFIS control produces the lowest reactive power reduction of 9200 W,
compared to PI and Fuzzy Sugeno controls of 9300 W and 9240 W, respectively. The use of ShAF in a single-
phase system with ANFIS control enables the reactive power of ShAF to reach its highest value of 1500 VAR,
surpassing the values of 1400 VAR and 1420 VAR achieved by PI and Fuzzy Sugeno controls, respectively.

3.2.2.Power Transfer Using Single-Phase ShAF with PV Injection

Figure 24 shows the power transfer simulation of the load active power (P,,,4), source reactive power
(Qsource) and ShAF reactive power (Qgp4r) On a system using ShAF with PV injection. Similar to the ShAF
procedure without PV injection, the simulation was carried out under two conditions, namely a single-phase
system before and after connecting to the ShAF-PV circuit at time durations (t = 0.0 to 0.2 sec) and (t =
0.2to 0.5sec). The nominal power transfer measurements are performed at t = 0.1 secand at t =
0.3 sec, respectively. The simulation results under these conditions are then presented fully in Table 6.
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Figure 24. Transfer of load active power, source reactive power, and ShAF reactive power in a system using

ShAF with PV injection
Table 6. Transfer of load active power, source reactive power, and ShAF reactive power in a system using
ShAF with PV injection
Before connected ShAF-PV After connected ShAF-PV
Control Method 0.1 sec 0.3 sec
Proaa W) | @source (VAR) | Qspar (VAR) Proag (W) Qsource (VAR) Qsnar VAR)

PI 10850 26 0 9300 1.9 1430

Fuzzy Sugeno 10850 26 0 9240 23 1470

ANFIS 10850 26 0 9200 2.5 1550
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Table 5 and Table 6 show that the single-phase system before being connected to ShAF or ShAF-PV (t =
0.1 sec) produces load active power (Pp,,4), source reactive power (Qsyyurce) and ShAF reactive power
(Qgpar) of 10850 W, 26 VAR, and 0 VAR, respectively. The use of PI control in a single-phase system after
connecting the ShAF-PV (t = 0.3 sec) was able to reduce the load active power and source reactive power to
9300 W and 1.9 VAR, respectively and increase the ShAF reactive power to 1430 VAR. The use of ShAF-PV
with Fuzzy Sugeno control on a single-phase system (t = 0.1 sec) is able to reduce the active load and source
reactive power to 9240 W and 2.3 VAR, respectively and increase the ShAF reactive power to 1470 VAR.
Figure 24 shows that the use of ShAF-PV with ANFIS control in a single-phase system (t = 0.1 sec) can
reduce the active load and source reactive power to 9200 W and 2.5 VAR, respectively, and increase the ShAF
reactive power to 1550 VAR. Similar to ShAF, the implementation of ShAF-PV on a single-phase system with
ANFIS control produces the lowest reactive power reduction of 9200 W, compared to PI and Fuzzy Sugeno
controls of 9300 W and 9240 W, respectively. Similar to ShAF, the implementation of ShAF-PV, a single-
phase system with ANFIS control, was able to increase the ShAF reactive power to a maximum of 1550 VAR,
compared to the PI and Fuzzy Sugeno controls, which achieved 1430 VAR and 1420 VAR, respectively. The
difference is that a single-phase system using ShAF-PV, which employs three control methods, can produce a
higher has a higher ShAF reactive power than a system connected only to ShAF. Table 5 also shows that a
single-phase system using ShAF-PV with ANFIS control can inject the most immense ShAF reactive power
compared to a system without PV injection.

3.2.3.Single Phase ShAF Reactive Power Compensation
Figure 25 shows the comparison of ShAF reactive power without and using PV injection on the three
proposed control models at t = 0.3 sec.
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Figure 25. Comparison of ShAF reactive power with PI, Fuzzy Sugeno, and ANFIS control
using ShAF and ShAF-PV.

Figure 25 shows a single-phase system connected to a non-linear load, which is connected to ShAF and
ShAF-PV t = 0.3 sec ) using a PI controller), producing a ShAF reactive power of 1400 VAR and 1430 VAR,
respectively. The use of Fuzzy-Sugeno control on ShAF and ShAF-PV (t = 0.3 sec) resulted in 1420 VAR
and 1470 VAR, respectively. Meanwhile, the use of ANFIS control on ShAF and ShAF-PV (t =
0.3 sec ) resulted in 1500 VAR and 1550 VAR, respectively. Thus, among the three proposed control models,
a single-phase system using ShAF with PV injection and ANFIS control can inject the largest reactive power
compared to ShAF without PV injection. Increasing the reactive power of the ShAF circuit through PV
injection will further compensate for the reactive power, resulting in a significant decrease in the source's
reactive power.

4. Conclusion

A combination of single-phase ShAF with PV panels has been proposed to reduce source current
harmonics and compensate for reactive power in a single-phase distribution system with a 220 V, 50 Hz
voltage, connected to a non-linear load, utilizing ANFIS control. The ShAF-PV circuit with ANFIS control
can produce the best performance because it can produce the lowest THD of source current. The single-phase
system using ShAF-PV with ANFIS control is also capable of injecting the most considerable reactive power
compared to the ShAF and ShAF-PV configurations with Pl and Fuzzy-Sugeno control. The increase in
reactive power in the ShAF-PV further compensates for the reactive power, thereby significantly suppressing
the source reactive power. The ShAF and ShAF-PV circuits with ANFIS control still produce a slightly higher
source reactive power value than the two models of the same circuit using PI and Fuzzy Sugeno controls,
respectively. The use of ANFIS control with a constructive backpropagation NN training algorithm can be
proposed to increase the accuracy of NN training on ANFIS, so that it is expected to be able to reduce the
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source reactive power. Real-time implementation on hardware in the future is also needed to validate whether
the proposed simulation method by the author can work in the real model.
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