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ABSTRACT In this research study, a photovoltaic (PV) interface three-level Neutral Point clamped (NPC)
voltage source inverter-based three-phase Shunt Active Power Filter (SAPF) has been proposed. Initially, the
major power quality issues, such as compensating for reactive power, minimizing Total Harmonic Distortion
(THD) of source current, improving power factor, and injecting the PV system’s energy into the electrical
power system, are discussed. Later, a multilevel NPC inverter-based SAPF was developed to address power
quality concerns by utilizing the Synchronous Reference Frame Theory (SRF) and Adaptive Neuro Fuzzy
Inference System (ANFIS) algorithm. The reference current required for the compensation is calculated
using the SRF theory, and the ANFIS algorithm is implemented to generate a smooth DC link voltage.
In addition, a Hysteresis Current Controller (HCC) is employed to provide the required switching pulses for
the neutral point clamped voltage source inverter, thereby reducing the THD produced by Nonlinear (NL)
loads, which can be balanced or unbalanced. The SAPF efficiently utilizes the active power generated by
PV arrays. It employs an Enhanced Incremental Conductance (EINC) based MPPT controller to maximize
power extraction of PV arrays into the power grid. Additionally, it supports load-reactive power demand
and improves grid power quality by eliminating harmonics. The performance of the proposed system is
validated using both hardware and MATLAB simulation. From the experimental results, it is observed that
the proposed system exhibits better performance by minimizing the harmonics and maintaining the DC link
voltage constant under balanced and unbalanced NL load conditions.

INDEX TERMS Neutral point clamped converter, FPGA, power quality, photovoltaic system, ANFIS, shunt
active power filter.

I. INTRODUCTION

The availability of current centralized electric energy gen-
eration is inadequate to meet the increasing demand for
electricity. Energy production is a crucial area of study
that has a significant impact on global economic progress.
It encompasses a wide range of technologies and approaches
and is a topic of great interest and concern for governments,
businesses, and individuals alike [1], [2]. The field demands
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innovative solutions and continuous research to meet the
challenge of generating energy safely, efficiently, and sus-
tainably. Numerous countries and private industries allocate
substantial funds to fulfill the growing demand for electricity,
predominantly through the utilization of customary sources
that use coal, diesel turbines, or gas turbines. However,
due to their exorbitant pricing, inefficiency, and detrimental
influence on the environment, the adoption of these energy
sources is gradually restricted. It is widely acknowledged that
extensive industrial production results in a surge of carbon
dioxide emissions, global warming, and ecological harm.
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This phenomenon leads to a depletion of natural resources,
which poses a threat to future energy generation. Hence,
various governments have resorted to utilizing renewable
energy technologies or green energy technologies, which are
naturally replenishing. The aforementioned energy sources
are deemed as non-contributory to the phenomenon of global
warming and are regarded as environmentally favorable [3],
(41, [51, [6].

Among the various renewable energy technologies, the
potential of photovoltaic (PV) system-based distributed
energy resources is a promising renewable energy technol-
ogy. PV systems are highly reliable, efficient, and capable
of generating unlimited quantities of energy in most regions
around the world [7]. They have proven to be particularly
useful in providing a continuous energy supply to isolated
villages and regions. They also help non-oil-producing coun-
tries decrease the expenses associated with importing energy
and production, leading to lower consumption bills. Addi-
tionally, PV systems exhibit environmental friendliness by
virtue of their lack of pollutant emissions, hence prompting
researchers to enhance the production methods of superior
PV systems. Advancements in technology have the potential
to make PV systems a major contributor towards fulfilling the
world’s energy requirements while simultaneously reducing
environmental harm [8].

An essential challenge in integrating photovoltaic systems
with the electrical network is the issue of power quality,
resulting from the increasing presence of non-linear loads
linked with the electrical network. These loads are contribut-
ing to several issues, such as current harmonics, voltage
harmonics, power factor, reactive power, and a growing need
for active power [9], [10], [11]. In order to address these prob-
lems, grid-connected PV systems use components such as a
PV panel, power converter (DC-DC), DC-link energy storage,
a three-level SAPF, a grid-connected filter, and the controller
circuit. Integrating SAPF into the electric power produc-
ing system leads to substantial enhancement in power and
current quality, and the requirement for regular equipment
maintenance is avoided, leading to cost reduction. In recent
times, the energy and power sector has witnessed a significant
advancement, leading to the introduction of a multitude of
NL loads. However, this has considerably affected the quality
of power. A number of approaches have been developed to
reduce to mitigate the impact of such NL loads on power qual-
ity. These techniques include passive filters, series, parallel,
and hybrid active power filters [12], [13].

In high-power industrial applications, AC and DC drives
are commonly employed, but they have been found to pro-
duce undesired harmonics. Due to the reverse rating limits of
the switches employed, two-level active power filters cannot
be employed to mitigate the harmonics generated by high-
power NLs. A major challenge in integrating solar panel
power into the grid is minimizing the THD, which is a cru-
cial concern when supplying electricity to the grid through
solar panels. The SAPF is an effective method for removing
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harmonics and balancing reactive power, implemented using
two-level inverters [14].

However, this approach is typically used for medium power
range NLs, as the higher switching frequency of the two-level
inverter might cause issues while controlling enhanced NLs
power. This is because static switches in inverters exhibit sig-
nificant switch currents, which may require several inverter
switches to minimize switched currents at a certain power
level, leading to an elevation in switch voltage [15]. In order
to address this limitation, a viable solution is to link the
photovoltaic system with the electrical system through a mul-
tilevel inverter. It has numerous benefits, including decreased
harmonic rates, reduced switching losses, and enhanced elec-
tromagnetic compatibility [16], [17], [18], [19]. As explained
in [20], the use of NPC-based inverter design is extensive in
architecture and is widely utilized in high and medium-power
applications to compensate for reactive power and eliminate
harmonics in power lines. These inverters provide numerous
positive aspects, including decreasing the amount of out-
put voltage harmonics, an improvement in source current
harmonics, a reduction in voltage stress on power semicon-
ductors, a reduction in switching losses, and the possibility of
overcoming challenges that have been linked to SAPF-based
two-level inverters. The effectiveness of SAPF employing
three-level NPC inverters is influenced by specific techniques
for producing reference current harmonics with excellent
tracking quality, dynamic DC bus voltage management,
dynamic and stable injected currents, and robust and accurate
creation of gate-switching pulses. Several studies have looked
into how the frequency at which switches are changed and the
pulses used to switch gates impact the efficacy of three-level
NPC inverters. In the process of compensation, the reference
current is extracted while the DC bus voltage is regulated.
The SRF theory is frequently employed to control the refer-
ence current generation in SAPF. The Instantaneous Reactive
Power Theory (IRPT) is also used, but it is suboptimal for
dynamic load fluctuations, has a slow response time, and
demands significant processing power. The literature favors
the use of SRF theory to describe PV-based distributed static
compensator, which enhances power quality [21].

The management of the capacitor voltage on the inverter
DC side is a crucial component that determines the workings
of any Active Power Filter (APF). Employing Proportional
Integral (PI) controllers for regulating the voltage on the
inverter DC side has been a traditional approach. How-
ever, the use of PI controllers requires an accurate model,
which is difficult to obtain for a system with considerable
nonlinearity. Therefore, a variety of intelligent controllers
have been explored in the literature that do not require
precise models. These controllers include Particle Swarm
Optimization (PSO)-based controllers, Genetic Algorithm
(GA), Fuzzy Logic Control (FLC), Artificial Neural Network
(ANN)-based controls, and others. Benchouia et al. designed
an FLC that adjusts to voltage error fluctuations, which
was validated experimentally using DSPACE-1104 [22].
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Mahajan et al. [23] developed a simulation and constructed
an ANN current controller-based multilayer harmonic filter.
This filter includes an FLC to regulate the voltage on the
DC-link side of the inverter [24]. However, one of FLC’s
disadvantages is that it must manage various fuzzy sets and
rules in relation to load fluctuations. In order to overcome
these limitations, an Adaptive Neuro-Fuzzy Inference System
controller is implemented to regulate for inverter DC side
capacitor voltage regulation. This controller combines the
benefits of FLC and ANN controllers with the ability to
adjust to changes in the system [25], [26]. A basic three-level
hysteresis current controller (HCC) is utilized to create trig-
gering pulses for the Multi-Level Inverter (MLI) employed
in parallel APF. The system’s operation is validated using
MATLAB and proto-type hardware. The proposed approach
aims to enhance system stability by effectively managing load
changes, in contrast to traditional linear control strategies that
rely on a PI controller.

The principal contributions of this work include:

1) The Enhanced Incremental Conductance (EINC) based
MPPT controller accurately tracks and attains the max-
imum power point from the PV module.

2) The propose an EINC-based PV interconnection
through a three-level NPC voltage source inverter
SAPF to supply active power from the PV system and
support load reactive power demand.

3) An ANFIS controller to maintain constant DC-link
capacitor voltage and optimize PV-SAPF performances
in varying load scenarios. On the other hand, the
HCC is employed to generate the gating signals more
effectively.

4) The performance of both the ANFIS controller and the
conventional PI controller in SAPF will be analyzed
and compared to validate the ability of the ANFIS
controller.

5) The ANFIS controller, combining SRF theory and
HCC, effectively improves power quality by mitigating
harmonics and reducing source current THD, meeting
IEEE 519 standards, thereby enhancing overall system
performance.

The remaining portion of the article structure is as follows:
Section II reviews the Modelling and description of systems
of PV-based three-level NPC inverters with the SAPF system
given. In the same section, it discussed the Photovoltaic array
used in the system, extraction of harmonics utilizing SRF
theory, and an ANFIS controller implemented for controlling
DC link voltage. In section III, Simulation Results and discus-
sion under balanced/unbalanced under NL load conditions.
PV based three level NPC inverter with SAPF is tested under
varied loading conditions of hardware results and presented in
Section I'V. Finally, in Section V, the paper is the conclusion
of the research work.

Il. MODELLING AND DESCRIPTION OF SYSTEMS
The PV-based multilevel inverter-based SAPF system pro-
posed for this study is shown in Figure 1. This system
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FIGURE 1. Power circuit of diagram of integrated three-level NPC
inverter-based PV-SAPF.

incorporates a PV module, a DC-DC step up converter, a mul-
tilevel inverter-based SAPF, and loads that are connected
together. A three-phase, three-level SAPF DC-link obtains
the output of a DC-DC step up converter and adjusts its duty
cycle accordingly to achieve MPP under all operating condi-
tions. Interfacing inductors are utilized to connect the SAPF
network at the PCC to smooth grid currents. A three-phase
uncontrolled rectifier is coupled to an inductive load in order
to get a load with non-linear behaviour. A multilevel inverter-
based SAPF is employed, with switching pulses provided by
a three-level HCC. This system has the ability to enhance
power factor, minimize harmonic distortion, support reactive
power demand as well as deliver active power from a PV
system to a load or distribution system simultaneously. Below
are brief descriptions of the other components.

The three-level NPC inverters include two capacitors (Ucj,
Uc») linked to the DC bus in order to create a link with the
reference point (0) and acquire a medium voltage, in addition
to the anti-parallel arrangement of the transistors and diodes.
Each arm of the inverter contains four bidirectional switches.
The differential equations below can be used to explain the
interaction, with SAPF being regarded as the source of cur-
rent from the PCC [11], [27].

Ji
Lfitd = —Ryipg — Lywigg + Vsa — Va
l . .
Lfd—J;q = —Rflfq — Lfa)lfd + Vsq — qu (€))
di
C d—f’ =ifaVia + i Viy

VOLUME 12, 2024



R. Boopathi, V. Indragandhi: Experimental Investigations on PV Interface NPC MLI-Based SAPF

IEEE Access

TABLE 1. Three level inverter switching state.

Current State of Switching Devices
States (M=1,2,3) (0=OFF,1=0ON)
Voltage
Smi Smz Sms Sma
Vac/2 P 1 1 0 0
0 (0] 0 1 1 0
-Vae/2 N 0 0 1 1

The source current in the PCC point is composed of two
components, filter currents (Ir) and load currents (I ), accord-
ing to Kirchhoff’s current law, which can be expressed as Is =
Ir + IL. In this instance, the parallel SAPF acts like a current
generator that limits the harmonics in the load current, which
consists of a combination of reactive and active components.
In this particular scenario, the parallel SAPF functions as a
current generator to mitigate the presence of harmonics in the
load current, which consists of both active and reactive com-
ponents. The system is designed to inject harmonic currents
into the electrical network with the same amplitude as those
absorbed by the load but in the opposite phase.

In the switching Syyx, the modes of operation are rep-
resented by the numbers *—1°, ’0’, and ’1°. These values
indicate that the corresponding arm is linked to the positive,
negative, or neutral points of the DC-link capacitor, respec-
tively. M = a, b, c, and X = 1, 2, 3, 4 are the values that are
shown in Table. 1. lists the relationships between operations
and the associated output voltages.

A. PHOTOVOLTAIC ARRAY

As seen in Figure 2, the PV cell’s non-linear V-I characteris-
tics vary with temperature and solar radiation. As a result,
monitoring the array’s maximum power output is crucial.
The MPPT controller regulates the boost converter operation
by taking into account several inputs, including PV array
parameters (Voc, Isc), solar radiation, temperature, and out-
put parameters such as DC link voltage. When the MPP
fluctuates and when irradiance conditions rapidly change,
conventional incremental and conductance MPPT techniques
perform less well. For the purpose of addressing these chal-
lenges, an enhanced INC MPPT has been developed. This
technique controls the duty cycle of a step-up converter to
efficiently extract maximum power. The details of this devel-
opment are extensively addressed in the reference article [28],
[29], [30] discussed in detail. The EINC MPPT technique is
shown in Figure 3. The DC-DC step-up converter receives the
output from the PV array. The SAPF’s DC bus is where the
boost converter’s output is attached. The PV array produces
an output voltage of 305.6 V, which is increased to 750 V
using a step-up converter. Equations. (2), (3) provide the PV
module’s diode and load currents, as shown below.

OVoc
R ) )
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When I = 0, the maximum PV voltage is attained during

open circuit conditions and is provided by Equation (4)

v, = KT, Ly (4)
e Q Ogn Isat

The system is implemented using an Array type of Trina
Solar TSM-200DAO01A solar PV module for sun power.

In Figure 4, a comparison is presented between the EINC
and INC MPPT techniques in extracting maximum power
output from photovoltaic systems while taking into account
variations in irradiance and temperature. The EINC algorithm
outperforms the conventional INC algorithm, particularly in
terms of dynamic response. The conventional method is less
effective than the new approach in situations where solar irra-
diation is decreasing and even less efficient when radiation
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FIGURE 4. Characteristics of MPPT techniques and their effectiveness in
extracting maximum PV output power under changing irradiance and
temperature conditions.

is increasing. Based on these results, the proposed approach
ensures superior dynamic response when solar irradiation
changes rapidly in either direction. Regarding temperature,
the PV output power (Ppy) waveforms are inversely pro-
portional to changes in temperature, and Ppy power is only
minimally affected.

B. SRF THEORY-ANFIS CONTROLLER

Several methods are available for providing harmonic com-
pensation, including the IRPT, SRF, and the Direct Current
(DC) link voltage regulation approach implemented in the
SAPF. However, the SRF theory has been selected for this
study due to its faster transient response. The system design
presented below depends on the SRF theory.

Figure 1 illustrates the block diagram for the control
method based on SRF. The feedback signals obtained from
the load currents (ir,, irp, and i) are transformed to
Park transformation for obtaining d-q-0 coordinates as in
Equation (5).

i cosf —sin6 % i
Ld g_2m i (9—2x) 1 La
ig | =3 COS\U=73) =Sm\Y=F ) 2 | | i
Lo cos 9—{—27” sin (9—{—27”) % e
)

Phase locked loops (PLLs) are used to extract phase
information from signals, synchronizing them with points
of common coupling. These transformations generate pure
sine and cosine waves synchronized to grid voltage. A low
pass filter is employed to filter components like ig and ig,
which are DC components of the d-axis and g-axis currents.
The fundamental and harmonic segments of the ig and iq are
illustrated in Equations (6, 7).

ird = lapc + ldac (6)
iLg = igpc + igac @)

These two-phase reference source ig, iq currents are then

transformed into three-phase references compensating ig,, i,
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and i}, currents using the abc transformation in Equations.
(8), (9), and (10).

* 2. .

ba = 37 [ia, accos(@t)—igsin(wt)] ®)
. 2T 2 . 27

lsb = T |:ld’ACCOS(a)t_?)_1q51n(wt_?):| (9)

V2T 2T .. 27
e =3 |:1d, Accos(a)t+?)—1qsm(wt+T):| (10)

The ANFIS controller maintains a stable DC-link volt-
age by producing active current by comparing reference
DC-link voltage (V4 ref) and actual DC-link capacitor voltage
(Vdc act)- The reference filter current is produced by compar-
ing the actual load current with the reference source current.
The resulting error is then sent to the hysteresis current con-
troller, which generates the necessary pulses to turn the SAPF
ON or OFF.

C. ANFIS BASED DC-LINK CAPACITOR VOLTAGE
CONTROL ALGORITHM
ANFIS has proven to be a very intelligent system, capable of
handling the uncertainty of the ANN and Sugeno-type Fuzzy
Inference System (FIS). ANFIS generates a fuzzy inference
system depending on the provided available input and out-
put by optimizing membership functions using the ANN’s
learning capabilities. The neural network block receives the
computed data and trains the data using the backpropagation
(BP) learning technique. The developed data set is inputted
through the fuzzy interference system, which generates the
fuzzy control rules. The article evaluated the system with
fuzzy MF rules such as 3*3, 5*5, and 7*7; nevertheless, the
THD and settling time were the same for each rule. Because
they require less computing burden, 3*3 rules are selected in
this case to enhance power quality. Triangular MF was used
in this article’s fuzzification process to improve ANFIS per-
formance. The rule base of the ANFIS controller is made up
of two fuzzy if-then rules of the first order Sugeno type. The
controller is equipped with two inputs and a single output.
After the neural network produces its output, a defuzzifier is
used to convert linguistic variables into crisp variables. The
VSl is then controlled by the SAPF controller using the crisp
variable. Sugeno Takagi Figure 5 illustrates the five-layered
structure of FIS, which is implemented here utilizing ANFIS.
The first hidden layer fuzzifies the input variable, and the
second hidden layer receives T-standard operators to calculate
the rule. Rule strengths are standardized by the third and
fourth hidden layers, which also establish the rule’s sub-
sequent parameters. Summing together all of the incoming
signals allows the fifth layer to compute all of the input.
Table. 2 details the functions of each layer, highlighting that
the ANFIS controller layers fulfill specific responsibilities.

Training of ANFIS Controller to Control DC-Link Capac-
itor Voltage:

Initially, the data for training the ANFIS controller is gen-
erated from the PI controller by considering K;, = 0.18 and
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TABLE 2. Responsibilities carried out by the ANFIS controller layer.

It employs the Sugeno fuzzy rule to translate input physical variables into linguistic
variables, demonstrating the adaptive nature of each node (U and V). The work uses

B irention error voltage (Er) and change in error voltage (AEr) as input variables, denoted by e,
Layer-1: Layer and e2. The result of this layer, as provided by
Lt = w1 Er an
L} = uy,VE, (12)
calculates the degree of applied fuzzy rule by multiplying inputs at each node with a
Layer-2: Product Layer fixed type nature.
L} = d; = (nyiEr) X (ny;AE;) (13)
In this layer's {labeled (N)} nodes are all the fixed nature types. This layer is employed
: to complete the IF portion of the fuzzy rule and normalize the input degree. The result
Layer-3: Normalized layer  of this layer is provided by
CJ RS
L=d, =gt (14)
The fourth layer of the ANFIS architecture features square-shaped, adaptable nodes,
Layer-4: Defuzzifier Layer each producing MF output based on learning principles.
Lt =dy x f; = (d; X (x; X E; + y; X AE; + 7)) (15)
This layer, consisting of a fixed nature type exit node labeled by a summation sign,
provides the final part of the fuzzy rule.
Layer-5: Output Layer

L5 = ¥i(d; x f) =2

Zildixf)

= (16)

Layer ! Layer I Layer *  Layer
er  Aer

Wi e

FIGURE 5. ANFIS controller structure.

Ki = 0.48. The PI controller is simulated in a MATLAB
workspace under different load conditions to generate train-
ing data when coupled to a SAPF controller. In the second
stage, an ANFIS model is developed using MFs, Sugeno
fuzzy rules, one output variable, and two input variables
(error and change in error). An ANFIS model with a 3*3
MF is created with a triangular function. In the third stage,
the ANFIS model-based learning process involves training
the backpropagation algorithm with 55 epochs in order to
precisely determine the training error. The training process
is continued until the error between the target data and
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the ANFIS output is reduced to its minimum. The ANFIS
fuzzified variable is finally converted to a crisp variable,
which the SAPF controller subsequently utilizes to reduce
THD and enhance PQ. The flow chart for the ANFIS
algorithm-based SAPF tuning based on PQ improvement is
shown in Figure 6(a). The epochs and training errors of
the ANFIS controller employed by SAPF are displayed in
Figure 6(b), and the estimated ANFIS model’s RMSE has
been obtained to be 0.065982.

Ill. SIMULATION RESULTS AND DISCUSSION

In the MATLAB environment, a proposed simulation model
of PV-SAPF is built on various load conditions. The model
consists of a PV panel, NL loads, a control unit, a cou-
pling inductance, a three-level inverter, and a three-phase
AC source. Table.3 shows the design and the parameters
of the simulation. The investigation shows the operation of
a combined PV-SAPF system by examining its effects on
balanced, unbalanced, and NL loads.

A. CONTROL PERFORMANCE DURING BALANCED

AND NLS CONDITIONS

A balanced and NLs is connected to the PCC of the distri-
bution system. Figure 7. depicts grid voltage, grid voltage
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FIGURE 6. (a) Flowchart depicting the functioning SAPF using ANFIS algorithm (b) epochs and training errors of ANFIS controller.

TABLE 3. Design the parameters of the simulation.

Components Parameter
. Source voltage
Grid (e i) 230 V,50 Hz
Ppv=200.9W; [=5.62 A;
PV Module Vo=46.2 V; V=382 V;
PV Boost I,=5.26 V.
converter L=68.5 mH; C;;= 100 pF;
Boost Converter Vi=Vii=305.6 V; V4=750
\
Filter Inductance 5 mH
DC-link voltage | Capacitor 2200puF
Nonlinear load | [51%0 and | R_810 and L~12mH
inductor
Resistive load R;=R,=R3=110Q
Balanced load
Inductive load 160mH
Unbalanced .. R;=110Q; R,=75Q;
load Resistive load Ri=50Q
Note: Vi, , I, and Ppy are maximum power voltage, current and power
of PV; Voc and Isc are open-circuit voltage and Short-circuit current.

and current, load current, filter current, and active and reac-
tive power. When the system operates without a SAPF, the
signatures of both the source and load currents are similar.
However, once the SAPF is enabled at t=0:06s, it injects
a harmonic current in the opposite direction to reduce the
presence of harmonics in the source current, irrespective of
the load’s characteristics. The average power flow at the
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FIGURE 7. System performance of system (a) grid voltage (b) grid voltage
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reactive power waveforms.

point of common coupling (PCC) is measured both with and
without the functioning of the grid controller. The SAPF
mode starts injecting power at t=0:06s, which eliminates
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FIGURE 9. System performance of system (a) grid voltage (b) grid voltage
and current (c) Load current (d) Filter current (f) Source active and
reactive power waveforms.

reactive power from the source. The addressed source cur-
rents are synchronized with the source voltage to ensure
a power factor of unity. At t=0:18s, Photovoltaic (PV) is
combined with SAPF real power fed into the system’s load
to mitigate harmonics and decrease reactive power demand.
The harmonic spectrums of before and after compensation
of source currents are shown in Figures.8, respectively. The
THD of the source current has been minimized to 1.26% from
18.61%.

B. CONTROL PERFORMANCE DURING UNBALANCED
AND NLS CONDITIONS

An unbalanced and NLs is connected to the PCC of the distri-
bution system. Figure 9 depicts grid voltage, grid voltage and
current, load current, filter current, and active and reactive
power. Source current THD has been minimized from 13.44%
to 2.68%, as shown in the Figures.10, respectively, in the
harmonic spectrum. The DC-link voltage control approaches
of the integrated system with step up converter are depicted in
Figure 11. i) ANFIS in PV-SAPF and without MPPT; ii) PI
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FIGURE 11. DC-link voltage transient response of different control
algorithms.

TABLE 4. Performance of DC link voltage in SAPF with different control
algorithms.

in SAPF and INC for MPPT; (iii) ANFIS in PV-SAPF and
EINC for MPPT; (iv) PI in PV-SAPF and EINC for MPPT;
V) PI in PV-SAPF and PSO for MPPT. Table. 4 displays
the performance of the DC link voltage in SAPF using vari-
ous control techniques. It shows that the EINC MPPT with
the ANFIS-based PV-SAPF method settles faster than the
PI-based method, providing a better transient response with
lower overshoots and DC-link voltage changes.

IV. HARDWARE RESULTS AND DISCUSSION
Appropriate control circuits, DC bus capacitors, source and
filter inductors, voltage source inverter, and other compo-
nents need to be carefully designed and selected in order
to construct a SAPF for harmonic reduction and reactive
power compensation. The selection of processor speed, inter-
face circuits, and sensor components affects the SAPF’s
performance. The SAPF system design parameters used the
experimental validation shown in the Table. 5.

The Vivado 2023.2- Artix-7 DSP FPGA controller
executes a synchronous reference frame-based algorithm
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TABLE 5. Design parameters of the experimental validation.

Components Parameter Value
Grid Source voltage (Phase 230 V.50 Hz
voltage)
Filter Inductance 5 mH
DC-link voltage Capacitor 2200uF
. . . R=81Q and
Nonlinear load Resistor and inductor L=12mH

Load

Resistive load

0.5KW to 1.5KW

Inductive load

80mH to 160mH

Chromo PV

simulator Open circuit voltage, Voc | 600V
(model-62050H- Short circuit current, Isc 6A
600S)

contributing to the SAPF system. The Hall Effect current
sensor (HE100TO01) and voltage sensor (IC 7840) are used
to sense each phase’s load voltages and currents, respec-
tively. In addition, these transducers are employed to achieve
isolation between the control and power circuits. Using a
signal conditioning circuit, the signals from the sensors are
transformed into a range of 0 to 5 V to be properly utilized
with the FPGA’s analogue channels. These circuits’ outputs
connect to 12-bit bipolar Analog to Digital (A/D) converters
(IC AD7366), and IO lines deliver the digital data to the
FPGA processor. The Programme is utilized to construct
the switching signals for IGBTs, developed from the syn-
chronous reference theory. The minimum current needed for
the drive function must be maintained by the driver circuit
(TLP 250 IC). Four driver circuits are required to create
switching pulses for the IGBT modules (SKM100GB12T4)
SEMITRANS 2 fast IGBT Module uses the three-level diode-
clamped inverter, which is utilized to realize SAPF. The
SAPF prototype model is demonstrated in Figure 12.

A. FPGA IMPLEMENTATION OF SRF THEORY

The proposed research utilizes FPGA to implement the SRF
control strategy of SAPF in a modular manner, continuously
monitoring control performance. Specifically, an Artix-7
DSP FPGA has been used to fully develop the controller.
Reference signal generation, synchronization, A/D conver-
sion and positive sequence extractor module, and switching
pulses (PWM) module are the four modules needed to accom-
plish all of the controller operations, according to the overall
schematic displayed in Figure. 13 illustrating the modular
design of the control strategies.

1) ANALOG TO THE DIGITAL CONVERSION MODULE

This module performs the A/D conversions by obtaining
sequential bits via an external ADC channel. The system han-
dles the synchronization between the external ADC and the
FPGA and then transfers the resulting 12-bit bipolar analog-
to-digital converters (IC AD7366) to the subsequent module.
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FIGURE 12. The SAPF was implemented using the SRF technique on the
laboratory’s experimental setup.
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FIGURE 13. Control strategy development implemented on FPGA.

This module executes ten conversions, including 3¢ supply
voltage (Vsapc), load current (Irapc, injection filter current
(Ipabc), and DC link voltage (V4c). Moreover, this module
implements the technique outlined in reference to separate the
3¢ positive sequence component of PCC voltage from the 3¢
PCC voltage.

2) SYNCHRONIZATION MODULE

This module obtains a 3¢ positive sequence PCC voltage,
and it uses the input voltages to determine the synchronizing
angle. After applying Equation (5) to transform the 3¢ volt-
ages (Vsa, Vsp, and V) into 2¢ voltages (V, and Vg), the
grid synchronizing angles sin 6 and cos 6 were determined
as follows:

Vo Vg an
VZ+Vg /Vi+Vi
3) REFERENCE SIGNAL GENERATION MODULE

The SAPF reference signal is computed in this module based
on the inputs of grid synchronization angles and load current

sin 0 = ;cos 0 =
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(ILa, Itp, and Iyc). This module includes the PI controller,
abc—dq block, LPF, and dg—abc block. The abc-dq block
outputs id and iq, and id is then processed through a digital
LPF to produce the dc component. Moreover, a discrete PI
controller that employs several registers to hold the prior
values processes the error that results from comparing the
actual DC voltage with its reference. The reference d-axis
current is obtained by combining the oscillating portion of
the ig with the ANFIS algorithm, which employs the PI
(Kp = 0.1, K; = 0.01) method by collecting training data.
The ANFIS model is trained using error and its change as
input, with the corrected active component current as the
output variable. The ANFIS controller’s output represents the
power loss (Ijoss). The reference compensator current i:(abc)
for SAPF is then obtained by translating the reference d-axis
current I3 and ijq to an a-b-c frame utilizing reverse Park’s and
Clarke’s transformations.

4) PWM MODULE HCC MODULE

The most common current controller is the hysteresis current
controller because of its enhanced dynamic performance and
simple operation. An MLI-based voltage source inverter uses
multilevel hysteresis currents with inner and outside hystere-
sis bands. The hysteresis band’s interior consists of a lower
negative value (yneg) and an upper positive value (ypos). The
voltages V0, Vo, and V¢, generate two positive phase volt-
age levels, 0 and V4./2. To reduce compensated current, select
Vac/2. Voltage level 0 is utilized to amplify the compensated
current. Additionally, during the negative half-cycle of phase
voltage, two voltage levels are formed on the AC side voltage
of the inverter. During the negative half-cycle of the phase
voltage, the inverter generates voltage levels of -Vg4./2 and
0 on the AC side. A voltage level of -V4./2 is generated in
order to amplify the corrected current. Conversely, a high
level of 0 is produced to reduce the compensated current in
the negative phase voltage. As gating signals for the switching
Sa1 and Sap of the H-bridge connected in phase A, the
output Qg and its inverted output — Q are provided. The outer
hysteresis band, similarly, has a lower negative value and an
upper positive value. The SR flip-flop 1 receives the current
error that is made by subtracting the actual current from
the reference current. It then compares these outputs to the
positive and negative inner hysteresis band limits. The gating
pulses for the other two switches, Sa3 and Sa4, are generated
by comparing this current error with the outer hysteresis band
limits, positive and negative, and using another SR flip-flop 2.
In order to generate switching signals, the following process
of logic has been utilized.

B. PERFORMANCE OF SAPF UNDER NL LOADS IN THE
STEADY STATE ANALYSIS

Three-phase SAPF’s compensating characteristics are
demonstrated experimentally by connecting it to a diode
bridge rectifier with RL load. Figure 14 depicts the
non-sinusoidal nature of the load current, encompassing the
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FIGURE 15. Steady-state response of before compensation of three
phase source voltage and current, and power quality analysis of (real,
reactive and apparent power, power factor).

fundamental component and the significant harmonic com-
ponent at the point of common coupling.

Fig. 15 shows the steady-state behavior of three-phase
source voltage and current, examining power quality met-
rics, real, reactive, and apparent power, and power factor
characteristics. DSO-X3014A and Keysight technologies
integravision PA2203A high-performance power analyzer
were used to record these signals. The source currents mea-
sured total harmonic distortion (THD) is 26.0%, much higher
than the harmonic current distortion limits specified by IEEE
519. The requirement of opposite harmonic current produced
through the FPGA is depicted in Figure 16. This current
is observed to be changing rapidly according to the har-
monic signals. The SAPF output is directly coupled to the
PCC, utilizing the SmH coupling reactance. As a result, the
three-level NPC-based SAPF enables reactive power com-
pensation, minimizes harmonics in source current for NL
loads, and the source side maintains unity power factor,
as shown in Figure 17.

Figure. 18 demonstrates the switching performances of the
SAPF. The SAPF system feeds the requirement of reactive
power of NL loads and harmonics within four microsec-
onds at the PCC, causing the supply current to become
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sinusoidal due to NL loads’ harmonics. The shunt active filter
operates with sinusoidal and unity power factor steady-state
balanced supply currents in all three phases. The power
quality analysis shows the steady-state behavior of three-
phase source voltage and source current and examines power
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quality metrics, real, reactive, and apparent power, and power
factor characteristics, which are shown in Figure 19. Fur-
thermore, Figures 20 (a) and (b) indicate the source current
of before and after compensation. THD has minimized from
26.0% to 1.5%.

The PLL and the DC voltage regulators are two of the
outputs that are stable during steady-state operation. The
FPGA-based architecture’s controllers operate concurrently
and independently because of parallelism. The quick ADC
to the hysteresis current control module generates the gate
pulses in this scenario. Once the harmonic signals are
acquired, the expected time to produce the PWM signals for
VSI to provide compensatory current is four microseconds.

C. PERFORMANCE OF SAPF UNDER LINEAR AND NL
LOADS IN THE STEADY STATE ANALYSIS CASE
Compensation for reactive power and harmonics connected
with parallel linear (R = 0.5KW and L = 160mH) and NL
loads in this scenario is considered, and SAPF performance
is examined. The supply side power factor improved from
0.82 to 0.99 lag before compensation to after compensation,
shown in Figures 21 and 22, and the supply reactive power
decreased from 959.80 VAr to 80.30 VAr, resulting in a
power factor-maintained unity at the source. It is clear that
the suggested approach measures reference current precisely
and compensates for the load’s harmonic and reactive power.
Furthermore, Figures. 23 (a) and (b) indicate that the source
current’s THD has decreased from 14.74% to 1.49%.

The study analyzed configurations with varying inductance
values from 83 mH to 160 mH and resistance levels spanning
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TABLE 6. Performance of the varying linear load condition SAPF performance.

L=83 mH L=100 mH L=120 mH L=140 mH L=160 mH
R=0.5 R=1 R=1.5 R=0.5 R=1 R=1.5 R=0.5 R=1 R=1.5K R=0.5 R=1 R=1.5 R=0.5 R=1 R=1.5
KW KW KW KW KW KW KW KW w KW KW KW KW KW KW
(Kl:?V) 1.3497 1.7854 2.1401 1.4093 1.7913 2.0783 1.4255 1.7778 2.1761 1.3921 1.7043 1.9762 1.4372 1.8212 2.1825
(K\?A) 2.0482 2..4305 2.7544 1.9744 2.3083 2.5671 1.8669 2.1704 2.5415 1.7321 2.0108 2.2585 1.7278 2.0930 2.4359
Before
compens Q
ation of (Kvar) 1.5405 1.6492 1.7339 1.3828 1.4559 1.5070 1.2055 1.2450 1.3129 1.0291 1.0672 1.0933 0.958 1.0314 1.0819
SAPF
PF 0.6590 0.7346 0.7770 0.7138 0.7760 0.8096 0.7636 0.8191 0.8562 0.8041 0.8476 0.8750 0.8318 0.8702 0.8960
’?’H‘g 10.21 8.521 7.638 11.846 9.961 8.985 12.855 11.005 9.641 13.986 11.728 10.656 14.740 12.463 11.07
(KPW) 1.7841 2.3043 2.7118 1.8070 2.2475 2.7401 1.7479 2.1789 2.6121 1.6960 2.0120 2.3636 1.7513 2.1973 2.5395
(K?/A) 1.7873 2.3078 2.7171 1.8117 2.2507 2.7453 1.7502 2.1819 2.6158 1.6990 2.0143 2.3654 1.7531 2.1998 2.5419
After
EOIIDENLS Q 106.74 128.18 . 129.53 120.92 -169.93 89.81 114.17 -139.10 101.45 96.61 -92.57 80.30 103.56 -111.09
ation of (Var) 168.44
SAPF
PF 0.9982 0.9985 0.9981 0.9975 0.9986 0.9981 0.99 0.9986 0.9986 0.9982 0.9988 0.9992 0.9990 0.9989 0.9990
°
,[{"H‘g 1.408 1.390 1.531 1.729 1.520 1.532 1.453 1.625 1.519 1.625 1.482 1.293 1.492 1.439 1.351
P= Active power; S=Apparent power; Q= Reactive power; PF= Power factor; THD= Total Harmonic Distortion
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FIGURE 21.

Steady-state response of before compensation of three

phase source voltage, current, and power quality analysis of (real,
reactive and apparent power, power factor).

it Technologies IntegraVision PA2203A (WYSB000275) s Fri

Doc 22 14:24:20 2023 Keysight. Technologies Intogra¥ision PA220GA (WSB000275): Fri. Dac 22 14:24:57

I 510/ I S0/ Krumms/ I =T 50/
e 1 2 Stop| - Pawsr Guaiy - Al Channels
o K Chamnel &
.98 Vins N .78 Vins N .74 Vims N i s T\
L ALA VAA A G esovan | stoven msriveen | samima
3l VaVaVaUaVaVaVavawa i 78 Vins 74 Vi .9 mVirs
M \T i / YA W AR AR i -85 mVo: — -3 mVe = -23 mVo: = 100 UV =
/A \VAR\VARRY \/
76561 Ams e | 75863 AW TTT3Am: | 225UAm
76561 Ao | 75862Am N TTAT2Ams N | 216 UAms v
284 mAx = | 4823mAw — -44.85mAx — | 63UAx =
AEANAY \ /“\ N I\ Power ac+pey Power (AG+DC) Power (AG+D0) Fowsr (AC+DC)
B A [ N - /'\\ /\y /\ SN stk 17404 kw 1.8012 kW 0w
\/ v/ 7 \j \/ h\ / h VARVARY/ \vi 1.7531 KVA 17432 VA 18039kVA | 0.0VA
Y 8030VAR | 99.09VAR 98.58 VAR 00VAR
7:0.9990 #7:09984 °r:0.9985 #:1.000
9:263 ©:324 9:3.12 ©:00
JANEFARNAY /\ JAREAY /"‘\ A //‘\ JAY FV:50.09Hz | FV:50.09Hz  FV:50.09Hz | FVi-----
W / e SN /’ Jo\ o] srsizone | Fii02te  Flise2ke | oo
WA ARV \WARW AR V1388 cPV-1389  orVi1399 | crVi5.3184
VA CFII14715  cr1:14820  crl:14957 | crl:i635613

FIGURE 22. Steady-state response of after compensation of three phase
source voltage, current, and power quality analysis of (real, reactive and
apparent power, power factor).

0.5 KW to 1.5 KW, aiming to evaluate the effectiveness of
SAPF in improving system parameters based on a meticulous
examination.

The study found that even under fluctuating load circum-
stances, the injected current accurately tracked the reference
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current, and there was a reduction in reactive power delivered
from the source, anc from the source, and an improved power
factor. This indicates that the proposed approach operates
efficiently. The findings are summarized in Table. 6.

D. PERFORMANCE OF SAPF UNDER DYNAMIC LOADING
The study examines the dynamic responsiveness of a devel-
oped FPGA-based SAPF system under transients result-
ing from sudden fluctuations in load. The source current
increases quickly within twenty milliseconds when the load
value increases from 0.5 KW to 1 KW, where time t; and
DC link voltage reached steady state at time ty and tp to
t3 are the steady state durations. Again, the load increased
from 1 KW to 1.5 KW at time t3 and reached a steady state
response at time t4, as shown in Figure 24, where t;-t; and
t3-t4 are the transient length and t>-t3 are the steady state
durations. Similarly, load decreased from 1.5 KW to 1 KW
and 1 KW to 0.5 KW at t; and t3, as shown in Figure 25,
where ti-t; and t3-t4 are the transient length and tp-tzare
the steady state durations. The efficient control of DC-link
voltages, ensuring continuous maintenance of a fixed voltage
and Source currents become sinusoidal and balanced, and
the current waveform is seen to stabilize afterwards within
around a single repetition of the fundamental frequency at
load-variating conditions.

E. PERFORMANCE ANALYSIS OF TWO LEVEL BASED SAPF
AND THREE LEVEL INVERTERS BASED SAPF

The performance discoveries for two- and three-level SAPF
are presented in this section. The filter currents and volt-
ages are smoothed, filter operating stress is decreased, and
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FIGURE 23. % THD of source current: (a) Before compensation, (b) After compensation.
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FIGURE 24. Dynamic loading of change from 0.5 KW to 1.5 KW load
condition response of SAPF (Phase-A).

harmonic distortion in both load and source currents is
improved by the three-level APF. The two-level inverter
compensates for harmonics and creates a sinusoidal source
current by injecting three-phase currents and filter voltages.
These show that, compared to three-level SAPF, the fil-
ter voltages have large step sizes, and the filter currents
have a significant amount of harmonics. As a result, they
increase the burden on SAPF, which causes losses for the con-
verter. Using two-level and NPC-based three-level inverter
SAPF, the percentage of source current THD is reduced
from 26% to 4.3% for two-level inverter SAPF, as shown in
Figure 26 (a) and (b), and three-level-based SAPF is reduced
from 26% to 1.5%, as shown in Figures 20 (a) and (b).

F. PERFORMANCE OF PV BASED SAPF UNDER NL LOADS

In the initial condition, the PV current at the output remained
zero, while the grid remained entirely responsible for the
diode bridge RL load; When total real power is transferred
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FIGURE 25. Dynamic Loading of change from 1.5 KW to 0.5 KW load
condition response of SAPF (Phase-A).

from the power source to the load during the operation, it is
shown in Figures 14, 15, 16 and 17. It compensates for
reactive power demand and NL load to generate harmonic
current. THD is reduced from 26.00% to 1.5%, and source
current is improved from 5.05A to 5.35A.

In the second condition, both the boost converter and NPC
inverter are turned on, PV power is received, and the converter
current maintains its set value. The dc-link capacitor voltage
(Vg4c) reaches the desired value. PV is interconnected with the
SAPF part of active power delivered from PV-SAPF to load;
steady-state operation implies that the dual-purpose inverter
delivers actual power from the photovoltaic array into the
PCC while supplying the reactive and harmonic components
of the NL load current. This ensures that the grid current
remains in phase with the a-phase PCC voltage. Figure 27
illustrates the source voltage and current, load current, and
filter current. Figure. 29(a) shows that the THD of the source
current is reduced from 26.0% to 2.7%.
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TABLE 7. Comparison of source power, phase angle, power factor, and percentage of THD under SAPF and PV- SAPF conditions using experimental testing.

Source Power

() Power Factor % THD
Von (V) Ion (A) Prota (W) Qtotat (VAR)
SA';fat(:FF 230 5.05 3260.025 1237.065 20.78° 0.93 26.0%
SASI:;;)N 230 5.35 3689.8511 192.731] 2.99° 0.99 1.5%
PV-SAPF . .
(1500W) 230 3.176 2188.070] 121.48] 3.17 0.99 2.7%
PV-SAPF . .
(3600W) 230 -2.04 -1401.831] -122.64] 175 -0.99 3.2%
Harmonics Hiarmonics DS0-X 30148, MY54310968: Thu Dec 14 15:25:19.2023
2009/ 2 1.00A/ 3 5008/ 4 2.00A 0.0s 20,002/ Stop
Souree Voltage (Vs,)p 800V/di
Pt {r\ /A If\ FaN /A AN .r"\, N
AAVEAVEAVAVEAVAV VYAV W
|| ||| . Soqree Currient (Is,); [10A/div
. s IO || IR || BN e 8y e = . . ] ]
.2';2?;'23115:3::40 * 440?U SII:ZSBII:.I\'E ? EN;:IW” 44II?U SII:ZSBII:.I\'E ? ENS‘:IW” V \/
uaw SRR meren | EURITS S WO ALL 114 START
(a) (b) ,ead Current (1,){ 20A/div

FIGURE 26. % THD of source current: (a) Before compensation, (b) After
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FIGURE 27. PV interconnected with SAPF net power supply from the PCC
to load.

The third condition, the PV power generated, exceeds the
load’s actual power. The extra electricity is observed feeding
the grid with a unity power factor. Figure. 28 depicts the
source voltage and current, load current, and filter current
steady-state operation. THD is reduced from 26.0% to 3.9%,
as shown in Figure. 29(b). The comparison of source power,
phase angle, power factor, and percentage of THD under
SAPF and PV-SAPF conditions using experimental testing is
depicted in Table 7.

G. ANALYSIS OF POWER LOSSES AND EFFICIENCY
This section examines an in-depth analysis of the losses asso-
ciated with the proposed topology and highlights the crucial
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FIGURE 28. PV interconnected with SAPF net power supply from the PCC
to the grid and load.
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FIGURE 29. After compensation of source current %THD: (a) Active power
delivered from PV-SAPF to load (b) Active power delivered from PV-SAPF
to load and grid.

role played by key parameters, including switching frequency
and load value, in determining conversion efficiency. It is
imperative to take into account the interplay between these
parameters for achieving optimal system performance. The
majority of the loss occurs during the conversion stage in
semiconductor devices, with three distinct types: conduction
loss, switching loss, and OFF-state loss [31], [32], [33].
Conduction loss arises from the ON-state voltage and ON-
state resistance in the IGBT devices as the load currents
flow through them. Figure 30 illustrates the overall inverter
loss between two-level and three-level inverters. To compare
the switch losses of the two inverters, we used the device
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FIGURE 30. Comparative analysis of the overall losses between two-level
and three-level inverters at different switching frequencies.
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characteristics of (SKM100GB12T4) SEMITRANS 2, which
operates at 1200.0 V. The DC-bus voltage was set at 750.0 V,
and each capacitor had a capacitance value of 2200 F for the
DC-link. The implementation of the control strategy resulted
in a significant reduction in overall inverter loss. Now, the
total loss from the inverter has been reduced to just 60%
compared to the two-level inverter, and it’s approximately
54% less than the loss observed in the scheme with higher
switching frequencies.

Figure 31. graphically demonstrates the variations in the
average neutral point potential, as delineated by Equation 18,
in reaction to changes in the modulation index. It becomes
apparent that the topology predicated on high-switching
losses manifests a voltage variation that is approximately half
of that observed in the architecture based on low-switching
losses. This alteration in duty cycle occurs within the
switching cycles, predicated upon the disparity in capacitor
voltage.

Vac Cap upper—Vdc Cap lower
Vdc

In Figure 32 (a) and (b) depict the conduction and switch-
ing losses of two-level inverters and three-level inverters,
along with the loss distribution of IGBTs and diodes. The
upper and lower halves of the inverter leg in a two-level
inverter exhibit symmetrical loss distribution. However, the
loss distribution of a three-level inverter is not precisely
equal. This is due to the frequent alteration of the switching

Vde Capbift = (18)
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sequence to maintain equivalent voltages between the two
DC-link capacitors. Additionally, the inner IGBT switches
have longer conduction times compared to the outer switches.
Furthermore, antiparallel diode losses are nearly insignificant
when the modulation index is high. This is because NPC
diodes provide increased power sharing, allowing the load
current to flow while the main power switches, such as S1jand
S14, are switched off. It is clear that in the case of a three-level
inverter, conduction losses are the primary factor, whereas in
a two-level inverter, switching losses take precedence.

The efficiency of the system is clearly illustrated in
Figure 33, wherein three-level NPC multilevel inverters are
demonstrated to possess a superior efficiency compared
to conventional inverters, primarily attributable to reduced
switching losses. Comparative analysis indicates that the
three-level Neutral Point Clamped inverter outperforms the
two-level inverter, showing a performance improvement of
4%. Tt achieves an efficiency rate of 97.5% across a wide
range of load conditions.
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V. CONCLUSION

This paper proposed a photovoltaic (PV) interface three-level
Neutral Point clamped voltage source inverter-based three-
phase Shunt Active Power Filter for reactive power com-
pensation and minimization of harmonics in the presence of
both balanced and unbalanced nonlinear load. To enhance
the performance of the SAPF, SRF theory and ANFIS
algorithm-based controller are incorporated. The reference
current for compensation is generated using SRF theory, and
the control for the maintenance of smooth DC link voltage is
provided by the ANFIS controller. The model is demonstrated
in both hardware and simulation environments. Under bal-
anced and unbalanced NL loads, the proposed SAPF provides
satisfactory results in terms of eliminating harmonics, balanc-
ing loads, and regulating voltage. Furthermore, it does not
exhibit any frequency variations at PCC. The experimental
results show that it generates a THD of 26.0% before the
compensation, which is reduced to 1.5% after compensa-
tion in case of loads being nonlinear. During the evaluation
of the performance of the proposed system under balanced
linear load conditions, numerous observations are made and
tabulated by varying the linear loads. In the case of R =
0.5 KW and L = 160mH, the THD obtained before com-
pensation is 14.740 % which gets reduced to 1.492% after
compensation. In addition, the performance of the proposed
system under dynamic load conditions is also analyzed, and
the obtained results are satisfactory. Further, the analysis is
carried out for the generation of active power using PV, and
the results are verified under different supply conditions.
The obtained current THD satisfies IEEE 519-1992 harmonic
boundaries, and a near unity power factor is attained after
compensation.
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