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This study proposes a dynamic filtering based framework aimed at improving the
performance and reliability of power grid control systems. To achieve this, several
distortion identification techniques are first examined to determine the most efficient
method for real-time operation. The selected dynamic filter is subsequently
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Active filt electrical energy and to optimize power flow supervision. The obtained results confirm
ctive Tilter,

that integrating renewable generation with intelligent energy management significantly
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Power quality,

Active and reactive power,
Distribution network.

enhances grid stability, control accuracy, and overall system efficiency.

1. Introduction

The global pursuit of cleaner energy has accelerated
the adoption of renewable technologies, with solar
power emerging as one of the most promising
options. Among various systems, photovoltaic
generators (PVGs) have become increasingly

popular thanks to their flexible scalability,
environmental advantages, and continuously
decreasing installation costs [1]. Driven by

international policies aiming to curb green house
gas emissions and dependence on fossil fuels,
major investments are being directed toward solar
power infrastructure by governments and energy
providers world wide. Despite these benefits,
integrating PVGs into conventional electrical grids
introduces new operational and technical concerns
[2]. Unlike traditional synchronous generators,
PVGs rely on power electronic interfaces primarily.
Inverters that can inject distorted currents into the
network, there by generating harmonic disturbances
[3]. Such harmonics impair power quality, reduce
power factor, and can lead to increase losses and

overheating in electrical equipment [4]. They may
also accelerate component wear and cause mal
functions in sensitive electronic devices such as
communication or medical systems [5]. As PVG
penetration continues to rise, the magnitude of
these disturbances becomes more critical.

To sustain reliable and high quality power delivery,
advanced mitigation strategies must be deployed. A
particularly effective method involves the use of
Shunt Active Power Filters (SAPFs) [6], which
detect and compensate harmonic currents in real
time by injecting inverse current components into
the grid. The overall performance of these systems,
however, relies strongly on the precision and rapid
response of the harmonic detection algorithms
applied [7].

This work introduces a hybrid configuration that
integrates a photovoltaic generator (PVG) with a
shunt active power filter (SAPF) governed by an
adaptive harmonic detection mechanism. The
proposed design aims to ensure high quality power
delivery to the electrical grid while promoting the
generation of clean and sustainable energy [6]. By
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merging real-time harmonic compensation with
renewable power production, the system
contributes to ongoing efforts toward energy
transition achieving environmental sustainability
without compromising grid efficiency or reliability.
The main objectives of this approach are twin: to
mitigate harmonic distortion injected into the grid
and to provide instantaneous active and reactive
power support. PV installations have become a
dominant component of decentralized power
generation [1], yet their interfacing through power
electronic converters such as inverters and rectifiers
frequently introduces unwanted harmonics [1], [4].
To overcome this limitation, Our study proposes an
active filtering system coupled to a PVG and
equipped with an intelligent control algorithm
capable of performing harmonic mitigation and
reactive power compensation simultaneously within
the distribution network.

2. Harmonics and compensation techniques
2.1 Origin of harmonics in electrical networks

Ideally, an electrical network should deliver voltage
and current waveforms that are perfectly sinusoidal.
In practice, the increasing presence of nonlinear
equipment such as photovoltaic inverters, variable
speed drives, and various switching converters
distorts these waveforms by generating harmonic
components within the grid current [3], [5]. These
harmonics, which are multiples of the system’s
fundamental frequency (50 Hz or 60 Hz depending
on regional standards), can negatively affect the
network’s operation. They may produce resonance
with grid impedances, cause overvoltages, lead to
overheating of transformers and conductors, and
disturb the performance of automation or
communication  devices.  Additionally, they
deteriorate the power factor [8], [9], resulting in
higher power losses and reduced efficiency.

The Total Harmonic Distortion (THD) index is
commonly used to quantify such waveform
distortion. It expresses the degree to which current
or voltage deviates from its ideal sinusoidal form,
providing a key metric for evaluating power quality
and harmonic contamination levels in electrical
systems [7].

THD (%) == (1)
In equation (1), I and In represent the source current
and the harmonic component load current

successively.

2.2 Harmonic identification technique
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The first step in any harmonic compensation
strategy is to correctly identify the harmonic
components within the system. Several reliable
techniques can be used for this purpose [10]. One
of the most common is the Fast Fourier Transform
(FFT), which provides an accurate spectral analysis
for signals that remain steady over time. However,
its accuracy decreases when the system experiences
sudden changes or non-stationary conditions [4].
Another effective approach is the Phase-Locked
Loop (PLL) method. This dynamic technique tracks
the fundamental frequency of the signal in real
time, allowing it to isolate harmonic distortions
even when the system’s operating conditions
fluctuate [6].

A. Passive filters

Passive filters are built using tuned LC components
designed to suppress specific harmonic frequencies
within the system. They are appreciated for their
simplicity, low implementation cost, and reliability.
However, their main drawbacks lie in their limited
adaptability to load variations and the potential
occurrence of resonance with the network
impedance, which can negatively affect system
stability [4], [6].

B. Active Filters

Active filters operate using a controlled power
inverter that injects a compensating current into the
electrical system. In addition to correcting reactive
power, these filters can simultaneously suppress
multiple harmonic components. Compared to
passive filters, they offer greater flexibility,
dynamic  response, and improved overall
performance, although they come at a higher cost
and system complexity [8], [9].Among the different
configurations, the shunt active power filter (SAPF)
is the most widely used for harmonic current
mitigation [10], [13]. It functions by generating a
current waveform that counteracts the harmonic
components present in the system, connecting in
parallel at the Point of Common Coupling (PCC) to
achieve real-time compensation [10].

3. Modelling of the GVP system with active
filter

3.1 Photovoltaic generator architecture

A photovoltaic generator (PVG) converts sunlight
into direct current (DC) electricity through
photovoltaic (PV) panels that are usually connected
in a mix of series and parallel arrangements. To
draw the maximum possible energy from the
available solar radiation, the output power passes
through a DC-DC converter, often a Boost



converter, managed by a Maximum Power Point
Tracking (MPPT) algorithm [1]. The regulated DC
voltage is then converted into alternating current
(AC) using an inverter, which ensures proper
synchronization with the utility grid [1], [4]. Figure
1 shows a basic representation of a typical
photovoltaic generator setup.

3.2 Connection to
network

The Point of Common Coupling (PCC) is the
junction where the photovoltaic generator (PVG)
connects to the low-voltage, three-phase
distribution network. It is at this point that
harmonic distortions usually begin to appear,
mainly due to the switching actions of the inverter.
To detect and minimize these unwanted effects, a
shunt active power filter (SAPF) is placed in
parallel with the PCC [1], [13], as shown in Figure
1.

The shunt active power filter (SAPF) is mainly
composed of the following key elements:

low-voltage distribution

e A three-phase bidirectional inverter (figure 2)
built with 1GBT switches, responsible for
generating the compensating current injected
into the grid.

e A coupling inductance, which links the inverter
to the electrical network and ensures smooth
current flow while reducing switching ripples.

e A DC-link capacitor, serving as an energy
storage element that facilitates the exchange of
power between the inverter and the grid during
the compensation process.

The PCC has a current sensor to measure the
harmonics that need to be adjusted.

The harmonic component of the load current,
denoted as Iy is identified and then compensated by
the shunt active power filter. The filter injects an
equal but opposite current into the system.

where It represents the compensating current
generated by the filter.

M)

|f=|h

As a result, the total current drawn from the source
becomes nearly sinusoidal, significantly improving
the overall power quality.

3.3 control strategy of the active power filter

The effectiveness of the shunt active power filter
depends greatly on the control strategy applied. In
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this work, we use a closed-loop control approach
that relies on the Clarke transformation to detect
harmonics and to (generate the reference
compensating current to be injected into the system.
This transformation is particularly well suited for
three-phase systems because it is simple to
implement and computationally efficient [3, 4].

The inverter switches are operated using either
hysteresis control or pulse-width modulation
(PWM). These control methods allow the system to
respond quickly and to follow reference signals
accurately, even when the network experiences
disturbances or load variations [3].

4. Application in active power filtering
4.1 Instantaneous active power

Equation (2) represents the active
transferred between source and load.

)

e Vy, Vg, Io and igrepesent voltage and current’s com
pounds in Clarke referential.

The shunt active power filter (SAPF) [6], [9] works
by calculating the instantaneous active p and
reactive q power of the load. Through this analysis,
the filter can detect the unwanted components of
the power mainly the oscillating parts of p and g
and then generate compensating currents to cancel
them.

The method used to compute p and q is presented in
Equation (3).

Ia]

HEAAR]
q Ve —Vg Ig
An active power filter (SAPF), generates and
injects compensation currents to disprove undesired
components in the load current, including:

harmonics currents, reactive currents, unbalanced
components.

power

P(t)=va.ia+v5. iﬁ

®)

The goal is to make the source current drawn from
the grid, sinusoidal in phase with the source
voltage, free of harmonics and non-active
components, mathematical expression.

I5=lioad — if

(4)

Where: ii0ad 1S the total load current, is represents the
source current and is is the compensation current
injected by the filter.

If the compensation is ideal then: is=i:



i1 is the fundamental active component of the load
current.

4.2 characteristics of compensation currents

Their accuracy and response time are highly
dependent on the control strategy and current
sensing quality. They are dynamically modified in
real time, depending on the load conditions [5].
They are non-sinusoidal, reflecting the harmonics
and reactive components present in the load. The

index c indicates charge or load.
1 1
DM R A R
C,B Va + V,B

Vo Vg
4.3 Proposed compensation strategy

_Va

Pc

Vﬁ qc

We suggest implementing a Shunt Active Power
Filter (SAPF) that is connected to the grid via a
coupling inductor in order to preserve excellent
power quality at the Point of Common Coupling
(PCC) and effectively compensate for the harmonic
currents introduced by nonlinear loads [10].

e Two key creeds form the foundation of the
chosen control strategy:

e The dynamic identification of the harmonic
components of the load current

e The generation and injection of an appropriate
compensating current

e The generation and injection of a compensating
current, controlled by an inverter operating in
PWM mode (Figure 2) [11].

4.4 Inventer control (PWM Modulation)

Sinusoidal PWM, or pulse width modulation, is
used to precisely control the injected waveform and
a fixed switching frequency in the three-phase
inverter that injects the compensatory current is.
This lowers losses and makes filtering easier.

In order to ensure quick and reliable compensation,
a regulation loop modifies the injected current in
real-time based on the difference between the
measured irand its reference value.

4.5 Kaximum power tracking (MPPT)

The PV system is combined by an MPPT controller
that maximizes power extraction from the solar
generator by utilizing a DC-DC converter.The
operating point is continuously adjusted by the
MPPT controller to match the Maximum Power
Point which varies in response to temperature
variations and sun irradiation at maximal position
K.

Pov(K)=Vpu(k)*Ipv(K) (6)
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The control technique used in our case is
disturbance and observation (P&O). This is the
most widely used PPM tracking algorithm. As its
name suggests, it is based on disturbing the system
by increasing or decreasing V reference (Vyet ) or by
directly acting on the duty cycle of the DC-DC
converter, and then observing the effects of these
disturbances on the panel output power [1, 3]. If the
value of the current power P(k) of the panel is
greater than the previous value P(k-1) then the
same direction of the previous disturbance is kept,
otherwise the disturbance of the previous cycle is
reversed [1]. DC-DC converter (figure 3) is
controlled to dynamically adjust the operating point
along the I-V curve of the solar panels. The MPPT
controller measures the voltage V,,_and current
lov_of the PV generator and adjusts its operation to
maximize the output power:
Pov=VpvxIpy (7
By continuously monitoring these parameters, the
controller shifts the duty cycle of the converter to
track the Maximum Power Point in real time,
adapting to changing environmental conditions
such as sunlight and temperature.

The output current of a photovoltaic cell is
expressed in the following mathematical form :

Ipv = lpn — Iy — Ip (8)
Ly =Ly — 1o (eme—1) "2 (9)
pv — ‘ph olé€ Ry
Ypv*Rslpy Vpw+Rskpy

Ipv= ph_IO e ™t

(10)

Rs

)

lov: Current generated by the photovoltaic cell;

Ion: Photocurrent created by the cell (proportional to
the incident radiation);

lg: Current flowing through the diode.

)

Figure 4 represents a model of basic block diagram
of boost chopper. It is a direct DC-DC converter.
The input source is of the direct current type
(inductor in series with a voltage source) and the
output load is of the direct voltage type (capacitor
in parallel with the resistive load). The switch K
can be replaced by a transistor since the current is
always positive and the switching operations must
be controlled (at blocking and at starting). Its

Va

eVt —1 (11)



typical application is to convert its input voltage
into a higher output voltage [10].

_ L dIL(t)
V() =L p”

Vi(t) = Vi(®) = Vo (1)

(12)
(13)

BOOST chopper parameters:

Inductance: L = 3.5x1e® H;

IGBT is a power diode;

Capacitance C; = 20x10°(-6) F, C, = 100x1e™®
F

Resistive load R = 70 Ohmes.

5. Simulation results and Discussion

The photovoltaic compensation system consists of a
GPV, a BOOST chopper and a parallel active filter
that ensures the connection to the grid. The latter
supplies a non-linear load figure 5. The suggested
compensation system acts as a reactive
compensator in case of low illumination, and as a
shunt active filter that actually injects power into
the electrical grid produced by the photovoltaic
conversion chain in case of high illumination. The
photovoltaic module (BP MSX-60) [9]. It contains
(36) multi-crystalline silicon solar cells, and
provides a maximum nominal power of 60W. The
physical and electrical characteristics of this
photovoltaic panel are given in the table 1. Figure 6
describes variation of current and power of PV vs
voltage at various values of temperature. In figure 7
it is seen the variation of current and power of PV
vs voltage at various values of irradiation.

5.1 Simulation of the system before the
introduction of the photovoltaic compensation
system

The waveforms of the three-phase source current
and the current consumed by the nonlinear load, as
well as the active and reactive powers of the three-
phase source, are shown in Figure 8 and Figure 9
before the introduction of the photovoltaic
compensation system.At the beginning of the
system, there is no SAPF, the load uses an active
power of 300W (figure 9), the source currents are
the same as those of the non-linear load
(is=iad=3.8A) and a THDi of 26.12% (figure 10).

5.2 Simulation of the system before the activtion
of the photovoltaic compensation device
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Figures 11 and 12 show that the SAPF operates,
and produces currents is after a transient of t=0.04s,
making the source currents sinusoidal, the active
power between the value 240w and the value 320w
(figure 11) while the reactive energy continues to
oscillate around zero. Therefore, the harmonic
distortion rate of the source current is improved and
is worth THDi= 2.18% (figure 13).This rewording
offers more information about the function of the
active filter, the dynamics of the system both before
and after the filter was added, and the effects on
distortion rate and energy quality.Prior to
correction, the current's Total Harmonic Distortion
(THD) was above 22% (figure 10), which is much
higher than the IEEE 519 standard's upper bounds.
Following Active Power Filter activation, THD
(post-compensation) equals 2.18% (figure 13)
which is permissible under IEEE 519.

5.3. Photovoltaic Energy Injection

PV system injected an average power of 1.5 kW
during periods of maximum sunlight. Figure 7
shows the real-time tracking of the Maximum
Power Point (MPPT). The strategy of dual inverter
usage (filtering + injection) has led to a significant
reduction in the system'’s cost.Turning on the shunt
active filter in this setup allows one to introduce
compensating currents (is) into the system. After a
brief transition period of 0. 04 seconds, as shown in
the accompanying figure (Figure 11), the source
currents start to resemble sine waves. The active
filter creates a compensatory current to oppose the
harmonics in the source current, therefore
explaining this. This adjustment improves the form
of the source current quite a lot. As a result, the
Total Harmonic Distortion (THDi) of the source
current is 2.18%, as shown in the attached figure
13. This demonstrates a notable increase in power
quality, hence confirming the efficacy of the active
filter's PWM modulating control for minimizing
harmonics. The active filter's capacity to reduce the
major harmonic components and at the same time
improve the waveform of the source currents
suggests that it aided grid stability in addition to
decreasing them. This result shows how the chosen
control method manages nonlinear load-induced
perturbations effectively, and it also emphasizes
how the hybrid system might maximize power
quality in trying circumstances [11-13]. In this
rephrasing one may learn more about the goal of
the active filter, the system's behavior before and
after it was installed, and the effect on the distortion
rate and energy quality. This reduction in harmonic
distortion shows how well the active filter improves
power quality and ensures that standards are
encountered.
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Table 1: Physical and electrical characteristics of the PV generator chosen for modeling and simulation.

Physical characteristics BP MSX-60
Number of cells in series Ns = 36
(Ns)
Np=1
Number of cells in parallel
(Np)
Electrical characteristics | Ga=1000w/m?, 25°C,
(STC) AM 1.5
Maximum Power (Pmax) 60 W
Peak Point Voltage (Vmpp) | 17.1 Volt
Peak Point Current (Impp) 35A
Open Circuit Voltage (Vo) | 21.1 Volt
Short Circuit Current (Isc) | 3.8 A
5 1-v ?harateristics
(o) 5 10vpv W 15 20
. P-V ty:harateristics .
(o) 5 10va W 15 20

Figure 6. Variation of current and power of PV vs voltage at various values of temperature
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Figure 13: Spectral analysis of signals after SAPF commissioning: source current

6. Conclusions

This study demonstrates the strategic value of a
hybrid design that improves power quality in
distribution networks by integrating a solar
generator with an active filter. This method is
innovative because the inverter simultaneously
manages reactive power. Disturbances and
harmonics are corrected during the injection of
renewable energy.

Simulation results from numerous tests confirm that
this technology stabilizes network operating
conditions and maintains harmonic distortion levels
within acceptable limits.

This work offers promising prospects for the
implementation of smart and sustainable solutions
at a time when the energy transition and the
development of electrical infrastructure are major
challenges.
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