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Improving Electrical Power Quality During
Photovoltaic Feed-in to the Power
Distribution Grid Using a Parallel Active
Filter with MPPT (P& O) Control

Abstract

This article identifies power quality issues related to the injection of solar photovoltaic power
into the electrical distribution grid and proposes solutions aimed at improving consumers’
energy efficiency. Various configurations are studied “.and simulated using
MATLAB/Simulink. The study focuses on disturbances in voltage and current waveforms, the
harmonic distortion ratio (evaluated according to the IEEE 519-1996 standard), and the
reactive power absorbed by nonlinear loads. The final configuration connects a photovoltaic
generator to the grid via a parallel active filter with.an LC structure, a BOOST chopper
controlled by an MPPT using the P&O method, and a power converter. Simulations of this
configuration yield generally satisfactory results, with a total harmonic distortion (THD) of

0.49%, in compliance with the IEEE.519-1996 standard.

Key words: Power quality, photovoltaic solar energy, parallel active filter, total harmonic

distortion (THD), MPPT (P&O); IEEE 519-1996.

1. Introduction

Fossil fuels suchuas coal, oil, natural gas, etc., are considered finite and polluting resources but
are essential for the production of electrical energy [1-3]. Given the world’s growing energy
needs; does the exploitation of these energy sources not pose a major environmental threat to
the future of our planet? By referring to international treaties on climate issues, such as the
Kyoto Protocol (December 1997), the Durban Conference (September 2001), the Bali Plan
(December 2007), and the Cancun Agreement (December 2010) serve as warnings to

prioritize green energy over fossil fuels [4-7].

The energy crisis of recent years has prompted researchers around the world to focus on

renewable energy as an alternative [8—10]. In this context, several countries have committed
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to harnessing these sources to partially replace conventional energy sources. It should be
noted that there are several sources of renewable energy, including: water, wind, solar,
biomass, geothermal, etc[11-13]. The energy transition requires the interconnection of the
existing power grid with renewable energy sources [14-16]. Certain interconnections, such as
photovoltaic systems, tend to degrade the grid, leading to power quality issues. The main
objective of this article is to identify problems related to power quality on the electrical grid
when photovoltaic solar energy is fed into the distribution grid and to propose improvements

that enhance energy efficiency for consumers.

Currently, researchers have proposed several solutions for improving power quality, derived
from simulations [17-19]. A key finding from this research is that filters generally offer a
good compromise for improving power quality [20-22]. In the ‘temainder of this article, we
propose the use of an active filter in parallel with the MPPT controller, combined with the
P&O method, to provide the best power quality to consumers and avoid unnecessary

decoupling of the renewable source.

This article is structured into three sections..The first section provides an introduction to this
article. The second section presents an.evaluation of the performance and reliability of our
proposed system using MATLAB/Simulink;. taking into account variations in irradiance and

temperature. Finally, the conclusion ispresented in the third section.

2. Results

In this article, we use the parallel active filter shown in Figure 1 to clean up the power grid in

order to compensate for harmonic current disturbances and improve power quality.
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Figure 1: Parallel active filter structure.

The parallel active filter shown in Figure 1 is a shunt compensator because it consists of a
harmonic current source generated by nonlinear loads and addresses both the power factor and
reactive power issues. The configuration is such that the inverter is connected in parallel with
the grid via a coupling element (passive filter) and an energy storage source. Figure 2 shows

the overall system and the parallel active filter.
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Figure 2: Proposed overall structure of the entire system.

The entire system shown in Figure 2 consists of a photovoltaic generator, a power conversion

unit, a coupling filter between the grid and the photovoltaic inverter, and a voltage inverter.
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The voltage inverter is the main actuator in this system, which incorporates a parallel active
filter to provide all the necessary functionality and contribute to system services, such as
reactive power compensation, current harmonic mitigation, and grid voltage balancing. For
each configuration shown in Figure 2, a performance analysis and evaluation are conducted to
validate the system’s performance. Simulations of the overall system under study
(photovoltaic generator with a BOOST inverter, the voltage inverter, parallel active filter, and
nonlinear loads connected to a MV power grid) are performed in the MATLAB/Simulink
environment, with the objective of obtaining an unbiased and concrete analysis of the
simulation results and characterizing the behavior of the system under study. The load used in
this simulation is a three-phase PD3 diode rectifier bridge connected to a resistive load (Rd),
and the power grid is modeled by a perfectly sinusoidal three-phase voltage source in series
with internal impedances (Rs, Ls). The SUNPOWER SPR-305 WHT-D photovoltaic
generator, with a current of 5.4 A and a Vco voltage of 64.2 'V, consists of 71 modules

connected in series and 260 modules connected in parallel.

2.1 Results of Simulations for DC-Source and AC-Source Networks

In this article, we aimed to take a step-by-step approach by simulating a simple power system
to observe the harmonic distortion‘ratio, then comparing this ratio when a nonlinear load was
connected to the system, and finally interfacing the system and load via a parallel active filter.

Figure 3 shows the power system with.a DC source and the simple voltage signal from the

inverter.
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Figure 3: (a) Electrical network with a DC source and (b) the inverter’s simple voltage signal.

Figure 3 (a) consists of a 400 V DC source supplying a.100 € resistor, across which a

converter (single-phase inverter) is connected. Figure 3 (b) shows the waveform of the

voltage as a jagged and noisy waveform, far from being sinusoidal; this indicates that the

inverter itself contains undesirable harmonics that affect the proper operation of the power

system. This is assessed asa harmonic distortion rate of 11.49%, which does not comply with

the international standard IEEE 519-1996, which requires a harmonic distortion rate of < 5%.

To study the behavior of the voltage from the AC grid and the current signal of the linear

load. The parameters in Table 1 are used during the simulations.

Table 1: Simulation parameters for the single-phase power grid.

SystemComponent Parameters Values
Single-phaseelectricalgrid Voltage v=2302H1
Frequency =50 Hz

Internalresistance Rs=3.5mQ
Internalinductance Ls=5 nH

Figure 4 shows the AC power network, the voltage signal, and the current signal of the

network before it is connected to the nonlinear load.
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Figure 4: (a) AC power network and (b) voltage and current signals of the network before

being connected to the nonlinear load.

Figure 4 shows the waveforms of the grid voltage and current signals, which are in phase. The
current waveform shows a zero-crossing point, and a small notch is also observed on the same
current waveform. This noise originates from the grid itself and degrades the power quality
delivered to consumers. It should be noted that the connected load is of even order. In
contrast, the voltage waveform is clearly sinusoidal. The harmonics from the grid and the
nonlinear load will be extracted in the preceding step. In Figure 4(a), a nonlinear load
consistingof‘a PD3 bridge and a resistive inductor is added, from which the harmonic
distortion rates are extracted. The parameters in Table 2 are used for the simulations of the

configuration shown in Figure 5(a).

Table 2: Parameters of the electrical network with a nonlinear load.

System components Parameters Values

Power system Voltage V=230,2V
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Frequency f =50Hz

Internalresistance R&=3.5mQ
Internal inductance L, =50nH
Nonlinearload Filter impedance at | Ly = 0.82mH
the input of the
R=0.82mQ
PD3 bridge n
L.=0.023mH
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Figure 5: (a) Three-phase network connected to the nonlinear load and (b) voltage and

current signals of the nonlinear load before the parallel active filter.

The voltage and current signals in Figure 5(b) are distorted. These harmonics result from the

currents drawn by the nonlinear loads (rectifier + R-L load), which are superimposed on
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theharmonics generated by the sinusoidal source. The harmonics of the load before the

parallel active filter are shown in Figure 6.
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Figure 6: Load harmonics before the parallel active filter.

The harmonic distortion rate obtained from Figure'5 (a) is 26.73%, which is more than five
times the international standard required by IEEE 519-1996. Since this parameter must be <
5%, this is what truly accounts for the degradation in the quality of the power supplied to the
loads. To improve power quality for.consumers and prevent grid pollution caused by the
nonlinear loads connected to it, it.is advisable to install a parallel active filter in order to meet
the requirements ‘of the international standard regarding the harmonic distortion rate. The

simulation parameters.are shown in Table 3.

Table 3: Simulation parameters with a parallel active filter.

System Parameters Values
component
Power grid Voltage V=2302V
Frequency f =50 Hz
Internal resistance R&=3.5mQ
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Internal inductance L,=50nH
Rectifier bridge
Nonlinear Load R4=301
Three-phase (PD3) power
Supp]y Li=0.82mH
R.=0.82 mQ
L.=0.023 mH
Parallel active filter Storage Capacitor Cye=5.87mF
Output filter Ly=145pH
DC bus Voltage Vac= 850V
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Figure 7 shows the circuit topology used for the network and filter simulation, as well as the
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Figure 7: (a) Structure implemented for the network and filter simulation, (b).three-phase

voltage signal after the filter, and (c) current signal after the parallel active filter.

The results shown in Figures 7(b) and (c) are satisfactory after the parallel active filter was
added to the system. An improvement in the waveforms of the voltage and load current curves

can be observed. The load harmonics after the parallel active filter-are shown in Figure 8.
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Figure 8: Harmonics after the parallel active filter.

In Figure 8;the performance of the parallel active filter reduced the harmonic distortion rate
by 98%. Thus, the harmonic distortion rate is 1.94%, which complies with the standard
published by the International Electro-technical Commission (IEC) IEEE 519-1996, as the

value is less than 5% (harmonic distortion rate < 5%).
2.2Simulation Results for the Grid-Connected Solar System

The system under study consists of PV panels, a BOOST chopper coupled with an MPPT and
controlled by the P&O method, and an inverter interfaced with the parallel active filter,

through which this solar energy is fed into the medium-voltage (MV) power grid in the

10
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MATLAB/Simulink environment under standard conditions of temperature T = 25°C and

irradiance of1000 W/m2 of the entire system. The simulation of the system shown in Figure 9

does not include the parallel active filter.

WG Comn
|
*{z}-r—il e )
— v |
Sl Ty
= I I—Ij |owa)
- L 11 _
(1=
l J ]__..._,__, Poigm i | |1 ey T
5e L - i - .
¥ i f— - v | |
= : l " 7w r‘* i
= s H 1 . o ¢ s
1} el i 1 % L L. _r—-i_
- + AR i Ll
T [T
IV Ay
! I t 101 "Nl 0 WS T e bW
e—

Figure 9: Simulated system before the parallel active filter.

The system shown in Figure 9 consists of a photoveltaic generator with a BOOST chopper

and an inverter connected to the MV grid. The simulated parameters are listed in Table 4.

Table 4: Characteristics of the photovoltaic panels.

SystemComponent Parameters Values
Photovoltaicgenerator Standard irradiance G=1000W/m’
Standardtemperature T=25°C
Cellsinseries Ne=T71
Cellsinparallel Np= 260
Maximumpower P=305.24 Wp
Open-circuit voltage Voc=64.2V
Short-circuitcurrent lee=5.9A

The goal is always to observe the behavior of the voltage, current, and reactive power flow

signals, as shown in Figure 10.

11
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Figure 10: Voltage, current, and power signals without a parallel.active filter.

The results in Figure 10 show a balanced reference voltage (Vgerer = 380 V) with a well-
defined sinusoidal waveform. We can conclude that the nonlinear load and the conversion
equipment have no direct influence on the voltage waveform due to the MPPT control.
However, the current waveforms are distorted, and the sinusoidal shapes are noisy. This is due
to harmonics injected into the grid by the nonlinear loads and power conversion equipment.
This noise observed in the current signals indicates a degradation in the power quality of the
electrical grid. It can thus be observed that the reactive power fluctuates and enters the
negative region. This leads to phase shift and power factor issues. Nonlinear loads place a

higher demand on reactive power.

To observe the actual performance of the parallel active filter within the entire system, the

system shown in Figure 11 is simulated using the parameters in Table 5.

Table 5: Panel specifications.

Different parts of the system Parameters Values
Photovoltaic generator Standard solar radiation G = 1000 W/m’
Standard temperature T=25°C
Cells in series N,=71

12
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Cells in parallel N, = 260

Maximum power P =1305,24 Wc
Open-circuit voltage Veo=642 A
Open-circuit current Ico=59A
Electric grid Power grid frequency f =50Hz
Medium-voltage V=15kV
Apparent power S=30kVA

Coupling inductance
Parallel active filter L;=5.976 uH

Storage capacitor
C=198.94 pF
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Figure 11: Schematic of the entire system with the parallel active filter.

The entire system shown in Figure 11 consists of a photovoltaic generator with a BOOST
chopper and an inverter connected to the MV grid via a parallel active filter. The voltage,

current, and power signals after the filter are shown in Figure 12.
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Figure 12: Voltage, current, and power signals after the parallel active filter.

After the active filter connected in parallel with the overall system (GPV, BOOST Inverter,
inverter, active filter, and the grid), Figure 12 shows the expected result. The reference
voltage remains balanced at all times, and the sinuseidal:waveform is maintained and
perfectly tracks its reference value (Vgerer = 380 V) thanks to the robustness of the MPPT
control. The noise observed in the current signals before the parallel active filter was filtered
out following the injection of compensation current into the grid by the parallel active filter,
which allowed the grid current signals to.become smooth and sinusoidal, thereby ensuring
good power quality for the electrical grid. It should be noted that the current zero-crossings in
these signals occur at negligible intervals and do not cause any disturbances to power quality.
On the same graph, at the far right, the curve shows the reactive power Q (var), which is zero.
This is because the parallel active filter compensated for the reactive energy consumed by the
nonlinear loads, which would. have fluctuated in the absence of the parallel active filter. The
harmonics of the entire system are shown in Figure 13.
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Figure 13: Harmonics of the entire system.
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As shown in Figure 13, the objective of this article is also to reduce the harmonic distortion
rate to a value less than or equal to 5% (harmonic distortion rate < 5%) in accordance with the
requirements of the International Electro-technical Commission’s international standard.
Consequently, the simulation results shown in Figure 13 indicate a harmonic distortion rate of

0.49%, which complies with the IEEE 519-1996 international standard.

3. Conclusion

The increase in electrical productivity resulting from feeding solar photovoltaic energy into
the power grid used as a solution to provide access to energy serviees has.negative effects on
the grid’s proper operation. For this reason, the objective of this atticle is to propose effective
and tangible solutions to either reduce or completely eliminate. these impacts in order to
provide high-quality energy and meet users’ needs.© This article has identified problems
caused by the injection of photovoltaic energy intothe. power grid. We focused particularly on
the issue of grid power quality, which is disrupted by harmonics whether due to phase
imbalance or excessive reactive power generation..This‘problem was solved by implementing
a system that combines a photovoltaic generator, a. BOOST-type inverter with MPPT control,
an inverter to convert the energy from the photovoltaic generator, and a parallel active filter
that filters the energy and injects harmonic current into the grid for compensation, which was
then fed into the power grid. Simulations were performed using Matlab/Simulink software
under standard metrological conditions of irradiance and temperature. The results obtained
were satisfactory.Thus, we achieved the objective of this article, which was to reduce
harmonics while elearly complying with the international standard of the International
Electro-technical . Commission and to transfer all the energy produced by the photovoltaic
generator to.the power grid in order to improve power quality and simultaneously compensate
for the reactive power drawn by the load. Compared to the results examined in various studies
cited in this article, it was noted that the result obtained in terms of the harmonic distortion

ratio is better.
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