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Abstract

Power converters play an essential role in Photovoltaic (PV) system to maximize the power transfer to the electrical grid. However, 

the generated harmonics in the grids due to these power converters and nonlinear loads are considered one of the encountered 

problems to overcome. This paper presents a decoupled control of PV field real power and reactive power injected to the high voltage 

network via a PWM inverter by using fuzzy logic controllers. Elsewhere, a procedure based on a coordinated active and LCL filtering 

is proposed to mitigate the harmonic current introduced by a nonlinear load and the inverter itself in such a way to enhance the 

power quality injected into the grid. The results obtained in the present study show the good performance of the suggested hybrid 

filtering approach and demonstrate that almost all harmonics orders of the grid current are well mitigated; the current Total Harmonic 

Distortion (THD) meets its standard and consequently the power quality is considerably enhanced.
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1 Introduction
Due to ever growing integration of PV systems and nonlin-
ear loads into the grid, power quality issues are degrading 
and draw more consideration [1, 2]. Various control tech-
niques are developed for power production and power qual-
ity enhancement using a Solar Energy Conversion System 
(SECS). A PV system operating in the MPPT (Maximum 
Power Point Tracking) mode and connected to a three phase 
grid incorporating with shunt Active Power Filter (APF) 
has been presented in [3, 4]. In this work the photovoltaic 
generator is operated to produce electricity from the solar 
arrays and feeding to the utility network. At the same time 
the APF is employed to enhance the power quality of the 
studied PV system using d–q theory. In [5], a system com-
posed of series and shunt inverters connected back to back 
by a DC-link was suggested. This system is able to compen-
sate voltage and current related problems both in inter-con-
nected mode and islanding mode by injecting active power 
to the grid. In [6], the authors suggested a distortion reduc-
tion scheme, utilizing a fed forward single-phase, gener-
ation-side power conditioner with a structure that can be 
expanded for use in a three phase system and can work 

independently under imbalanced condition to compensate 
the plant's output current distortion, so that the total current 
flow to the grid is sinusoidal. In [7], to improve the power 
quality and the system efficiency, a double-tuned parallel 
resonant circuit has been proposed to attenuate the second 
and fourth order harmonics at the inverter DC side. In this 
case a modified carrier based modulation technique for 
the current source inverter was proposed to magnetize the 
DC-link inductor by shorting one of the bridge converter 
legs after every active switching cycle. In  [8], a  detailed 
method for selecting the LCL filter parameters and the 
control of the three-phase PV grid-connected inverter has 
been studied. Patra et al. [9], have addressed a comparative 
assessment for power quality that can be achieved with two 
types of circuits; dual stage that consists of boost based VSI 
(circuit type I) and a single stage using ZSI (circuit type II). 

In this paper, an online fuzzy logic controller is applied 
to ensure a powers decoupled control of a large scale grid- 
connected PV system. Moreover, a hybrid control technique 
is suggested to enhance the power quality of the studied 
solar photovoltaic energy conversion system. 
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This task is achieved with two kinds of filters: the LCL 
filter (Low Pass Filter) is used to interconnect the inverter 
to the utility grid in order to filter the harmonics produced 
by the inverter itself and active filtering to eliminate cur-
rent harmonic generated by nonlinear loads. All of these 
two techniques may be accomplished simultaneously

Simulation results show that this coordinated filtering 
strategy improves the grid power quality and the current THD 
has met the standards as defined by IEEE Std 519-2014 [10].

2 Structure of the studied SECS
The SECS under analysis is the Hokuto Mega-solar project. 
Fig. 1 shows the configuration of this solar station, it was 
installed on three stages [11–13]. In this study, we only 
focused on the stage 02, on which we performed the Power 
Conditioning System (PCS) control and improving the 
power quality injected into the electrical grid. 

The electrical and physical characteristics of this PCS 
are given in Table 1 [13, 14].

3 System modeling 
The scheme of the studied SECS is presented in Fig. 2. 
It is formed by the PV system and the non-linear load 
which are connected together at the Point of Common 
Connection (PCC). 

Many types of MPPT algorithms used to maximize the 
PV system output power had been developed in the litera-
ture which can be divided into two types: classical methods, 
such as Perturbation and Observation (P&O), Incremental 
Conductance (IC), Pilot Cell (PC), and Constant-Voltage 
Constant-Current (CVCC); and artificial intelligent tech-
niques, Neural Networks (NNs), Fuzzy Logic (FL), 
Neural-Fuzzy (NF), Genetic Algorithms (GAs), Particle 
Swam Optimism (PSO) and Sliding Mode (SM) [15–23]. 
In this work, a boost chopper has been controlled employ-
ing a pilot cell technique suggested in [24] to operate the 
PV system in the MPPT mode (see Fig. 3).

 
4 Active filtering function
There are various methods to identify the harmonic cur-
rents of a nonlinear load. The most classical methods are 
"instantaneous power theory p–q" or "d–q or synchro-
nous detection method". Practically, a Selective Pass Band 
Filter (SPBF) or Low Pass Filter (LPF) can been used to 
extract the harmonic currents components [25]. Frequency 
domain compensation, which is based on Fourier analysis, 
is not very used because it requires more real time pro-
cessing power [26]. In this case, the instantaneous power 

theory is used for being compensated, by the grid side 
converter as shown in Fig. 3. The resulting d–q reference 
harmonic currents (ildh, ilqh) must be subtracted from the 
currents (idref, iqref). 

5 LCL filter
The use of the LCL filter gives the improved harmonic 
suppression ability at the lower frequency range and it is 
useful in the high power applications. It's a 3rd order filter 
whose one side is connected to the inverter and the other 
end is connected to the grid [27, 28]. The resonance effect 

Fig. 1 System configuration [13]

Table 1 Specification of PCS [14]

Capacity 420 kVA / 400 kW

AC voltage 420 V ±10%

DC voltage 600 V

Input DC voltage 230-600 V

Switching frequency 4-6 kHz

Conversion efficiency > 95% (30%–100%)

Control functions MPPT 

Reducing harmonics 

Fig. 2 Proposed SECS
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can cause voltage instability or current around the reso-
nant frequency. In order to solve this problem, damping 
resistor can be added to the LCL circuit [29].

5.1 Model of the LCL filter  
The equivalent single phase LCL-filter configuration is 
shown in Fig. 4 [29], where L1 is the inverter side inductor, 
L2 is the grid-side inductor, Cf is a capacitor with a series Rf 
damping resistor. The voltage and current at the grid side 
are represented as vG and iGa, respectively [30, 31].

5.2 LCL Filter design criteria
The base impedance of the system must be given for 
choosing the LCL filter parameters in order to avoid res-
onance, voltage drop and reactive power problems [32].

The base values of each component of the LCL filter are 
defined as [33, 34]:
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where En is the line to line RMS voltage, ωn is the grid 
frequency and Pn is the active power absorbed by the con-
verter in rated conditions.

The criteria of LCL filter design are described as fol-
lowings [28–35]:

1.	 The total inductance value of both inverter side 
inductor and grid side inductor should be lower than 
10 % of base inductance value to limit the voltage 
drop at inductors during the operation:

L LT b£ 0 1. . 	 (4)

2.	The filter capacitance value should be less than 15% 
of the base capacitance in order to limit the reactive 
power at the rated power: 

C Cf b£ 0 15. . 	 (5)

Fig. 3 Grid-connected PV system control diagram with harmonics filtering using actif and LCL filter

Fig. 4 Proposed LCL filter equivalent circuit [29]
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3.	 The resonance frequency should be in the range 
between ten times of line frequency and one half of 
switching frequency to avoid the resonance problem:

10 0 5f f fn res£ £ . .s 	 (6)

Using LCL filter, seen in Fig. 4, the resonance fre-
quency depends only on filter parameters [35]:

f L L
L L Cres

f
=

+1

2

1 2

1 2π
. 	 (7)

The damping resistor is expressed as follows [29]:

R
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3ω
. 	 (8)

Moreover, inverter-side inductor can be calculated 
according to Eq. (9) [34]: 
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where Δi is the current ripple peak which can be chosen 
as 0.15~0.25 of the rated current. In this paper, the current 
ripple is selected as 20 % of the rated current.

∆i Irated= 20% 	 (10)

In this case a ratio (r = 0.46) between the inductance 
at the inverter side and the one at the grid side has been 
chosen [35]. 

One can write:

L rL2 1= . 	 (11)

Thus, the calculated LCL parameters set used condition 
used is depicted in Table 2, where the values of L1, L2 and 
Cf are obtained from the Eqs. (5) to (11).

6 Simulation results and discussion
The whole photovoltaic energy conversion system and 
the proposed filtering strategy have been simulated under 
standard conditions (T = 25 °C and, E = 1000 W/m²). The 
PV system is connected to the grid. A non-linear load is 
connected also at the PCC (see Fig. 3). Here after simu-
lations are performed under different load conditions as 
well as various filtering techniques (Active filtering and/
or LCL filter are presented and discussed).

6.1 Grid-connected PV system without filtering
To ensure the decoupled power control of a three-phase 
voltage PWM inverter, the powers are controlled by the 

line current components id and iq. In this study, the power 
injected to the grid is a purely active power and the grid 
power factor is maintained at unity setting the reactive 
power command to zero (Pref = 120 kW and Qref = 0 kVAr) 
as shown in Fig. 5 (a). It is noted from this figure that 
P and Q track accurately their references Pref and Qref 
respectively in this case of active power generation; there-
fore the decoupling control of the real power and reac-
tive power is successfully performed. Moreover, Fig. 5 (b) 
shows the grid current waveform without harmonic filters 
and its spectrum is shown in Fig. 5 (c) with a THD value of 
5.40% at 4 kHz switching frequency (see Table 1) which is 
lies above 5 % of the IEEE standard 519 [10] (the THD of 
the three phase currents lie around 5 %). 

6.2 Grid-connected PV system with an LCL filter
In this case, an LCL filter is used at the output of the 
inverter in order to filter the harmonics produced by this 
converter. The filtered grid current waveform is shown in 
Fig. 6 (a). It is practically sinusoidal thanks to the good 
adjusting of the damping factor of the LCL filter. In fact, 
the harmonic spectrum of the current injected to the grid 
as shown in Fig. 6 (b), has a little THD of 1.41 %. 

In addition, Table 3 summarizes the simulation results 
of the grid current THD with and without LCL filtering, 
for some illumination intensity levels. It shows the effec-
tiveness of this filter in terms of the grid current depollu-
tion especially in the case of low irradiation levels.

6.3 Grid-connected PV system in presence of a non-
linear load without any filtering
Nonlinear loads connected to the grid produce harmonic 
currents, which causes deterioration in power quality. 

The modern SECS are controlled not only to maximize 
the energy captured from the solar, but also to improve the 
quality of the power injected into the electrical grid.

Table 2 Condition values for LCL filter design

Parameter Value

Grid voltage, Vg (RMS) 420/√3 V

Inverter Power, Pn 400 kW

DC Link voltage, Vdc 900 V

Grid frequency, fn 60 Hz

Swiching frequency, fs 4 kHz

Inverter side inductor, L1 80 μH 

Grid-side inductor, L2 40 μH

LCL Filter capacitor, Cf 900 μF

LCL Filter damping resistor, Rf 60 mΩ
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The considered non-linear load of 80 kW is connected 
at the bus bar. It is supplied by the PV system and absorbs 
current which is shown in Fig. 7 (a). 

Moreover, Fig. 7 (b) shows the harmonic component of the 
non-linear load current which can effectively be suppressed 
by using active filtering. In this case, the PV system provides 
120 kW to the grid (Pref = 120 kW and Qref = 0 kVAr).

In this case, the DC capacitor voltage is maintained 
constant practically by the control of the inverter as shown 
in Fig. 8 (a). 

Also, Fig. 8 (b) illustrates the grid current waveform 
which becomes more distorted when the nonlinear load is 
integrated into the grid. 

The THD of the grid current without filtering (Active fil-
tering and/or LCL filter) is 10.49 %, as shown in Fig. 8 (c). 
It can be noted that this THD is high.

(a)

(b)

(c)
Fig. 5 Simulation results of a grid-connected PV system without any 
filtering (a) Active and reactive powers in (kW) and (kVAr), (b) Grid 

current iGa (A), (c) Grid current spectrum

(a)

(b)
Fig. 6 Simulation results of the PV system equipped with an LCL filter 

(a) Grid current iGa (A), (b) Grid current spectrum

Table 3 Grid current THD during variable irradiation

E (W/m²) P (kW)
THD (%)

Without filtering With LCL Filter

1000
900
800
700
600
500
400

100
90
85
80
75
70
60

5.64
5.52
6.34
6.30
7.20
7.42
10.15

1.65
1.68
1.73
1.88
1.59
1.79
1.93
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6.4 Grid-connected PV system in presence of non-linear 
load with active filtering 
The performance of the SECS, in terms of active filtering, 
is now studied under the previous conditions. The main 
goal is to mitigate the harmonic currents of the non lin-
ear load which has a harmonic distortion ratio of 10.49 %. 
Fig. 9 shows the simulation results. 

Fig. 9 (a) illustrates the grid current waveform in pres-
ence of active filtering. It shows clearly the performance of 
the filtering strategy in terms of power quality improvement. 

From Fig. 9 (b), one can see small oscillations of the 
DC-bus voltage.

Moreover, in this case of the grid current spec-
trum shown in Fig. 9 (c), after active filtering, prove the 
enhancement of the grid current THD which is reduced 
from about 10.49 % to 5.11 % but remains higher than 
IEEE standard 519 [10]. In this way, the 5th and the 7th har-
monics decrease from 12.41 A to 3.43 A and from 8.35 A 
to 1.66 A respectively.

6.5 Grid-connected PV system equipped by an LCL 
filter in presence of a non-linear load
Let us evaluate now the operation of the PV system 
equipped by an LCL filter, in presence of a nonlinear load.

(a)

(b)
Fig. 7 Non-linear load current and its harmonic component (a) Phase 

current ila (A), (b) Harmonic component part current ilah (A) of ila

(a)

(b)

(c)
Fig. 8 Simulation results of the PV system in presence of the non-linear 
load without any filtering (a) DC voltage (V), (b) Grid current iGa (A), 

(c) Grid current spectrum
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Fig. 10 illustrates the simulations performed in this case. 
According to Fig. 10 (a), the nonlinear load harmonic cur-
rents are not totally filtered and a bad current waveform out-
put is observed. The spectrum undoubtedly shows a poorer 
performance than the IEEE standard [10] with its THD of 
9.33 % in exceeds that the normal 5 % limit (Fig. 10 (b)). 

6.6 Grid-connected PV system equipped with active 
filtering and LCL filter in presence of a non-linear load
In this case, in order to improve even more the power qual-
ity, a hybrid filtering procedure is used to well reduce all 

harmonic rank generated from the PWM control of the 
inverter and the non linear load, so that the grid current 
has become a sinusoidal wave of 60 Hz. The waveforms 
shown in Fig. 11: grid current (iGa) and its spectrum show 
clearly the performance of the proposed strategy in terms 
of power quality improvement.

After filtering (by coordination of the two actions of 
active filtering and LCL filter) as can be remarked from 
Fig. 11 (a), the grid current signal is closer to the sinusoidal 
form. Elsewhere, from the grid current spectrum, shown 
by Fig. 11 (b), it has been deduced that its THD is reduced 
from about 10.49 % to 2.33 %. Note that, in this case, the 
most harmonics of the grid current are properly mitigated 
and the THD meets the IEEE Std 519-2014 [10].

7 Conclusion
In this paper, a decoupled fuzzy control of the PV system 
real and reactive power injected to the grid is successfully 
applied. The power quality of the studied SECS is enhanced 
via filtering operation (Active filtering and/or LCL filter). 
The parameter-design method of the LCL filter is performed 
for a three-phase grid connected inverter system used in 

(a)

(b)

(c)
Fig. 9 Simulation results of the PV system with active filtering only 

(a) Grid current iGa (A), (b) DC voltage (V), (c) Grid current spectrum

(a)

(b)
Fig. 10 Simulation results of the PV system equipped with LCL filter 

in presence of a non-linear load (a) Grid current iGa (A), (b) Grid 
current spectrum
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a large scale grid connected PV system. The implementa-
tion of this filter reduces the harmonic content of PV sys-
tem caused by the inverter. In addition, this paper has also 
shown the improved power quality by using an active filter-
ing approach for harmonic suppression of non-linear load to 

meet the standards and limits required for interconnection. 
Simulation results have shown that a coordination 

between active filtering and LCL filter, the grid current 
THD has gone down to 2.33 % as compared to the system 
without any filter at 10.49 %.

(a) (b)
Fig. 11 Simulation results of PV system equipped by active filtering and LCL filter (a) Grid current iGa (A), (b) Grid current spectrum
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