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Abstract: The research presented in this paper explains how the complex-vector-filter (CVF) method
can help in minimizing the current harmonic of a grid-tied photovoltaic system. In fact, the harmonic-
free positive sequence (HFPS) load current is used to produce referential sinusoidal currents. This
control stabilizes the grid’s currents under unbalanced load currents, as well as mitigates undesir-
able harmonic load currents, while feeding clean active power to the grid. Thanks to the proposed
controller, the performance, such as robustness, as well as the stability and dynamics of the CVF
are more effective compared to the proportional-integral (PI) with phase-locked-loop (PLL) con-
troller. Moreover, the CVF ensures robustness and stability during the synchronization between
the photovoltaic (PV) generator and the utility grid system. The PI&PLL control presents higher
active and reactive power fluctuations during synchronization. On the other hand, the CVF ensures
the elimination of the reactive power fluctuations during synchronization. The performance of the
proposed CVF is validated by simulation through MATLAB software. Under all conditions, the grid
current, considering harmonics, is within the limits set by the IEEE-519 power quality standard, where
a total harmonic distortion (THD) of 1.56% was achieved in the case of feeding a non-linear load.

Keywords: photovoltaic (PV); voltage stability; grid-connected; complex-vector-filter; harmonic

current

1. Introduction

As the population is increasing, the demand for electricity is continuously increasing,
while fossil fuels are insufficient to fulfill the demands. Moreover, fossil fuels have a
negative impact on the environment due to the emission of harmful gases during use.
Therefore, the alternative solution for the demand is renewable energy sources (RES) [1].

RES are the major topic to be focused on, and with the awareness among the people,
the demand in RES is tremendously increasing. Different RES exist in nature. From
these various sources, the photovoltaic (PV) system is environmentally friendly and a
significantly encouraging source. The PV energy experienced a very significant escalation
in the last decades, due to cost production reductions which can facilitate fossil energy
dispensing and allow for the transition toward the use of green energy sources [2,3].

However, with the increasing penetration level of PV in the grid, important fluctua-
tions introduce serious power quality concerns [4]. On the power grid side, fluctuations,
variation of frequency, variation of voltage, harmonic, etc., are some of the issues that
should be dealt with in these systems [5]. Consequently, it becomes mandatory for PV
systems to act in conformity with the technical and regulatory frameworks to ensure safe
operation and reliable and efficient system set.

Power electronics and digital control technology play a vital role in the grid-connected
PV systems, improving their operation and power quality at the point of common coupling
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(PCQC). In [6], different inverter topologies are used for PV systems connected to the grid.
For example, the best classic topology is the voltage source converter (VSC), which can be
used for small, medium, or large-scale grid connection. The same topology can be adopted
for low-voltage or medium-voltage grid connection.

Grid-connected PV systems appear in the form of pulse width modulation (PWM)
VSC, which can inject controlled active power (AP) and reactive power (RP) as needed. The
output current of this converter needs to be filtered to prevent current harmonics near the
switching frequency (SF) from being injected into the grid [7].

The L-type filter is known by simplicity and robustness for integration, analysis, and
operation. However, currently, researchers increasingly focus on the LCL filter, which
draws attention to the small size, weight, and cost needs of PV system grid interfaces [8].
Moreover, the LCL filter is the most adopted since it offers better attenuation of the switch-
ing harmonics compared to the simple L filter. This mainly lies in the fact that the LCL filter
is of third order, which promotes the SF attenuation more effectively [8]. However, the
existing filter-based damping is not preferred due to the limited frequency characteristics.
In fact, LCL filters have resonance problems that cause oscillations and lead to instability
issues. An efficient active damping strategy is proposed by adopting a PID control structure
with two degrees of freedom (DOF). Using this controller, oscillations are damped by about
98% [9].

In [10], various methods are reviewed, and the control strategy of the converter
based on grid-connected PV systems is shown. Indeed, some hysteresis, sinusoidal pulse
width modulation (SPWM), space-vector pulse width modulation (SVPWM) based on
proportional integral (PI), proportional resonance (PR), and linear quadratic regulator
strategies are discussed in detail. Among them, the hysteretic current control (HCC) is
considered robust and can provide a fast dynamic response. However, SF changes may put
a burden on the controller design. In [11], a three-level hysteresis current control (HCC)
method for grid-connected VSC was proposed. This method can connect PV panels to
the grid and ameliorate the power quality of the PCC at the same time, in line with IEEE
1547.1 and IEEE 519 standards. The traditional HCC suffers from variation in SF, which
leads to switching losses in the VSC, whereas the three-level HCC solves the problem of
the switching frequency variation using the offset hysteresis band, thus it improves the
control performance.

Voltage fluctuations, harmonics, unbalance, and distortion can be present in the grid.
Using the VSC-based distribution static compensator (DSTATCOM) system can alleviate
these types of power quality issues [12].

In the literature, the power quality issues related to the non-linear load are discussed.
In [8], the use of LCL filters ensures the elimination of the distortions of the currents injected
into the network, knowing that the technique of proportional-integral derivative control is
integrated to guarantee the complete suppression of the resonance oscillations of the LCL
filter. In [13], a fuzzy logic controller associated with a three-phase PV inverter is adopted,
which ensures the PCC voltage regulation, as well as the mitigation of the distortions of the
service current and the injection of the excess power in the grid. In this case, the presence of
an unbalanced load leads to the appearance of unbalanced grid currents and subsequently
participates in the injection of zero and negative sequence currents into the grid. The
control techniques that are discussed in the literature are based on the mitigation of the
harmonics of the current supplied to the distribution grid, which leads to the minimization
of the reactive power load on the grid, to the feeding of the excess power to the distribution
grid, and to the increase in the usefulness of the VSC. The PLL based on the synchronous
reference frame is adopted to make the connection between the PV converter and the
distribution grid and to compensate for the harmonic current of the load current [14].
However, the presence of an unbalanced load and noisy movement in the voltages of the
electrical network lead to the appearance of a double frequency oscillation. Therefore, on
the other hand, the integration of a low-pass filter is necessary, as it results in an unreliable
dynamic behavior. To avoid this problem, a notch filter is integrated in [15] to eliminate the
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phenomenon of double frequency oscillations. The drawback of using the notch filter is
delicacy in the case of variation of the system parameters, which makes it sensitive and
not adaptable in all applications. In [16], the PLL based on the complex filter ensures the
selective sequence filtering and the attenuation of the disturbances of the distribution grid.
In [17], higher harmonic attenuation and improved dynamic behavior are achieved using
second- and third-order complex vectors. In the paper by Li, Weiwei, Xinbo Ruan, Chenlei
Bao, Donghua Pan, and Xuehua Wang [18], a second- and third-order complex-vector-filter
are proposed with the CVEM to achieve better dynamic performance or higher harmonic
attenuation. Additionally, a brief comparison of each prefilter is presented. Moreover,
the CVEM can be applied to the other prefilter-based grid synchronization systems. In
our paper, a CVF-based control is applied to accomplish the dual functions, including
harmonic filtering capability and active power injection. The proposed control has been
integrated on the three-phase grid-connected PV system. The proposed control system can
be effectively controlled to operate as an APF with the functionalities of source current
harmonic suppression, reactive power compensation, and source current balancing. The
results demonstrated in this paper clearly indicate that the presented control offers excellent
performance in the case of unbalanced load. This enables the utility grid to supply the
sinusoidal current. The proposed control has offered a good performance compared with
PI&PLL control. Finally, it is concluded that the current is perfectly sinusoidal and does
not suffer from abnormalities thanks to the CVF filter, which smoothed the load current.
The load current THD is reduced from 14.64% to around 1.56% in the utility grid current.
The CVF ensures robustness and stability during the synchronization between the PV and
the utility grid system. The PI&PLL control presents higher active and reactive power loss
pulses during synchronization. However, the CVF ensures the elimination of the reactive
power fluctuations during synchronization.

In this paper, the proposed CVF-based control is developed for a three-phase grid-
connected PV system. Furthermore, the harmonic-free positive sequence (HFPS) load
current is used to produce referential sinusoidal currents. The salient features of this study
are presented as follows:

- This control stabilizes the grid’s currents under unbalanced load currents, as well as
mitigates the undesirable harmonic load current while feeding the clean active power
to the grid.

- The proposed control offers a high degree of immunity compared to the conventional
PI&PLL controller. The AP with the proposed CVF is more robust, stable, and optimal.
The key results, which are the DC offset and THD, have been significantly reduced to
1.56%.

- By adopting this controller, the voltage is improved. Moreover, the distribution
grid losses are minimized, since the distance between the location of PV system
and the load terminal at PCC is shorter. The harmonics in the network current are
compensated according to the IEEE-519 standard, the voltage at the PCC is improved
using feed-forward to minimize the switching ripple, and the current grid is balanced
by avoiding oscillations under unbalanced load conditions.

The rest of paper is structured as follows: Section 2 presents components of the grid-
connected PV system. Section 3 elaborates on the adopted control strategy. Section 4
presents and discusses the simulation results. Finally, the conclusions are drawn in
Section 5.

2. Components of Grid-Connected Photovoltaic System

The PV system connected to the grid is shown in Figure 1. This system consists of a
PV generator, a DC-DC, MPPT, DC converter link capacitor, the VSC, and LCL filter. The
implementation of the proposed control strategy shows that the boost supplies the DC link
with energy generated by the PV generator capacitor through adjusting the voltage of the
PV generator, which coincides with the maximum power to the power curve of the PV
generator.
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The VSC converts the energy generated by the PV generator and supplies the power
grid. The filter is used to attenuate high switching ripples and avoid resonance in the grid.
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Figure 1. Main components of grid-connected PV systems.

3. Complex-Vector-Control Method

The developed control method is shown in Figure 2a,b. Both converters have their
own control. Herein, the PV array voltage (Vpv) and PV array current (Ipv) are sensed,
then provided to the P&O MPPT controller. The P&O MPPT controller sets the PV array
set point voltage based on the estimated value that matches the maximum PV power. The
PV set point voltage and the voltage on the DC link determine the duty cycle of the boost
inverter. The DC-DC converter switching pulse is realized by comparing the duty cycle of
the boost inverter with the high-frequency sawtooth waveform.

.
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Figure 2. Cont.
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Figure 2. (a) Modified complex vector scheme; (b) modified complex-vector-filter for HFPS compo-

nents extraction.

The VSC control is required to detect the distribution network current (isuv, isvw),
PCC voltage (vsuv, vsvw), load current (iLuv, iLvw), and the input voltage of VSC (Vdcs).
This voltage is adaptively reshaped, which refers to the voltage of the PCC, to achieve the
smallest VSC switching loss. The detected grid current is compared with the reference
current generated in the current controller, and the switching pulse of the VSC is performed.
The VSC command is required to provide four quantities, which are identified by the AP
component of the load current (ILp), the PV dynamic current (Ipvd), the DC loop voltage
loss current component (ILoss), as well as the template unit used for synchronization
between the grid and the PV converter.

A. Unit templates Generation
The grid line voltages V,;, and V. are considered with the three-phase grid voltages
Via, Vsp, Vsc extraction as follows:
Vsa = %(zvsub + Vsbc)
Vio = 3(=Vea + Vetc) M
Ve = %(_Vsab - 2Vsbc)

The estimation of the PCC voltage amplitude is determined from:

2
Viot = \/3(‘/5211+‘752;,+‘752{: )

The three-utility grid voltage unit templates are expressed as:

— Vsl

ul - Vtot
_ Vo

Up = Viot (3)
_ Vg

us = Viot
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B.  Evaluation of the dynamic PV current I;ymax

The generated PV voltage and current Vyy, [, are herein considered, then the power
of PV array is as follows:

Ppy = Vpy * Ipy (4)
The dynamic PV current is provided by:

2PPvmax (5)

IPVmax = 3Vior
0

C. DC-Link Loss Current Evaluation

The detected VSC input voltage and the reference DC link voltage are provided to the
DC voltage comparator to generate an error voltage (Voo = Vigerer X Vie), which is fed to
the PI voltage controller. In this way, the continuous link loss current component (I;.) is
obtained.

Idc (k) = Idc (k - 1) + kp X [Vdcev (k) - Vdcev (k - 1+)} + ki X Vdcev (6)

D. Active Power Component of Load Current Estimation

In the three-phase system, the fixed x-axis and (3-axis load current components are
determined from several load current phases as follows:

j 1 (2 1 17 i
=l S R | @)
irp V31| 0 1 -1 ]

In-phase and quadrature harmonic-free positive sequence (HFPS) load currents and
harmonic-free negative sequence (HFNS) load currents are extracted from the distorted load
currents i, (k) and i (k) using the CVF. Its implementation can be obtained as follows:

The form of the typical first-order low pass scalar filter is known by the unity gain for
the continuing component, mitigating the harmonics as follows:

w
L'(s) = —
(S) S+ we

®)

The substitution of s = s — jwy into (8) results in the first complex vector, which can

be written as follows:
We

L(s) = L'(s — jwo) = 5 — jowy + we

©)
The derivation of the CVF is implemented as follows: The SFG of (9) is shown in
Figure 3b, which is transformed from Figure 3a thanks to the negative feedback.
In Figure 3b, % is formulated as:

1 s+ jwg s . wo

— = = +
s—jwo 2+ wi 2+ w] ]sz+w5

(10)

The scalar integration of (9) is presented in Figure 3c. Figure 3d is the transformation
of Figure 3c. It is known for its simplicity of the first-order CVF implementation.
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Figure 3. (a) Complex vector SFG; (b) equivalent complex vector with unity feedback structure;
(c) scalar implementation of complex-vector-filter; (d) simple alternative of complex vector structure.

The value of wc influences the dynamic response and the attenuation of the HFINS
components. A higher value of wc leads to faster dynamic response, but poor HFENS
component attenuation. Therefore, to obtain a good dynamic response, and to eliminate the
HEFNS component, the x-axis and 3-axis HFINS components are also extracted in a similar
way as the HFPS components. The obtained HFNS and HFPS components are subtracted
from the distorted a-axis and (3-axis load currents. The wc is chosen to be equal to 0.707 wn
to achieve a good dynamic response. Therefore, the extracted current components of HFPS
and HENS can lead to these final equations:

Wn

it = S_].(j;%m(s) ~ iy (8) =i (5)) an
ifp = s—j:\/gi%(iw(s) —ifg(s) =i (5)) (12)
I = swci;i%(im(s) — i1 (8) —ipy () (13)
ip1 = s—kjc:)z,%—i-\“;%(iw(s) — i (s) —igg (9)) (14)

The HFPS current components izr“(s) and izrﬁ(s) are adopted to derive the active and
reactive components of the load current as follows:

irp coswgt sinwgt] |if,
ILg sinwgt coswgt| |14
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E. Grid Frequency and Reference Angle Estimation

In the case of a large grid frequency drift, the estimated HFPS components are not
orthogonal, thus the extracted AP components of the load current are not accurate. As a
result, under the condition of frequency drift with minimum overshoot and settling time, it
is very important to estimate the frequency of the utility grid. The accurately estimated
governing equation with good dynamic response is:

wWg :wn+/ki(%) (16)
e:/(wg+kp%> (17)

F Grid References current Estimation

The active power grid current is formulated as follows:
Ipt =l + ILp + _Ipvmax (18)

The three-phase grid reference currents are estimated, adopting the AP network
current as follows:
i:a = Ipt X Ug
iy = It X uy (19)
Z':;C =1 pt X U

The comparison between these grid reference currents and the sensed grid currents
through a comparator and feeding to a current controller can lead to the VSC control
switching sequences.

4. Simulation Results

The CVF control performances have been checked through the obtained simulation
results using MATLAB/SIMULINK software, and proved under different cases. The
efficiency of the proposed controller is illustrated by simulation results for estimating the
amplitude, phase, and dynamic response of the load current before and after filtering.
The proposed control approach provides a high degree of immunity against the frequency
phase shift and voltage transients in the distribution network. The simulation parameters
of the implemented network support PV system are provided in Appendix A. The system
model is developed for a utility grid system (UGS) via a maximum power of 80 kW and a
frequency of 50 Hz. The UGS was powered by a PV system of 80 kW. The proposed CVF
was evaluated in a functional grid-connected PV system.

Figures 4 and 5 present the proposed CVF performance to ensure the utility grid
currents and voltages stability. The CVF ensures a proper and an optimal operation between
the PV and UGS. As shown, it eliminates the fluctuations and undesirable harmonics during
the simulation time.
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Time [s]

Figure 4. Grid current.
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Figure 5. Grid voltage.

The proposed improved CVF method is not only used to synchronize PV convert-
ers, but contrary to PLL-based methods, it can also estimate the fundamental frequency
quadrature current, which only locks the PV inverter to the network. In addition, the
performance of PLL-based algorithms will significantly change with the grid voltage and
frequency deviation. The fundamental frequency quadrature current components are no
longer orthogonal, thus leading to the inaccurate estimation of AP component of load
current. The response of the proposed control algorithm under the change in the grid angle
is shown in Figure 6.

Grid Angle [rad]

\ \ ‘m“l : i |
* IR l HRHe
> I B
‘ I i“"‘l A 206

T T, ‘
() 2002

I
0 1 2 3 4 5 6
Time [s]

Figure 6. Grid angle variation.
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Load Current [A]

Filtered Alpha/Beta Current [A]

The load currents comparison of various phases before and after the modified CVF
is presented in Figure 7. It is observed that there is no phase shift between the input
and output quantity of CVF, which illustrates that the proposed CVF provides robustness
against harmonic problems.

Figure 7. Load current before and after the CVF filter in alpha/beta.

It is noticeable that the current is perfectly sinusoidal and does not suffer from abnor-
malities thanks to the CVF filter, which smoothed the load current.

Figure 8 shows the performance of the CVF compared to the PI&PLL control. The AP
with the proposed CVF is more robust, stable, and optimal compared to the PI&PLL control.
From [0; 0.3] s, the CVF ensures the robustness and stability during the synchronization
between the PV and UGS. The PI&PLL control presents higher active and reactive power
loss pulses during synchronization. However, the CVF ensures the elimination of the RP
fluctuations during synchronization (Q(VAR) = 0).
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Figure 8. Active and reactive powers comparison: Red color denotes PI&PLL, while the green color
denotes CVE

At the intervals [1.5; 3.3] s and [4.3; 5.3] s, when the irradiation decreased, the PV with
CVF continues to supply the maximum power to the utility grid, contrary to the PI&PLL
control. Then, the CVF proves more effective, which is reasonable for use in the case of
intermittent renewable sources, such as PV to decrease the irradiation conditions change
impact.

Within the interval of time [3.3; 4.1] s, when using the CVF, the PV supplies only
the power demand. Therefore, the CVF ensures the optimal needed power to the UGS.
Compared to the PI&PLL control, which presents the reactive power fluctuation, the CVF
ensures the elimination of RP fluctuations (Q(VAR) = 0).

Figure 9a,b depicts the harmonic performance before and after the CVF application.
Herein, the load current THD is reduced from 14.64% to around 1.56% in the utility grid
current, knowing that in [19], the total harmonic distortions value of the waveforms is
2.08%. The non-linear load value has been set according to the recommendation in the
standard IEC 62040 [20]. Accordingly, the non-linear load active power is set to around
60% of the rated power of the inverter. The values of the THD in each reference cannot be
clearly compared unless they are implemented on the same system and under the same
conditions.
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Figure 9. (a) Load current before the CVF filter; (b) load current after the CVF filter.

5. Conclusions

In this paper, a CVF-based control was presented to accomplish the dual functions,
such as harmonic filtering capability and active power injection. The proposed control has
been integrated on a three-phase grid-connected PV system. The proposed control system
can be effectively controlled to operate as an APF with the functionalities of source current
harmonic suppression, reactive power compensation, active power injection, and source
current balancing. The results demonstrated herein clearly indicate that the presented
control offers excellent performance in the case of an unbalanced load. This enables the
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utility grid to supply pure sinusoidal current. The proposed control has been compared to
one of the conventional solutions, where it was shown that it offers a good performance
compared with PI&PLL control. Finally, the current is perfectly sinusoidal and does not
suffer from abnormalities thanks to the CVF filter, which smoothed the load current. The
load current THD is reduced from 14.64% to around 1.56% in the utility grid current.
Furthermore, the CVF ensures robustness and stability during the synchronization between
the PV and the utility grid system, while the PI&PLL control presents higher active and
reactive power losses during synchronization. On the other hand, the proposed CVF
ensures the elimination of the reactive power fluctuations during synchronization.
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Abbreviations

AP Active power

i11i3 Grid current

iochpi Bhpi;:xl Positive sequence harmonic currents
i]:’%l HFPS current components

ial iL_IB1 HFNS current components

RP Reactive power

CVF Complex-vector-filter

C1.Cy, Cs Filter Capacitor

HFPS Harmonic-free positive sequence
HENS Harmonic-free negative sequence
HCC hysteretic current control (HCC)
L Load inductance

Lia Loa Lsa Grid inductance

L1 L Ls Filter Inductance

MPPT Maximum Power Point Tracking
PV Photovoltaic

PI Proportional integral

R Load Resistance

RES Renewable energy sources

SFG Signal flow graph

UGS Utility Grid System

\LY: Filter cut off frequency

Wn Nominal frid frequency

wg Estimated grid frequency

VSsC Voltage source converter

Appendix A. Simulation Parameters

Ppv: 60 kW; Vde: 789 V; grid voltage : 220, /2 V; nominal grid frequency: 50 Hz;
LCL filter: L1 =L2: 3.6 mH/R1 = R2 = 0.04 O); wn: 314 rad/s; wc: 0.707 wn.
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