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Abstract - The present paper studies the current harmonic attenuation for four synchronization strategies commonly used in
inverters for photovoltaic power generation. In a model of a 6kWp photovoltaic generator, the four synchronization strategies are
implemented in the inverter controller. Real-time simulations are performed, for this purpose, the models of the photovoltaic generator
and the utility grid were embedded in an OPAL-RT OP5707XG simulator. The distortion of the grid current for each synchronization
strategy is analyzed using its corresponding frequency spectrum and a comparison is made with the IEEE Std. 519-2022 standard.
The purpose of this test is to observe the effect of the synchronization strategy on the harmonic attenuation of the grid currents. The
results show that one of the synchronization strategies evaluated in this work may be sufficient for the system to comply with the
harmonic standard for photovoltaic generators without the use of harmonic compensation structures or active harmonic filters. The
evaluation of the harmonic distortion behavior of photovoltaic generators as a function of the synchronization strategy used in the

inverter controller is the principal work contribution.
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1. INTRODUCTION ity of power systems, mainly due to the harmonic distor-

tion generated by these types of systems [4-6].
The large number of renewable energy resources

(RES) that are integrated into the electrical power distri- Grid voltages are measured in grid-connected photo-

bution system presents several issues, such as harmonic
distortion in the utility grid [1-3]. Research has shown
that the presence of diode rectifier-based systems and
other nonlinear loads adversely affects the power qual-
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voltaic (PV) generators and sent to the control system of
the inverters that act as power conditioners. These volt-
ages are used in the control block as the synchroniza-
tion strategy for determining grid parameters like grid
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phase angle and grid frequency, and to perform opera-
tions such as applying the Park transformations, a PQ
power control, among other control techniques applied
to these renewable agents. If the grid voltages are af-
fected by harmonic distortions, these harmonics can be
introduced into the inverter control system [7], so that
the grid currents injected by the PV system contain har-
monics coming from the grid voltages [8]. According to
[7], if there is harmonic pollution in the grid voltage, the
output current will also be affected by the harmonic.

Because the incidence of harmonics can influence
the level of quality of the energy injected by photovol-
taic generators [5, 9], and the fact that the grid currents
must fulfil some normative regarding the harmonic
distortion, where a 5% of the Total Harmonic Distortion
of current (THD) it is recommended [10], several works
investigate solutions to the problems due to the grid
harmonic distortion caused by non-linear loads.

In [2] the authors examine the effect of grid voltage har-
monics on the performance of rectified power converters
by formulating the voltage and current harmonics of the
converter. A method for finding the inverter current har-
monics caused by the PWM signal as a dependence of the
load profile is presented by the authors in [3]. In [11], an
innovative design method for a Proportional Resonant
(PR) controller with a selective harmonic cancellation is
described for a grid-connected PV generator.

An integrated approach for improved grid current
harmonic compensation including power ripple atten-
uation in a PV generator is proposed in [12]. In [13, 14],
harmonic compensation structures are used to reduce
current harmonic levels. Active harmonic filters are also
used for this purpose, but there are no feasible for small
grid-connected renewable energy system [5].

Previous works had focused on the effect and the
techniques needed for harmonics compensation [6],
arguments in favor of the need for the application of
techniques for the reduction of the presence of har-
monics in electrical power distribution systems with a
strong presence of RES.

In addition, as can be seen in [15], the harmonics
introduced by Inverter-Based Resources (IBR) under
a high penetration of RES can, under certain circum-
stances, impact the system stability.

The ability of a PV inverter to attenuate harmonic
currents due to the influenced of the synchronization
strategy used in the inverters of photovoltaic genera-
tors is analyzed in [16], where the results showed that
the synchronization strategy affects the harmonic at-
tenuation capability of the inverter.

Due to the above, the impact of the synchronization
strategy on reducing the harmonic distortion in grid-
connected PV generators, is analyzed in this work to
show their impact in the grid current harmonic attenu-
ation of PV generators when voltage harmonics affect
the utility grid.
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To carry out the above mentioned, four synchroni-
zation strategies will be implemented in the MATLAB/
SIMULINK R2022a software [17]. All of them will be
simulated in an OPAL-RT's OP5707XG simulator [18]
and their behavior will be compared to each other
to have a clear analysis of their effect on the grid cur-
rent harmonic attenuation. For this, the harmonic at-
tenuation of the utility grid current due to the applied
synchronization strategies will be analyzed using the
corresponding frequency spectrum, and a comparison
with the standard IEEE Std. 519-2022 [10] will be made.

The current work is organized in 6 sections: Section
2 provides a brief description of the synchronization
strategies that will be evaluated in this work. Section
3 describes a PV generator which will be used as a
case study to evaluate the impact that synchroniza-
tion strategies have on the attenuation of harmonics in
the grid currents. The methodology used in this work
is shown in Section 4. In Section 5, simulations using
MATLAB/SIMULINK R2022a software [17] and an OPAL-
RT's OP5707XG simulator [18] are carried out. In Sec-
tion 6 of this work, the results obtained are discussed
and the conclusions are presented.

2. SYNCHRONIZATION STRATEGIES

To properly match the grid currents of the PV invert-
er to the grid voltages, it is needed to determine the
phase angle of the grid [19-21]. A summary description
of four synchronization strategies to be used in this
comparative study is shown in Table 1.

Fig. 1a displays the diagram of the synchronization
strategy named Phase-Locked Loop (PLL), which con-
sists of the Clarke and Park transformations, a Pl regula-
tor and a voltage-controlled oscillator [22-24]. Fig. 1b
shows the PSD+dqPLL synchronization strategy [22,
25], which consists of a PLL plus a Positive Sequence
Detector (PSD) block able of determining the positive
sequence of unbalanced grid voltages.

A Dual Second Order Generalized Integrator Fre-
quency-Locked Loop (DSOGI-FLL) [24] synchronization
strategy is shown in Fig. 1c, which consists of a block
where the Clark transform is applied to the grid volt-
ages, two blocks Quadrature Signal Generation (SOGI-
QSG), a Positive Sequence Calculator (PSC) and a Fre-
quency-Locked Loop (FLL).

Fig. 1d shows a Multiple Second Order Generalized
Integrator Frequency-Locked Loop (MSOGI-FLL) syn-
chronization strategy, which consists of a Harmonic
Decoupling Network (HDN) block used to reject the
influence of any other harmonics in the selected har-
monic, four DSOGI-QSG blocks (for the 1st, 2nd, 5th
and 7th harmonics), and a FLL block [26].

Since this work does not aim at a detailed study of
each of these algorithms, Table 1 includes references of
these algorithms, therefore that interested readers can
study its design and operation in detail.
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Table 1. Description of the synchronization strategies evaluated in this study

Reference Name Acronym s Digital Filter used Transfer function
methodology
Synchronous Reference Proportional
[22-24] Frame Phase-Locked dgPLL Phase n teprator ®l) H(S)=(Kps+Ki)/(s*>+Kps+Ki) (1)
Loop 9
16,22, 25] Positive Sequence PSD+dgPLL Phase Proportional HS)=(Kps+Ki)/(s*+Kps+Ki) (1)

Detector plus a dgPLL Integrator (PI)

Dual Second Order
[24] Generalized Integrator DSOGI- FLL Frequency
Frequency-Locked Loop

Second Order . -, ”

Generalized (SOGI) SOGI(s)=V'/(KE)(s)=w's/(s*+w")  (2)
Multiple Second Order

[26] Generalized Integrator MSOGI-FLL Frequency
Frequency-Locked Lop

Second Order

Generalized (SOGI) SOGI(s)=V'/(KE)(s)=w's/(s*+w")  (2)
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Fig. 1. Block diagrams of the synchronization strategies used in this study [27]. (@) dgPLL. (b) PSD+dqPLL.
(c) DSOGI-FLL. (d) MSOGI-FLL
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3. PHOTOVOLTAIC GENERATOR FOR CASE STUDY

A 6kWp PV 3-phase grid-connected generator model
is used to evaluate the achieved grid current harmonic
attenuation for each synchronization strategy ana-
lyzed, which is composed of two subsystems, Power
and Control. The PV modules [28], the capacitor link,
the inverter [29], the LCL filter [30], a transformer [31],
an EMI filter [32], and finally, the utility grid [33] form
the power subsystem. A maximum power point tracker
(MPPT) block [28], [34], a cascade control [35] and the
synchronization strategy form the control subsystem.

Table 2 summarized the Power subsystem param-
eters. The parameters used to design the synchroniza-
tion strategies are shown in Table 3.

4. METHODOLOGY

Fig. 2 shows a flowchart of the methodology used
in this work. A MATLAB/SIMULINK model of a 6kWp PV
generator is developed using the parameters shown in
Tables 2 and 3, implementing the synchronization strat-
egies shown in Section 2. After validating the correct
functioning of the MATLAB/SIMULINK model, the distor-
tion caused by non-linear loads and converters used by
renewable energy sources is simulated by voltage har-
monics introduced into the 3-phase low-voltage utility
grid. For this purpose, a 4% harmonic contamination in
the 5th and 7th harmonics in the grid voltages is applied,
attaining a Total Harmonic Distortion of voltage (THD)
of 5.66%. For modelling the voltage grid with harmonic
distortion, the system voltage of Eq. (3) is used.

Ugrty = Usr cos(wt + Oy1,)
+ Upsyr cos(5wt + Oypsy)

+ Upyr cos(7wt + Oypyr)

Ugsity = Uss cos(wt + Oyys)
+ Upss cos(5wt + Oypss) (3)
+ Upys cos(7wt + Oypys)

Ugtty = Uyt cos(wt + Oyyr)
+ Upse cos(Swt + Oypse)
+ Upyecos(7wt + Oyprt)

where h is the harmonic order, w is the angular fun-
damental frequency, U is the voltage magnitude, 6 is
the voltage phase angle of the fundamental frequency,
and 6, is the voltage phase angle of the harmonic h.

Table 2. PV power subsystem parameters

Parameters Value

Utility grid Vrms=220V (ph- ph), 50Hz

THDV=5.66%

R=20 mQ, C=1.5 pF, L=3.9mH
50Hz, 308/232V, Snom=6 kVA

SKS22FB6U+E1CIF+B6Cl,
SEMISTACK-IGBT

Vee=350V
P=6 kW

Utility grid Total Harmonic
Distortion of voltage

Outer Filter

Transformer
Voltage Source Inverter

DC bus voltage
PV power
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The synchronization strategies evaluated must be
able to identify the frequency and phase of the 3-phase
grid voltages in the presence of harmonic distortion,
so that this information is sent to the PV generator
control system to ensure proper inverter operation. If
the phase and frequency of the grid are not detected
during the MATLAB/SIMULINK simulations, it will be
necessary to readjust the parameters governing the re-
sponse and stability of the synchronization strategies
studied, which are shown in Table 3.

After evaluating the operation of the photovoltaic
generator in the presence of voltage harmonics, exper-
iments will be performed using a real-time digital sim-
ulator. This allows tests to be carried out with certain
similarities to those of a physical photovoltaic system.

The harmonic distortion of the utility grid current for
each synchronization strategy is analyzed using its cor-
responding frequency spectrum and a comparison is
made with the standard IEEE Std. 519-2022.

Table 3. Parameters of the synchronization strategies

Parameters Value
PLL natural angular frequency 130 rad/s
Settling time 50ms
Damping factor for the dgPLL V272
Gain of the SOGI V2
Damping factor for the DSOGI 0.707
Centre angular frequency for the DSOGI 314 rad/s
Gain to the settling time of the FLL block 100

The above is done to observe the impact of the syn-
chronization strategies into harmonic attenuation of
the currents. A calculation of the THD, of the inverter
grid currents is carried out for each synchronization
strategy used, then the results obtained are compared
and discussed.

The THD, of the grid current is determined using the
synchronization strategies shown in Table 1. The THD,
can be calculated using Eq. (4) [36].

THD; (%)

_ VU2 + U2 + U2 + Us)? + (n)?]
Iy

4)

X 100

where I and I, are the individual harmonic current dis-
tortion values in amperes and the fundamental current
distortion values in amperes, respectively.

5. RESULTS

5.1. MATLAB SIMULATIONS

Modeling is done in MATLAB/SIMULINK2022a soft-
ware [17] using the synchronization strategies shown
in Table 1 and the values from Table 2 and Table 3. As
a result of the MATLAB/SIMULINK simulations, Fig. 3a
shows the grid voltages disturbed by a THD,, of 5.66%.
The deformation of the 3-phase grid voltages due to the
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5% and 7" harmonics can be observed. The distortion is
intentionally added to the utility grid so that when these
harmonics are sensed for feedback to the PV generator
control subsystem, they interfere with the control sub-
system. When the grid voltage signals are sent, the abil-
ity to identify the frequency and phase of the grid could

( Start ,

Mathematical
models of PV
generator

Modeling in
MATLAB/
SIMULINK

Correct No
simulation
errors

Does the simulation
execute correctly?

Configuration
MATLAB/
SIMULINK model
for RTDS in RT-Lab
and Oscilloscope
capture

Debug, load
and run

be affected. This will allow the effect of synchronization
strategies to cancel current harmonics at the inverter
output when the grid is affected by voltage harmonics.

Because of harmonic distortion in the grid voltages,
Fig.3b-c show the detected angular frequencies and
phases by the synchronization strategies.

Troubleshoot

simulations in
real-time

and fix
discrepancies

Does the RTDS correlates
with the MATLAB
simulations?

Data
acquisition

Determination
of THDI

End

Fig. 2. Flowchart of the methodology to be used
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Fig. 3b shows significant oscillations in the frequencies
estimated by dqPLL and PSD+dqgPLL (red and black, re-
spectively), demonstrating the poor ability of these syn-
chronization strategies to detect the grid frequency un-
der conditions of harmonic distortion. In blue of Fig. 3b, a
smaller oscillation is observed in the frequency detected
by DSOGI-FLL, which allows a more approximate estima-
tion of the grid frequency with respect to the frequen-
cies obtained by dqPLL and PSD+dqPLL synchronization
strategies. A better detection of the frequency is done by

the MSOGI-FLL, as can be observed in yellow. This allows
the control signals obtained from the synchronization
strategy are not affected by the harmonic distortion of the
grid voltages shown in Fig. 3a. As shown in Fig. 3¢, poor
phase detection is seen with dqPLL (red) and PSD+dqPLL
(black); this is mainly due to the setting of the natural
angular frequency of the PI regulator, which requires a
trade-off between good harmonic attenuation and high
dynamics. As shown in Fig.3c (yellow), near perfect phase
detection is achieved with the MSOGI-FLL.

200 1 T T T T
—Ugr |
E 100
g = —Ugs -
3
100 - o
\/\ vat
=200 — | ] | [
(a)
W 400 T 3
B MSOGI-FLL
S
e DSOGI-FLL |
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-
2 ——PSD+dqPLL
< 250 =1 j
| T
_ MSOGI-FLL
g DSOGI-FLL
o dgPLL
@ ——PSD+dqgPLL
f | | | q
0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
Time (s)

(0)

Fig. 3. (a) Grid voltages with harmonic pollution (THD , = 5.66%.). (b) Time evolution of the detected
angular frequency by the synchronization strategies under harmonic pollution. (c) Time evolution of the
phase detection by the synchronization strategies under harmonic pollution

5.2. REAL-TIME DIGITAL SIMULATIONS

A photograph of the setup used to perform the
real-time tests is shown in Fig. 4. It can be seen the
OP5707XG real-time simulator, a server as the host PC
and lastly, an oscilloscope is employed to record the
voltage and current traces. A diagram of the real-time
simulation configuration is displayed in Fig. 5 where
can be seen the OP5707XG simulator, the Siglent SD-
S$1204X-E oscilloscope and the PowerEdge R230 server
computer host PC [37].

Fig. 6a shows the grid current when a dgPLL was
used as the synchronization strategy, where there is
significant distortion of the current waveform due to
the presence of harmonics. As shown in the frequency
spectrum in Fig. 6b, which corresponds to the grid cur-
rent in Fig. 6a, the 5th and 7th harmonics are present.
In percentage terms, the distortion at the 5th and 7th
harmonics is 4.66% and 4.73%, respectively.
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This results in a THD, of 6.63%, which is higher than
the maximum THD, of 5% allowed by the IEEE Std. 519-
2022 Standard.

The grid current when using a PSD+dqPLL synchro-
nization strategy is shown in Fig. 7a. Comparing the
current waveform with that obtained using dgPLL, a
slight reduction in the harmonic distortion of the grid
current can be observed. In the frequency spectrum in
Fig. 7b, which corresponds to the grid currentin Fig. 7a,
the presence of the 5th and 7th order current harmon-
ics can be observed, with percentages of 3.86% and
3.78% respectively, giving a THD =5.40%. However, de-
spite the significant harmonic attenuation, the results
do not comply with the limit proposed by the IEEE Std.
519-2022 Standard.

Fig. 8a shows the grid current using a DSOGI-FLL as
a synchronization strategy. There is distortion of the
current waveform due to the presence of harmonics.
As can be seen from the frequency spectrum in Fig. 8b,
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which corresponds to the grid current in Fig. 8a, the 5th
and 7th harmonics are present. In percentage terms,
the distortion at the 5th and 7th harmonics is 3.69%
and 3.67%, respectively. A THD=5.20% of the grid cur-
rent was achieved, this value being higher than the 5%
suggested by the regulations. Regarding the results
obtained with the dqPLL and PSD+dqgPLL synchroniza-
tion strategies, significant harmonic attenuation was
achieved when DSOGI-FLL was used.

Fig. 9a shows the grid current using a MSOGI-FLL as
a synchronization strategy. Note the distortion of the
current waveform due to harmonic pollution, how-

ever, when comparing the waveform with the current
waveforms using the other synchronization strategies
(Fig. 6a, 7a and 8a), the current waveform distortion
using MSOGI-FLL is lower. The 5th and 7th harmonics
are present in the frequency spectrum in Fig. 9b, which
corresponds to the grid current in Fig. 9a. Expressed as
a percentage, the 5th and 7th harmonic distortions are
3.15% and 3.36% respectively.

The percentage values for the 5th and 7th harmonics
reveal that a significant attenuation of harmonics was
achieved, resultingina THD,in the grid current of 4.60%,
in compliance with the IEEE Std. 519-2022 Standard.

RIESGO |
RICO |

Fig. 4. Photo of the set-up for the execution of the simulations in real-time

PowerEdge R230 Server

SM_Control_Plant

Host Computer

—— — — OP5707XG

| = "=
*

L — e — —

Osciloscope

VC707 FPGA

3 e
ey | G
s

[Dout| Ain [Dout| Ain | Din | Ain Aout|

[

Fig. 5. Block diagram for the configuration of the simulations in real-time

The equivalent amplitude distortion in the grid cur-
rent at phase 1 for the harmonics is shown in Table 4.
Additionally, the resulting harmonic distortion when

Volume 16, Number 6, 2025

each synchronization strategy is applied is shown and
compared to the IEEE Std. 519-2022 Standard.
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Table 4. Harmonic distortion corresponding to the grid current of phase 1

Name 5% Harmonic distortion (%) 7t Harmonic distortion (%) Distortion limit (%) THD, (%) THD, limit (%)

dgPLL 4.66 4.73 <4.0 6.63 <5.0
PSD+dqgPLL 3.86 3.78 <40 5.40 <50
DSOGI-FLL 3.69 3.67 <4.0 5.20 <50
MSOGI-FLL 3.15 3.36 <40 4.60 <50

6. DISCUSSION AND CONCLUSION

Table 4 shows a summary of the THD, of the grid cur-
rent resulting from using the synchronization strategies
shown in Table 1. Furthermore, these resulting THD,
values are evaluated with the IEEE Std. 519-2022 Stan-
dard. On the one hand, significant harmonic attenua-
tion is observed when the MSOGI-FLL synchronization
strategy is used. On the other hand, a poor harmonic
attenuation is obtained when the dgqPLL synchroniza-
tion strategy was employed.

The contribution of four synchronization strategies
to decrease the magnitude of current harmonics in PV
generators when the grid voltage is disturbed by har-
monic pollution was studied in this paper. Following, a
resume of the performances of these synchronization
strategies are remarked:

The dgPLL synchronization strategy uses a Pl which
behaves as a low pass filter. However, for the settling
time used along the paper, the cutoff frequency is not
enough to attenuate properly the harmonics, and, con-
sequently, a poor harmonic attenuation is attained.

Compared to dgPLL, the notable attenuation of har-
monic distortion achieved when using the PSD+dqPLL
is due to the use of the positive sequence detector
(PSD) block which cancels the effect of the negative
sequence of the 5th harmonic. The above allows bet-
ter detection of the grid phase and grid frequency, thus
sending reliable information to the inverter controller
used in the PV generator.

When the DSOGI-FLL is compared with the dqgPLL,
a greater reduction of harmonic contamination was
obtained using the DSOGI-FLL. This better behavior is
because a Positive Sequence Calculator block is used
in the DSOGI-FLL. Despite the harmonic attenuation
achieved, a significant harmonic contamination can be
observed in the grid current, and then, the obtained
THD, exceeds the limits imposed by the standard on
grid current harmonics IEEE Std. 519-2022.

When the MSOGI-FLL was tested, an important re-
jection in the harmonic distortion of the grid current
harmonic was observed due to the use of the block
Harmonic Decoupled Network [26], in addition to a
DSOGI block corresponding to each of the harmonics
found in the utility grid. Also, several Positive Sequence
Calculator blocks were implemented, to attain only the
positive sequence of the harmonic of the grid voltages
and, as consequence, rejecting the harmonic pollution
effects of the negative sequence.
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This work concludes that depending on the synchro-
nization strategy used, a different behavior of harmonic
distortion attenuation is observed in the grid currents
of photovoltaic generators. MSOGI-FLL is an effective
solution to reject the magnitude certain number of
harmonics.
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