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ABSTRACT

This article presents a synchronization

oop. This elaborate control does not
t it exploits its fundamental condition of
Iting consequence that manifests itself in the
nd the electrical network voltage. The voltage

The control is based on the principl
necessarily use the blocks of a phas

n 1nverter from the photovoltaic chain developed in the laboratory was tested
frequency (50 Hz) and at other frequencies (50 Hz to 80 Hz) to evaluate the
o track frequency variations that may occur in practice due to grid disturbances.
ured inverter, equipped with the proposed phase-locked loop, successfully follows
jical network. The steady-state frequency and phase errors remain below 1%, and the
ncilfonization loop is established within 25 ms. The experimental results confirm the
ronization of the inverter to the power grid over a wide frequency range. Compared to
classical synchronization techniques, often more complex to develop, the proposed phase-
locked loop is a simple approach and suitable for implementation on standard microcontrollers
controlling photovoltaic inverters under rapidly changing operating conditions.
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INTRODUCTION

The increasing use of renewable energy sources , in particular photovoltaic (PV) systems,
is an essential solution to reduce greenhouse gas emissions and ensure sustainable electricity
production [1]. However, the large-scale integration of these systems into power grids raises
several planning, operational and management challenges [2]. Microgrids and distributed
generation systems require reliable power electronic interfaces, such as DC-DC conyggrters to
regulate the power from PV panels [3], and the inverters to convert this energ
compatible alternating current [4].

Inverters play a crucial role in the quality of injected energy [5]. They
modulation (PWM) techniques to control the output voltage and frequgme
signals applied to power switches [6]. There are two different stratedie
unipolar modulation, which is characterised by low switching losggeng

onics [8]. In

order to further improve signal quality, advanced techniques mployed such as

spatial vector modulation (SVPWM) and sinusoidal modul ¢ widely used [9],
[10].

The frequency, phase, and amplitude of the invert ignal must be precisely
synchronised with the network while maintaining 4 onic distortion (THD) low in

ave at the inverter’s output
similar to that of the electrical grid’s charg nsured by the two signals being
synchronised.

Phase-locked loop (PLL) is the mostc

with the network [12]. This allows t produce an output voltage with a frequency

equal to the network's frequency se difference. The significant problem with
PLLs is the locking area (frequefCy r achieving a fast loop response time. Apart from
these two conditions (lock st detection), the PLL remains sensitive to perturbations
and transient variations an o overcome these limitations, many variations have

been developed over
Golestan et al.

Zhang et al. [14] enhanced SOGI-PLL to improve distortion
roposed the DSOGI-PLL, effective in unbalanced networks. Liu
PLL, widely adopted but sensitive to continuous shifts. Ortega and

s and high-performance processors (DSP, FPGA), which limits their adoption in
low-cost systems [14]-[20]. Therefore, the development of simple, robust and cost-effective
synchronization techniques remains an open research need.

This work is part of the framework to propose a synchronization strategy for single-phase
PV inverters, based on zero crossing detection (ZCD) [21] combined with SPWM [9].

Unlike classical PLL methods, this work adopts a path that involves only a zero-crossing
detector (zero comparator) to obtain a square-wave signal of the same frequency as the grid.
An 8-bit, general-purpose microcontroller then receives this sinusoid-shaped square-wave
signal and generates the SPWM control used to drive a single-phase PV inverter.
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This work is organized by designing a PV system that joins a 180-Watt peak power PV
panel to a single-phase H-bridge inverter via a power adaptation structure. The purpose of this
design is to:

* Synthesize a sinusoidal waveform, at the output of the inverter charged by resistive load,
with the same characteristics as those of the electrical network (same frequency and phase and
same amplitude) by applying the ZCD synchronization technique with the SPWM.

* Transfer the power, which exceeds the needs of the load, by redirecting it to the
adaptation stage upstream from the inverter, towards an electrolyser that absorbs any excess
power delivered by the PV generator and transforms it into hydrogen gas production through
water electrolysis phenomenon.

The rest of this article is organized as follows: section 2 presents the system a

PROPOSED SYSTEM

The proposed system aims to maintain grid compatibility whild i tive energy
management between the PV generator, electrolyser, and i S ollowing section
describes the system structure in detail, with particular focu 1
synchronisation with electrical grid.

design used for
System in blocks

Figure 1 illustrates the full architecture of a P
waveform at its final output with properties sj
The chain consists of:

nded to produce a sinusoidal
dof the single-phase electrical grid.

bility to tolerate voltage and current fluctuations across its
affecting its operation, thereby consuming the surplus energy

oos§converter, connected between the electrolyzer and the inverter. This
igiy stage specifically ensures a stable voltage at the inverter input [24],
ing it to generate an AC output with an effective value slightly higher than that
the grid voltage.

Afjinverter stage that converts the DC power into AC power meeting the nominal
tage and current requirements of the load. The inverter is supplied by the DC bus
regulated at 24 V and is controlled by a SPWM control, producing an alternating signal
which, after LC filtering, becomes a clean sinusoidal waveform matching the grid in

amplitude, frequency, and phase. This stage constitutes the main focus of this work.
The main advantage of this inverter structure lies in its nested dual-control mechanism: the
PWM command is fully embedded within a square-wave signal derived from the grid’s
sinusoidal voltage. The PWM switching sequence begins only when the control unit receives
the rising edge of this square-wave signal. This design enables a simple and flexible
synchronization method, as the synthesis of the sinusoidal inverter output starts simultaneously
with the detection and shaping of the grid waveform without requiring a feedback delay.
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Consequently, the inverter output follows the grid sinusoid in both frequency and phase without
a conventional feedback loop that could slow down the system response.

The ZCD-based PLL developed in this work differs fundamentally from conventional PLLs
in terms of internal structure but ultimately fulfils the same purpose: ensuring continuous
tracking of the grid’s frequency and phase for proper inverter synchronization.

| Regulated DC BUS

Buck Boost
Converter Converter

|

|
: i
s
| |
| |
| |

Inverter Filter

Control Control

ﬁ

MPPT DC Voltage I

Frequency,Phase I

Electrolyser

Inverter design

PV systems convert solar energy into DC, typically 8
devices operate on AC at 230 V or 110 V. PV igverterSNdfierefort play a crucial role by
q er, enabling its injection into

the electrical grid or its use to supply various al apfliances and machines.
Figure 2 shows the electrical schematj W-bidge inverter used in this design,

by the DC bus from the PV chain,
either to feed an AC load or to be injgcted into
(switches) are driven by PWM safhal
grid sinusoid (a pulse train emb&gdgdwi

\

grid. The gates of the MOSFET transistors
odulated using a square-wave signal derived from the
g square waveform).

s1 $3. 53

AC Output

4 -~ T A

S1 S2 S3 S4

PWM CONTROL TO GATE DRIVERS I

Figure 2. Full H-bridge inverter

The switching frequency was set to 500 Hz to minimize current ripples and obtain a
regularly sinusoidal waveform.

A galvanic isolation was implemented between the control and power sections using
optocouplers and gate drivers (A2211, IR2113) to protect the control circuitry from overvoltage
and faults originating in the power stage. This configuration also enhances the operational
safety and reliability of the overall system.
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SYNTHESIS OF THE ZERO-CROSSING DETECTION PHASE-LOCKED LOOP

A control strategy based on a ZCD-PLL-SPWM has been developed in order to achieve
reliable grid synchronisation. This section describes the principle of the proposed method and
its implementation within the inverter control structure.

Principle of the Zero-Crossing Detection Method

The developed synchronization strategy is based on the synthesis of a simplified PLL,
which differs from conventional architectures. Unlike traditional PLLs composed of a phase
detector, a low-pass filter, an oscillator, and a feedback loop, the proposed version combines a
ZCD circuit, a simple comparator of the grid sinusoidal voltage at 0 V, providing @ square-
wave signal at the same frequency as the grid, and a SPWM circuit derived frqf the grid
waveform. The square-wave signal is then sent to an 8-bit Arduino microcontr rther
processing and control.

Sinusoidal pulse width modulation control for the inverter

The SPWM is used for inverter control. This section presents tj@™ g
as well as the steps for its digital implementation on an Ard

indicating the main control parameters ensuring stable operaf d synchronization
with the grid.

Principle of the algorithm

The code controls the switches of the full-bridge inve gemrating two PWM signals

phase-shifted by 180°. The flowchart in Figure 3 sufffagrises$ge main steps of the process.

Initialize Timer 1 :
- Set Fast PWM Mode
» Compute ICR1 (frequency )
» Generate sinusoidal table

Timer 1 overflow Interrupt

vEs
Update Duty Cycles :
* OCR1A = dutycycle[i]
* OCR1B = dutycycle][j]

« Increment ondices (i,j)

v
Q Output SPWM Signals to pins (9,10)

Figure 3. Implemented algorithm of the SPWM for the H-bridge inverter

By using this equation to determine the duty cycle values from the sine function, the reference wave is
produced:

) . 2mi\Top (1)
duty cycle i = (1 + sm—)— + 0.5
n 2
Where:
* i: the table index (0 to n—1),
* n: number of samples per period,
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* TOP: maximum value of the Timer counter.
The PWM frequency is determined by the configuration of the ICR1 register from the
following equation:

Fcpu

Top = -1 (2

fPWM

Where:
Fcpu=16 MHz: clock frequency of the microcontroller.
Therefore, the PWM frequency can be written as:

_ Fepu
foww = 76p 11

The second PWM signal starts at halfway through the sine table. Th
phase shift, the following equation is used:

= o +i 4
J=oti (4)
The AC output voltage is determined by the differen @ ccythe two PWM signals for i

and j variables:

Vac(t) = Vpc(dutycyle;(t ;i (0) (5

Control Parameters and Implementatio

The digital implementation of t co was carried out on an Arduino Uno
microcontroller, setting the main confol parame¥grs summarized in Table 1. These parameters
include the fundamental frequeg the PWM switching frequency, the number of
samples per period, the dut % nh as well as the phase shift between the PWM

parameters used in the implementation

Value Description
50 Hz .
(nominal) Reference grid frequency
500 Lz Switching frquency used for
validation
50 Discretisation of sinusoidal
reference
. . Computed per sample, scaled to
Duty cycle i Equation 1 TOP = 31,999
. o Between the two complementary
Phase shift 180 PWM signals

This method, implemented using a microcontroller, offers the following advantages:

* SPWM enables the generation of output voltages that closely resemble a sinusoidal
waveform, with reduced harmonic distortion, thereby significantly improving signal quality.
* [t is easy to implement on widely available microcontrollers and microprocessors, such as the
ATmega328P used in the Arduino board.

SPWM is well suited for controlling the switches of a full-bridge (H-bridge) inverter, as the
two complementary PWM signals ensure diagonal switch control and prevent simultaneous
operation of switches on the same leg.
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Microcontroller-based implementation of the synchronisation technique

The implementation of the ZCD-PLL within the microcontroller represents a key stage in
achieving precise and stable synchronisation between the inverter and the electrical grid. This
section details the digital realisation of the proposed control algorithm, its structure, and its
integration into the microcontroller environment to ensure accurate frequency and phase
tracking.

Principle of the algorithm
The operation of the ZCD-PLL in the system, after the network signal has been converted

into a square wave, is structured in three main stages, as illustrated in Figure 4. -
Veria F Signal
Hve |[2CH requency g Phase A8 =0
— tts*l‘:;“-' o M calculation * eemerton atthe [ OO >
s (=17 inverter output
_ﬂnum = fgrid

5 the current time
¥s. Based on this
mg to the relationship
y1g an external interrupt

interval, the instantaneous frequency of the network is d
f=1/T. On the microcontroller side, these events are c
configured in the code as follows:

attachInterrupt(digitalPinToInterrupt(2), Ph

The internal modulation frequency of the
frequency. If there is a deviation, the IC
the PWM switching frequency. The creates two complementary PWM
signals, each of which controls one o diagonal switches, by estimating the
grid's frequency and phase. The us volgages subsequently transformed by the inverter
ency synchronisation with the grid. The system
compensates for any deviations.

SING);
uously compared to the measured
er 1 is used to dynamically modify
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Zero Crossing
detection : Detect grid zero
crossing

I Grid frenquency measurment I

Frequency synchronization

fGria = fpwm

Phase synchronization

0Gria = Opwm

PWM update

(f,0)

—

[ End : loop back for next cycle

S
S

Figure 5. ZCD PLL SPWM Mted in the microcontroller

Synchronisation Accuracy Metrics

ce ofghe Proposed system, four key parameters were
ify @mpliance with network code requirements and
ronized with the electrical grid. The parameters
cviation, THD and reset time after a disturbance [25].
easuring the time difference (At) between the zero-

At
A¢p = 360° T (6)
Where T4 rideg1 period.
2 4he cyteviation quantifies the difference between the inverter output frequency
r1d frequency:

| Af |
Af = finv - fgrid' Ef(%) =100 - (7)

f grid
Where EfTepresents the relative error.

In order to evaluate the perfq
selected. These indicators are
ensure that the inverter remaa

3.The harmonic content of the filtered inverter output voltage is evaluated using Fourier
analysis. THD is calculated as:

Y Vi
k=2 "k (8)
THD = ——x 100%

Vi

Where V;is the RMS value of the fundamental component and V}, the RMS of the k' harmonic.
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4.The re-locking time is defined as the duration required for the PLL to re-establish
synchronisation after a disturbance or a sudden variation in grid frequency. It is
expressed as:

Tiock = t1 — ¢ )

Where t,is the instant of disturbance and t;the instant at which stable synchronisation is
regained.

These parameters enable the system's compliance with network code requirements in terms
of stability, voltage quality and resynchronisation speed to be assessed.

EXPERIMENTAL PROCEDURE

A test bench is designed to validate the power distribution in the PV
proposed synchronisation approach, by executing the diagrams in Figure 4

The installation comprises a PV panel delivering 180 W of power unde a thgaiditions
(1000 W/m?, 25 °C), an Arduino microcontroller for real-time contrq
220/24 V transformer and galvanic isolation and adaptation circuits
to 5 V to ensure the safety of the electronic components.

A four-channel Tektronix TBS2000B oscilloscope (usedyd
acquisition system based on LV25-P (voltage) and LA
real-time monitoring and analysis of electrical signals, a
generated by the PV and consumed in the system.

nt) sensors were used for
1 asN§or measuring the power

Adaptation structure

The adaptation unit consists of a 100481z C ¢oftverter equipped with a P&O MPPT
algorithm that optimises the power extzacted fgom generator and transfers it to the loads:
electrolyser and alternating load (in

A cylindrical electrode elec downstream of the Buck, accepts tolerance to

variations in current and volt i nals. This electrolyser does not act as a load
shedding device that disgd in the form of Joule heating. The electrolyser is
introduced at this exact got intad¥ the optimal operating point and convert the absorbed
energy into hydroge , wittch is considered an energy vector from PVs.

Finally, a boo ols the voltage at 24 V which is then converted to 220 V to
match the grid 4 AgdM\ensuring a stable power supply to the inverter and a functional
separation Qeet? production and AC conversion.

bethygeen verter output voltage and the grid reference signal.

S test scenarios were developed to evaluate the ZCD synchronisation method on the
PV system and inverter, particularly in response to frequency variations.

In practice, these variations were introduced using a low-frequency generator (LFG)
replacing the electrical grid and providing a variable reference signal. By gradually varying the
frequency of the LFG from 50 Hz to 60 Hz, then to 80 Hz, it was possible to analyse the ability
of the ZCD-SPWM control algorithm to continuously track and adapt to these changes.

The tests were carried out using two types of sinusoidal reference sources:

* Synchronisation of the inverter with the grid at a fixed mains frequency of 50 Hz;

* Continuation of the inverter's synchronisation with the low-frequency generator (50 Hz,
60 Hz and 80 Hz) simulating the variable-frequency mains.
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The evaluation focused exclusively on the ability of the ZCD control algorithm to maintain
the synchronisation of the inverter with the grid, in particular phase alignment, frequency
tracking and waveform tracking to ensure that it can be injected into the grid.

‘ PV inverter -Grid Synchronisation system

Signal adaptation circuit

TId AdZ

(fgrlds a)grid)

B

Microcontroller

N\
Figure 6. Block diagram of the grid synchronisation system wit
RESULTS AND DISCUSSION
The tests are carried out in the laboratory for differenfgfic valtes, focusing on the
phenomenon of synchronisation, from the inverter outp <@ ine Wave on the electrical
grid.
1 yster,

Analysis of power balance and energy distrib

by nerator varies between 20 W and

ere carried out with a 100 Q load,

As shown in Figure 7, the power deliv
90 W depending on fluctuations in irradg
under unstable sunlight conditions in to
absorbs most of the available power fapproximagly 10 W to 70 W), in line with the system's
main function of hydrogen pro hileghe finale load consumes relatively low power 5
W depending on the load us able, in order to show that the synchronisation

€
e te

around 24 V, ensuring a constant power supply to the inverter and
cven in the presence of environmental fluctuations.

converter, remaifs stab¥g

continuous
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Figure 7. System Performance: PV Power Generatj
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. Controlled Voltage at the output of the boost converter
Analygi ovoltaic-inverter system performance and synchronisation
he -modulated AC signal (Figure 9), once filtered by the LC filter (Figure 10),

pro s dclean sine wave that complies with grid wave quality standards. This is because the
filtering process removes all harmonics above 50 Hz.

In order to evaluate the stability of the proposed synchronisation method, step frequency
variations were applied using an LFG, with values of 50 Hz, 60 Hz and 80 Hz. The results,
shown in Figure 11 to Figure 13, demonstrate that the inverter maintains stable synchronisation
during these frequency transitions. The inverter output voltage (blue trace) follows the
reference signal (red trace), confirming the ability of the ZCD-PLL-SPWM control to track
frequency variations.

Next, tests were carried out with the actual power grid. Figure 14 illustrates the inverter
output voltage before synchronisation, while Figure 15 shows the PWM waveform after
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synchronisation has been established. Figure 16 highlights the phase tracking process, during
which the inverter voltage gradually locks onto that of the grid.

Finally, the filtered output voltage of the inverter is illustrated in Figure 17, which shows a
high-quality sine wave that is precisely synchronised with the grid in terms of frequency, phase,
and amplitude even when there are an unstable weather affecting irradiance

The grid reference signal is sinusoidal, according to oscilloscope measurements, while the
inverter output before filtering exhibits a PWM waveform. The algorithm automatically adjusts
the phase and switching frequency during synchronisation until the two signals are completely
superposed. Following filtering, the output voltage aligns with the grid and takes the form of a
stable sinusoidal waveform.

The ZCD control, implemented on an Arduino microcontroller, uses zergferossing
detection to directly extract phase and frequency information, reducing the co i
processing and hardware. This approach is suitable for low-cost PV systems afftTagpN€ations
requiring synchronisation for possible injection of PV current into the electric

Tests carried out for different reference frequencies (50 Hz, 60 Hz a ! the
stability of the synchronisation and the system's ability to adapt to dyfg : ons and
changes in irradiance, while maintaining smooth and consistentﬁﬁ

b ri L I'l‘mu‘T L |
|
|
|
Byl |
il |
g |
¥ . | ol "
I |
. X—gxlls:.(4 ms/div) kB v
Y-axis: (10 V/div)
4
er output voltage by unfiltered SPWM control
> :
Y
g /
S : ¥
- Time ( ms )
X-axis: (4 ms/div)
Y-axis: (10 V/div)

Figure 10. Inverter output with filtering
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f

Voltage (V)

X-axis: (4 ms /diV) ———Reference signga: ng:rn;x;t(el::lsl)’y the function

Y-axis: (10 V/ diV) —_Inverter output voltage, modulated in PWM

Figure 11. Inverter signal output synchronised with reference signal wi

A
—_ ke oA L | o] TR -
>
N’
=
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X-axis: (4 ms/ (liV) ~———————Reference signal generated by the function
generator (FG)

Y-axis: (1 0 V/le) ———Inverter output voltage, modulated in PWM

Figure 12. Inverter siwwsed with reference signal with frequency 60 Hz

Voltage (V)

Reference signal generated by the functio
generator (FG)

Inverter output voltage, modulated in PWM

X-axis: (4 ms/div)
Y-axis: (10 V/div)

Figure 13. Inverter signal output synchronised with reference signal with frequency 80 Hz
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Figure 16. Phase alignment obtained through the proposed ZCD-PLL-SPWM synchronisation
method
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Results Summary

The performance of the proposed ZCD synchronisation techniqlg
accuracy indicators defined in the synchronisation accuracy
The phase error, calculated according to equation (6)

d using the

mfed time difference
ately 0.9°, which is

The frequency deviation, determined accordingffeng (7), is 0.05 Hz for a nominal
grid frequency of 50 Hz and an inverter outpu
0.1%, below the tolerance of +1%.

Spectral analysis of the output signal u,
after LC filtering by applying equation
the IEEE 519 standard for grid-conn .

The re-locking time, obtainedg$ro i ) after a frequency variation from 50 Hz to
60 Hz, is approximately 25 ms¢
The main results are p Table 2 , illustrating the compliance of the proposed

nts in terms of phase alignment, frequency tracking,

ary of synchronisation performance metrics

Equation Result Standard
used requirement
Eq. (6) 0.9° <l1°
Eq. (7) 0'005/ ?Z (0.1 <+19%
(V]
Eq. (8) 0.68 % <5%
cking time Eq. (9) 25 ms <50 ms

CONCLUSION

This article presents a new, simple synchronisation strategy for single-phase PV inverters,
which differs significantly from conventional PLLs. Synchronisation between the electrical
grid and the inverter is achieved by combining ZCD with SPWM. The proposed method allows
phase and frequency locking without the use of any feedback loops requiring heavy
calculations that delay the response time of the PV system to follow the electrical grid.
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Experimental tests have shown that the system maintains a phase error of less than 1°, a
frequency deviation of less than 0.1%, and a THD of 0.68%, with a re-locking time of
approximately 25 ms during frequency variations. The system remained stable even when the
reference frequency varied in steps from 50 Hz to 80 Hz.

Furthermore, tests carried out under varying irradiance conditions confirmed the PV
system's ability to distribute energy between the electrolyser and the inverter. The boost
converter maintained a stable DC bus voltage of around 24 V, even under fluctuating weather
conditions. The results obtained show that the PV system is functioning as expected at all levels
of design, in particular the smooth tracking of the inverter's sinusoidal voltage to that of the
reference signals (grid or low-frequency generator simulating the grid):

Beyond the experiments conducted in this work, the ZCD technique can be exf@nded to
other high-power PV systems for possible connection to the electricity grid. The
can also be extended to all microgrid systems and decentralised installations a : stem
producing direct current energy, in order to transform it into alternating c
synthesise a wave similar to that of the grid.
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NOMENCLATURE
Symbols
F Generic frequency Hz
fGrid Grid frequency Hz
Fpwm PWM carrier frequency Hz
1 Index of't ne-[8gkup fable (0 > n—1) -
J Index shafie 0 n/2) -
N Numb es electrical period -
TOP M oun ue of the timer -
Fepu gller clock frequency Hz
ICRI e register that sets fpwu -
Ve id voltage Volts (V)
Vac C-line voltage (grid side) Volts (V)
Vbe nk/bus voltage Volts (V)
Vinv verter output voltage Volts (V)
T eriod Second (s)
Time variable Second (s)
A Phase error between inverter and grid Degrees (°)
o) Instantaneous grid phase angle rad
® Angular frequency rad - s7!
THD Total harmonic distortion %
At Time difference between two zero-crossings S
Af Frequency deviation Hz
Tiock Re-locking time after disturbance S
& Relative frequency error %
Abbreviations
LFG Low-Frequency Function Generator
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LC Inductor-capacitor filter

MOSFET Metal-Oxide—Semiconductor Field-Effect Transistor
MPPT Maximum power point tracking
PLL Phase locked loop
PV Photovoltaic
PWM Pulse width modulation
SPWM Sinusoidal pulse width modulation
7ZCD Zero crossing detection
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