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 As interest in alternative energy sources grows, grid-connected inverters are 

getting more advanced. Thus, to synchronize the output waveform of an 

inverter with the grid supply system, the frequency and phase angle ought to 

be consistent. This paper presents an enhanced digital implementation 

controller for a grid-connected inverter using the sinusoidal pulse-width 

modulation (SPWM) switching technique via an appropriately designed low-

pass filter. The main contribution of the proposed digital controller algorithm 

is to synchronize with the grid for the next half-cycle. The proposed control 

technique used the integrated response from the zero-crossing detector (ZCD) 

circuit for every half-cycle to trigger the digital phase-locked loop (PLL) 

implemented using field-programmable gate array (FPGA). An experimental 

100 W single-phase full-bridge inverter prototype tested and validated the 

proposed control algorithm to prove the switching approach works. From the 

experimental results, the proposed control algorithm demonstrates 

synchronization with the grid voltage within 8 ms during startup. Furthermore, 

it exhibits the ability to adapt to phase changes when subjected to a distorted 

grid, achieving synchronization within 42 ms. This research also emphasizes 

synchronization between the grid waveform and the inverter output via the 

phase angle difference. 
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1. INTRODUCTION 

Recently, research on grid-connected systems has increased tremendously in accordance with the 

rapid development of the use of renewable energy (RE) resources to produce electricity. The massive global 

transition towards sustainable and green energy is significantly influenced by the ongoing increase in global 

energy demand and the associated environmental effects, where a significant contributor to carbon dioxide 

emission is the electrical power industry. As a result, the integration of RE into electricity grids has received 

economic, environmental, and technical attention recently [1]. Furthermore, the use of electric vehicles (EVs) 

is also growing tremendously due to the increasing cost of energy from continuously depleting natural 

resources. Modern technologies, such as vehicle-to-any devices (V2X), vehicle-to-building (V2B), and 

vehicle-to-home (V2H), are more tightly linked to grid synchronization strategies and are becoming 

https://creativecommons.org/licenses/by-sa/4.0/
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increasingly popular and growing rapidly. The electricity supply from renewable energy resources is now being 

spotlighted, and when the stored renewable energy exceeds load requirements, the excess energy can be fed 

back to the grid via synchronizing grid-tied inverters [2]. Inverter-based resources act as grid-following 

inverters in the grid-connected mode since the grid controls frequency and voltage [3]. 

Besides that, grid synchronization is crucial for a system’s ability to synchronize with the grid during 

abnormal conditions, voltage spikes, and frequency variations due to nonlinear loads. Frequency, phase angle, 

and amplitude of voltage are the most important parameters that need to be measured and controlled during grid 

synchronization between the grid signal and generated signal [2], [4]. The most critical consideration confronted 

during grid synchronization is a clear analysis of frequency, phase-angle, and grid voltage magnitude, and as a 

result, numerous grid synchronization solutions have been published in the literature over the previous few 

decades [2], [5]-[23]. The use of renewable energy often tops the list of measures that could possibly be taken 

to mitigate the most severe consequences of the increasing global temperature in any discussion of climate 

change. This is because the use of renewable energy resources, such as solar and wind energy, can help reduce 

the emissions of carbon dioxide and other greenhouse gases, which significantly contribute to global warming. 

In inverter systems, various switching techniques have been introduced, such as square wave 

modulation, pulse-width modulation (PWM), sinusoidal pulse-width modulation (SPWM), and space-vector 

pulse-width modulation (SVPWM), which have their respective advantages and disadvantages. SPWM 

mechanism compares the reference voltage waveform with the carrier waveform, a triangle waveform, to 

transform a direct current (DC) power source into an alternating current (AC) power supply. The SPWM 

switching technique is commonly used due to the ease of implementation, less complexity, and significant 

reduction in total harmonic distortion (THD) with minimized filtering requirements. This study’s research gap 

analysis describes in depth the comparison between the proposed research and prior models described in 

previous research works. Table 1 shows the research gap between the proposed research and previous work. 

The comparison is segregated into the operating phase, type of controller used, filter design, synchronization 

method, phase difference issue, and settling time of synchronization, which are identified in detail [23]-[26]. 

Based on Table 1, most of the research employed a low-pass LC filter, instead of the LCL and other 

types of filters, to decrease the THD of the inverter output due to its simplicity. In contrast to the the zero-

crossing detector (ZCD) system, the phase-locked loop (PLL) system can be accurately synchronized with the 

grid, according to [23]. Table 1 also shows that most researchers used the field-programmable gate array 

(FPGA) as the controller to trigger the inverter’s gates due to its superior performance [25]. The FPGA is often 

used to perform multiple operations simultaneously, is more versatile, and does extremely well in tasks that 

require high parallelism and custom logic design. Furthermore, the use of FPGA can also address several issues 

with the source device's interface, including lower power consumption, smaller circuit size, ease of 

implementation due to program changes that don't require altering the hardware, and flexibility in terms of 

switching parameter changes [27]. It is worth highlighting those systems with fewer numbers of converters 

require multiple clock domains with different frequencies, which can operate independently and 

simultaneously. However, this system could be applied to PI controllers using SPWM techniques [28], [29]. 
 

 

Table 1. Comparison between the proposed research and previous works 

Author Year Phase Grid-tied inverter 
type 

Controller/simulation Filtering and technique Settling time for 
phase matching (ms) 

[24] 2015 3-Ф Microgrid-connected 

voltage-source 
inverter (MVSI) 

TMS320LF28335 DSP LC filter 150 

[26] 2015 1-Ф 
Voltage-source 

inverter 
MATLAB/Simulink 

LCL filter & ZCD and 

PLL 
150 

[25] 2016 1-Ф Virtual unit delay 

(VDU) 

dSPACE DS 1103 LCL filter & T/4 delay 

PLL 

100 

[23] 2020 3-Ф Bi-directional 
inverter 

DSP/PI controller Low-pass filter/ SRF 
PLL 

N/A 

Proposed 2024 1-Ф 1-Ф full-bridge 

inverter 

FPGA Passive low-pass LC 

filter & ZCD component 

8 

 
 

Aside from that, synchronization issues were observed in terms of the phase angle difference between 

the inverter output and grid voltage waveforms [23]. Particularly, frequency and voltage matching 

synchronization during initiation was observed in prior grid synchronization studies and the following research 

works employing a variety of advanced phase-locked loop (PLL) approaches [24]-[26]. A few grid-tied inverter 

applications proposed by previous researchers that mainly focused on PLL techniques were studied in detail. 

In this research study, a grid-connected inverter is proposed via the digital implementation based on 

the FPGA. The controller was designed to achieve fast synchronization of the proposed inverter’s output 

voltage with the grid system with minimal THD, as well as producing a pure sine wave via the integration of 
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the ZCD component and implementing a passive low-pass LC filter to mitigate the third harmonic. It is 

necessary to determine grid voltage polarity with maximum speed and precision. Also, for grid-tied inverters 

to be controlled and operated reliably, quick, and accurate tracking of grid voltage properties is necessary [30]. 

The origins of fast polarity detectors can be traced to ZCDs, which are sometimes the same device. In grid 

synchronization, the ZCD plays a major role, as zero-crossing methods are more sensitive to the harmonics 

present in a signal [31]. PLL systems can synchronize two signal phases, give information about signal phase 

differences, and maintain stable operation and control of grid-connected inverters [32]. PLL systems cannot 

give precise information about zero crossing. However, zero-crossing detection is necessary in some 

applications, such as direct AC/AC converters [27] or solid-state relays. The rest of the manuscript was 

organized as: i) section 2 consists of the research methodology of the proposed system, ii) section 3 consists of 

the proposed digital switching control strategy, iii) section 4 documents the results and detailed analysis of the 

experimental output of the research, and iv) section 5 concludes the overall manuscript. 
 

 

2. NOVELTY AND CONTRIBUTION OF PROPOSED DESIGN 

The primary contribution of this paper is developing a fast grid synchronization with the grid system 

within the next half-cycle. During synchronization initiation, frequency matching was conducted based on a 

fixed tolerance of 99.5% at a frequency of 50 Hz. The technique for adjusting the phase delay of the inverter 

output considered the LC filter, which introduced inherent characteristics such as capacitance and inductance. 

The hardware description language (HDL) was used to digitally program compensation for the delayed time 

due to delayed filter response time. HDL design analysis and synthesis allow developers to create their designs, 

analyses timing, look at register-transfer level or RTL diagrams, test how a design responds to various stimuli, 

and set up the target device using a programmer [33]. The digital implementation of the grid-connected single-

phase inverter for fast synchronization was based on the ZCD signal as the input, and the digital PLL was used 

to trigger unipolar SPWM switching signals. In addition, the use of a suitable LC filter was also proposed to 

mitigate the THD and produce a pure sinusoidal waveform at the output. 
 

2.1. System configuration 

The proposed system configuration consisted of an FPGA board, a gate driver unit, an LC filter, a 

ZCD circuit, a full-bridge inverter, an isolation transformer, and a step-up transformer. Figure 1 shows the 

complete block diagram. It is of the proposed fast-synchronization grid-tied inverter. 
 

 

 
 

Figure 1. Block diagram of grid-tied single-phase full-bridge inverter using FPGA-based control system for 

fast synchronization 
 

 

The SPWM switching signals with the adjustable modulation index, ma, from the FPGA board will be 

connected to the circuits of the gate drivers’ (S1, S2, S3, and S4) before being connected to corresponding 

switches. Besides providing isolation, the gate drivers will boost the signal’s voltage from the FPGA (3.3VDC) 

to ensure an adequate amount of current passed through from the drain to the source terminal of the MOSFETs. 

The FPGA board continuously examined the digital signal from the ZCD and generated the SPWM switching 

signals for every half-cycle. The ZCD was employed to validate the recent status of the grid waveform either in 

the positive or negative cycle. This condition will ensure that the signal is in an appropriate sequence by detecting 

the positive half-cycle of the grid and converting it into a square wave (5VDC) with the least phase delay between 

the grid waveform and the ZCD output signal. Thus, based on the ZCD component’s input, the FPGA will emit 

a positive-generating half-cycle SPWM signal to generate a positive sine wave and concurrently emit a negative-
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generating half-cycle SPWM signal to generate a negative sine wave. In addition, the unfiltered output from the 

full-bridge inverter will be filtered by the filter to produce a pure sine wave. Finally, the output waveform will 

be stepped up to match the magnitude of grid voltage before being distributed to the grid system. 

 

 

3. PROPOSED DIGITAL SWITCHING CONTROL STRATEGY 

Digital switching control is mainly implemented to control switching signals, which can offer greater 

precision. Thus, the designed digital PLL using the integration of the ZCD is discussed in detail in this section. 

In digital switching, the binary code refers to two possible states of 1 or 0, which are high and low signals, 

respectively, allowing for accurate and noise-resistant transmission of the control signal. In this proposed 

control system, the HDL coding played a significant role in achieving fast synchronization by integrating the 

ZCD input with the ZCD component of the digital PLL, where the ZCD was used to produce an output with 

high-precision zero-cross timing of the targeted AC voltage. Then, the selected FPGA board will emit a 

digitalized unipolar SPWM switching signal for either positive or negative sinusoidal waveform generation 

based on the ZCD output. As in Figure 2, the ZCD output will be a high signal when a positive sinusoidal 

waveform is detected and a low signal when a negative sinusoidal waveform is detected. The SPWM switching 

signals for both the positive and negative sine wave signals will be assigned based on the switching time 

recorded in the look-up table (LUT). The switching signals will be generated according to the established 

switch hierarchy (S1, S2, S3, and S4) for every half-cycle programmed in the HDL code. The generated SPWM 

switching waveform will be updated for the next half-cycle to achieve fast synchronization. Thus, the digital 

output from the ZCD will enable the counter to count based on the clock references set earlier. 
 

 

 
 

Figure 2. Control algorithm for fast synchronization of grid-tied inverter 
 

 

3.1. Digitalization of unipolar SPWM switching signals 

Generally, switching signals are fundamental to digital circuits and crucial to controlling the whole 

system. Hence, Table 2 illustrates a digitalized time scale developed for the unipolar SPWM switching signals 

for S1 and S4. The positive and negative for one complete cycle can be represented as 20000 counters (20 ms), 

where each counter was equal to 1 µs. To realize fast synchronization within half a cycle of the grid, the 

counters were set to 10000, which equaled 10 ms, corresponding to the signal from the ZCD signal to enable 

the independent counter assigned for switches S1, S2, S3, and S4. The signal for S4 is the opposite of that for S1, 

while the signal for S3 is the opposite of that of S2. (1)-(3) were employed to calculate the values of the rising 

edge (αn) and falling edge (βn) of the switching signals, as well as the pulse width in terms of time. 
 

𝛼𝑛(𝑡) = 𝛼𝑛(°) ×
𝑇

180°
 (1) 

 

𝛽𝑛(𝑡) = 𝛽𝑛(°) ×
𝑇

180°
 (2) 

 

𝑊𝑖𝑑𝑡ℎ (𝑡) = 𝛽𝑛(𝑡) − 𝛼𝑛(𝑡) (3) 
 

3.2. Designing FPGA-based controller 

Quartus II software digitized the SPWM switching signals obtained from the MATLAB/Simulink 

logic analyzer. To generate the digital unipolar SPWM switching, the counter would count in microsecond 

time-series format, which is the suitable FPGA operating clock frequency closely related to the number of bits 

assigned in the counter. Therefore, the operating clock was obtained based on the number of carrier waveforms 
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and the reference signal. Figure 3 depicts the block design of the proposed system for the unipolar SPWM 

generator with fixed parameters (ma = 0.99 and fcarrier = 1 kHz) to provide an output voltage of approximately 

240 Vrms. In addition, the if-else counter HDL coding format was utilized in this FPGA-based controller to 

automatically generate the proposed digital SPWM switching signals for either positive or negative sinusoidal 

waveform generation based on ZCD integration to accomplish fast synchronization of inverter output voltage 

with the grid voltage. PIN_AD15 was connected to a 25-MHz internal clock connected to the clk_div circuit. 

The clk_div circuit was programmed to produce multiple output clocks, which were then connected to the 

lpm_counter function. Besides that, a code was created in VHDL (.vhd) and then converted to a block diagram 

(*.bdf). It consisted of functions altpll, lpm_counter, and comparator. 

Using (4), the clock frequency was calculated to generate clock signal output based on the clock 

frequency connected to the input of the lpm_counter, which would activate the positive or negative digital 

SPWM coding of blocks with the ZCD function. In addition, the activation of lpm_counters0 and lpm_counter1 

in response to the ZCD input would allow the fast synchronization of the grid-connected inverter, and to prevent 

communication error during fast synchronization, the ZCD signal required a comparator, which would generate 

the same signal as that of the ZCD. 

 

𝑓𝑐𝑙𝑜𝑐𝑘 =  
1

𝑇𝑢𝑛𝑖𝑡
 (4) 

 

 

Table 2. Unipolar SPWM time scale data for ma = 0.99 and fcarrier = 1 kHz 

𝑆1, 𝑆4 
Degree Time (ms) 

𝑆2, 𝑆3 
Degree Time (ms) 

α (°) β (°) Width (°) α (°) β (°) Width (°) α (°) β (°) Width (°) α (°) β (°) Width (°) 

+ve cycle 

1 8.37 19.10 10.73 465 1083 618 

-ve cycle 

11 9.77 17.01 7.24 543 929 386 

2 25.13 38.09 12.96 1396 2155 759 12 29.20 34.11 4.91 1622 1863 241 
3 42.03 56.83 14.80 2335 3209 874 13 48.35 51.37 3.02 2686 2809 123 

4 59.18 75.26 16.07 3288 4240 952 14 67.12 68.85 1.73 3729 3771 42 

5 76.68 93.37 16.69 4260 5247 987 15 85.46 86.63 1.17 4748 4753 5 
6 94.57 111.15 16.58 5254 6229 975 16 103.36 104.74 1.39 5742 5760 18 

7 112.91 128.63 15.71 6273 7191 918 17 120.85 123.17 2.32 6714 6791 77 

8 131.69 145.89 14.20 7316 8137 821 18 138.01 141.91 3.91 7667 7845 178 
9 150.84 162.99 12.15 8380 9071 691 19 154.91 160.90 5.99 8606 8917 311 

10 170.28 180.00 9.72 9460 10000 540 20 171.68 180.00 8.32 9538 10000 462 

 

 

 
 

Figure 3. HDL block for synthesized on FPGA (*.bdf) 
 

 

3.3. LC filter design for THD mitigation 

In this analysis, the LC filter was constructed based on a specific inverter output rating, which was a 

lesser power rating utilized for experimental grid synchronization. Other parameters, including the ripple factor 

of the maximum output current, are given in Table 3. The parameter values were calculated using (5) to (9) to 

determine the components' values for experimental analysis. Using (5), the ripple factor of the inductor’s 

current can be calculated based on 20% of the ripple factor. 
 

Δ𝐼𝐿 = % 𝑟𝑖𝑝𝑝𝑙𝑒 × 𝐼𝑜(𝑅𝑀𝑆) (5) 
 

Using (6), it was possible to calculate the inductance value based on the ripple factor of the inductor’s current, 

considering the unipolar SPWM triangular carrier frequency of 1 kHz and DC voltage input of 24 V. 
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𝐿 =
𝑉𝐷𝐶

[4×Δ𝐼𝐿×𝑓𝑆𝑤𝑖𝑡𝑐ℎ]
 (6) 

 

Using (7), it was possible to calculate the capacitance value based on the inductance value derived from (6), 

while (8) and (9) to calculate the fundamental cut-off frequency which are derived from (7). 
 

𝐶 = [
10

2×𝜋×𝑓𝑠𝑤𝑖𝑡𝑐ℎ
]

2

×
1

𝐿
 (7) 

 

𝑓𝑐𝑢𝑡−𝑜𝑓𝑓 ≤
𝑓𝑆𝑤𝑖𝑡𝑐ℎ

10
 (8) 

 

𝑓𝑐𝑢𝑡−𝑜𝑓𝑓 =
1

2𝜋√𝐿𝐶
 (9) 

 

 

Table 3. Inverter parameters in filter design 
Parameter Value Parameter Value 

Input voltage, VDC 24-48 V Io (rms) 8.3 A 

Switching carrier frequency, fsw 1 kHz Ripple factor of output current, ΔIL 20% 

Vo (rms) 48 V Output power, Po 100-W 

 
 

3.4. Hardware specification 

The effectiveness of the proposed system was validated by using the prototype of a single-phase grid-

connected inverter with the LC filter as shown in Figure 4. Meanwhile, Table 4 represents the hardware 

component parameters utilized in developing the proposed system prototype. The selected values of the 

components were based on manufacturer specifications for the hardware prototype implementation. Altera 

FPGA DE2 board served as the controller for driving the inverter gates. When a sinusoidal voltage waveform 

is detected, the controller receives an input signal from the ZCD-integrated PLL circuit from the isolation 

transformer to generate unipolar SPWM signals. All the synchronization data for the inverter system’s output 

voltage waveform were collected and analyzed. 
 

 

 
 

Figure 4. Hardware prototype setup 
 

 

Table 4. Experimental component parameters 
Component Model/value Component Model/value 

VDC input 24 V Isolation transformer Class 1; 350 VA 

MOSFETs IRFZ44N LC filter inductor 22 mH 
Gate driver unit 3.3–20 V LC filter capacitor 120 µF 

Controller Altera FPGA DE2 Step-up transformer Class 1; 350 VA, transformer 1:10 

ZCD BM1Z002FJ-EVK-002   

 
 

4. RESULTS AND DISCUSSION 

This section presents the results obtained from testing the proposed system. All measurements were 

recorded using a Tektronix TDS-3024B four-channel digital phosphor oscilloscope. This section includes a 

comprehensive analysis of the measured signal waveforms such as switching signals, unfiltered signals, and 
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filtered signals. Mainly, the output of the grid signal should be in-phase with unfiltered inverter output signal 

to obtain a grid synchronization. Figure 5 presents the grid voltage and the unfiltered inverter output. The 

unfiltered inverter output exhibits a square-wave-like pattern, which is a common characteristic of inverter 

systems. The analysis of the results obtained in Figure 5 indicates that both waveforms were in-phase. 

However, filtering techniques are typically employed to match the inverter output signal with the sinusoidal 

grid signal. This ensures a smoother power delivery and reduces the negative impacts of harmonics and 

distortions on the power grid and connected electrical equipment. Figure 6 shows the generated sinusoidal 

waveforms from inverter and grid. The obtained results demonstrate that the output voltage waveform was 

synchronized with the grid signal in terms of both voltage and frequency. However, there is a noticeable phase 

lag between the two waveforms, as seen by the shifted positioning of the filtered inverter output voltage peaks 

relative to the grid voltage peaks. The phase lag can be measured as approximately 6.84°. 

Proper synchronization between the inverter output and grid voltage is crucial for efficient power 

transfer and grid integration. A phase lag can lead to reactive power flow, reduced power quality, and potential 

instability issues. Figure 7 depicts the sinusoidal waveforms with phase angle delay correction and the grid 

supply waveform with a magnitude of 240 Vrms. The compensation for phase angle delay was realized through 

HDL coding in the Quartus II software, with an adjusted phase angle of 6.84°. Figure 8 illustrates the output 

voltage of the inverter resulting from the proposed digital switching and the grid output voltage waveform. It 

demonstrates the synchronization of the generated voltage with the grid voltage was within 8 ms. The initial 

capacitor voltage was zero, and the voltage across the capacitor gradually increased, acting as a temporary 

energy storage device. The charging time was influenced by the capacitance value, the impedance of the load, 

and the resistance in the circuit. The capacitance value was initially calculated to be properly sized to handle 

the startup associated with the circuitry. It is shown that the digital algorithm offered high precision and 

accuracy with a smooth transition without overshoot. The ZCD signal enabled the counter to count the n-bits 

assigned, which adapted to any incurring phase change in the grid system. 
 
 

  
 

Figure 5. Output voltage waveform of unfiltered 

inverter signal and waveform of grid voltage 

 

Figure 6. Synchronization of output voltage 

waveform with 6.84° phase angle delay 
 

 

  
 

Figure 7. Synchronization of output voltage waveform 

with compensated 6.84° phase angle delay 

 

Figure 8. Initiation of grid-tied inverter 

synchronization with generated voltage 
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The impact of the inverter output generated by the suggested control method during grid distortion is 

depicted in Figure 9. As can be seen, the proposed control scheme demonstrated a robust tracking ability to 

suppress the influence of grid voltage distortion. The generated inverter output took 42 ms to recover to its 

actual phase value based on the grid voltage waveform. The proposed control algorithm scheme effectively 

suppressed the influence of grid voltage distortion. The measured THD values of the output voltage and current 

are 0.16% and 2% respectively. As a result, the THDs of the inverter system’s output voltage and current were 

within the range of power quality standards. 
 
 

 
 

Figure 9. Grid-tied inverter synchronization with the distorted grid voltage 
 

 

5. CONCLUSION 

In conclusion, after the delayed phase angle compensation digitally, the proposed grid-tied inverter 

successfully synchronized with the frequency, magnitude, and phase angle of the national grid. Moreover, 

based on testing evaluations, the ZCD component of the PLL for this research functioned with a plus-or-minus 

tolerance of 0.5% in the frequency variation of the grid-connected inverter’s fast synchronization. In terms of 

frequency and voltage settling time during synchronization initiation, the dynamic performance of fast 

synchronization was achieved at 8 ms. In addition, the identified settling time for voltage and frequency 

synchronization after the introduction of grid distortion was 42 ms. 
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