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Overview of Open-Loop Frequency Estimation 
Techniques for Grid Synchronization of Single-

Phase Power Converters  

Hachemi Rahmani, Boulouma Sabri, and Mourad Haddadi 

Abstract−Open-loop synchronization techniques allow to overcome the stability issues to which closed-loop techniques 
are subject. Most open-loop techniques differ in their Quadratic Signal Generator and their frequency estimation method. 
In this paper, an overview of the main frequency estimation methods for single-phase power systems is presented. A 
description of each technique with their structure for numerical implementation is carried out. A comparative study of 
those frequency estimation methods is performed according to three test scenarios in order to evaluate the robustness of 
each method. Recommendations for the selection of the technique is given according to the simulation results. 
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I. INTRODUCTION 

The current concept of centralized and unidirectional energy 
flow utility grids is unsustainable for economic, security, 
reliability, and ecological reasons [1]. The integration of 
decentralized energy resources addresses these issues, 
particularly with renewable energy sources like photovoltaic 
and wind. However, to ensure good energy quality, these 
resources must inject current according to established 
standards. Ideally, the grid voltage waveform is a pure sine 
wave with fixed amplitude and frequency at nominal values. In 
reality, they are subject to fluctuations due to grid conditions. 
For instance, voltage sags along with phase jumps can occur 
during the startup of powerful motors [2], while frequency 
shifts happen during load commutations [3]. The importance of 
fast, robust, and precise estimation of grid parameters cannot be 
overstated for several reasons. It includes ensuring the stability 
and reliability of the power grid, maintaining power quality, 
facilitating the grid integration of renewable energy resources, 
and reducing disturbances. Open loop (OL) synchronization 
techniques were the first ones to appear in literature with the 
introduction of the Zero Crossing Detection (ZCD) technique. 
Unfortunately, the poor performances of ZCD in case of weak 
grid with many power quality issues, open-loop techniques 
have been replaced by closed-loop (CL) ones [4]. However, 
with the constantly increasing integration of grid connected 
power converters, tighter restrictions concerning injected 
current have been imposed. Although CL techniques 
performances are somehow satisfying, they have a dynamic 
behavior limited by their stability conditions. OL techniques do 
not have this problem, as they are unconditionally stable. In 
recent years, modern OL synchronization techniques emerged, 
whose performance can compete those of closed-loop ones [5]. 

For single-phase power systems, OL amplitude and phase 
estimations consist first on generating in-phase and quadratic 
signals from the grid voltage using a Quadratic Signal 
Generator (QSG). Considering the grid voltage v given by: 
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Were Vm is the amplitude, θ is the phase angle, f is the 
frequency and ϕ is the initial phase angle. 

In-phase signal vα and quadratic signal vβ are expressed by: 
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Given this two signals, amplitude Vm and phase angle θ are 
obtained at instant t by: 
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Although OL amplitude and phase estimations in grid 
synchronization techniques are almost the same, there are 
various methods to estimate the grid frequency. 

This paper presents an overview of open-loop frequency 
estimation techniques for grid-connected power converters 
proposed in the literature. A description of those techniques is 
explained and simulated according to three tests scenarios. A 
comparison of those techniques is performed to emphasize 
advantages and disadvantages of each technique. 

II. SYNCHRONIZATION BY ZERO-CROSSING 

DETECTION. 

A simple method to estimate grid frequency and phase angle is 
first, to detect instants where the AC grid voltage crosses zero, 
then evaluate the duration between two instants to measure the 
grid period. Phase angle is obtained by integrating frequency. 
In practice, ZCD can be realized by an electronics board, like a 
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half-wave rectifier with a voltage comparator that gives a 
square signal with a 50% duty cycle, toward a microcontroller. 
The rising and falling edges of this signal call a microcontroller 
interrupt subroutine that measure half a period of the input 
signal and calculate its frequency [6]. ZCD can also be achieved 
numerically, by observing sign changes of the input signal 
samples [7]. 

 
 

Fig. 1: Frequency and phase angle estimation using ZCD. 

This method presents several disadvantages. When the ZCD is 
performed numerically, it requires a high sampling frequency 
in order to minimize estimated frequency errors. Moreover, this 
technique is too sensitive to grid disturbances. For example, 
multiple zero-crossing can be detected if the grid voltage is 
polluted by harmonics or frequency estimation can be incorrect 
if the signal input signal present a DC offset. To solve this issue, 
a sharp filter can be used to remove voltage distortions. The 
problem is that the sharper the filter, the slower is the dynamic 
response. 

III. MODERN OPEN-LOOP FREQUENCY ESTIMATION 

TECHNIQUES 

There are several OL frequency estimation techniques in the 
literature. Some of them require QSG, some do not. All those 
techniques can estimate input signal frequency using few 
samples. They can be classified by standard methods, 
consecutive samples methods, and Teager Energy Operator 
method. 

A. Standard Methods 

One of the most intuitive method to estimate the grid frequency 
is to differentiate its phase angle, using (4) [8]: 
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The hat over a variable mean its estimated value and the dot 
over a variable mean its derivative. 

In discrete-time, this give the following differences equation: 
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Where Ts is the sampling period. This method presents a steady-
state error that increase when the switching frequency decrease 
[9]⁠. To correct this error, an enhanced version that introduce 
inverse sinus function, was developed [10]⁠. 
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Fig. 2:  Structure of the enhanced standard method. 

B. Consecutive samples methods 

Also called equidistant samples methods, they require 2, 3, or 4 
input signal samples to estimate its frequency. They are noticed 
respectively by 2CS, 3CS and 4CS. 

The 2CS method require a QSG to estimate the frequency using 
the following formula: 
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One disadvantage of relying on a QSG is that the estimated 
frequency is subject to errors when vα and vβ are not perfectly 
in quadrature, which can happen for example when the QSG is 
sensitive to frequency deviation or in case of unbalanced three-
phase system. 

 

 
Fig. 3:  Structure of the 2CS method 

The standard versions of the 3CS [11] and the 4CS [12] 
methods do not require QSG. Frequency is respectively 
estimated using the following equations: 
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The major disadvantage of the 3CS and 4CS methods is their 
ill-conditioning issues when the denominator is equal or very 
close to zero. To avoid this situation, it is more suitable to base 
on two signal with different phases, as can provide a QSG, but 
not necessarily orthogonal.  

This lead to enhanced version of 3CS and 4CS (E3CS and 
E4CS), described by the following equations: 
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Where x can be either α or β. 

4CS and E4CS methods are the only ones to be immune to the 
presence of DC offset in the input signal [12], [13]. 

 
Fig. 4:  Structure of the 3CS method 

 
Fig. 5:  Structure of the 4CS method 

 

 
 

Fig. 6:  Structure of the E3CS method 

 
Fig. 7: Structure of the TD-QSG 

C. Teager Energy Operator 

The Teager Energy Operator (TEO) was first described in [14]. 
It can achieve amplitude and frequency estimation of an input 
signal using three samples without using QSG or causing ill-
conditioning. 

The Energy operator Ψ applied to a random signal x(t) is given 
by the following equation[15]: 

 [ ( )] ( ) ( ) ( )x t x t x t x t     (14) 

Applied to grid voltage v(t) described by (1) gives: 

 2 2[ ( )] mv t V   (15) 

Moreover, if (14) is applied on the derivative of v(t), it gives : 

 2 4[ ( )] mv t V   (16) 

Combining (15) with (16), amplitude Vm and angular frequency 
ω are obtained by the following formulas: 
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In discrete time (14) becomes: 
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The estimated amplitude and frequency are then obtained by: 
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The major concern of the TEO is its high sensitivity to noises. 
Indeed, the use of derivative increases input signal noises and 
greatly corrupt the frequency estimation. For this reason, some 
works associate this method with a very sharp filter like the 
filter based on Recursive Discrete Fourier Transform (RDFT) 
and inverse RDFT (IRDFT) [16]–[19] . In practice, using a 
RDFT-IRDFT filter brings other issues like rounding errors and 
instability especially when using its frequency adaptive version 
[20]–[23]. 

 
(a) 

 
(b) 

Fig. 8:  Estimated Frequency of QSG-less methods for test 1. 
(a) N=10, (b) N=30 
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D. Adjusting noise immunity 

It can be noticed that the duration between two samples is not 
necessarily equal to one sampling period but it can also be a 
multiple of the sampling period to give to the method a better 
immunity against signal noises. For instance, giving N as the 
distance between two samples (such that the duration between 
two samples is NTs), equation (9) can be generalized to the 
following formula: 
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Increasing N provides a better noises immunity to the method, 
but slows its dynamic response down. Selecting N is a 
compromise between speed and robustness of the used method. 

 
(a) 

 
(b) 

Fig. 9:  Estimated Frequency of QSG-based methods for test 1. 
(a) N=10, (b) N=30 

E. Comparison of the frequency estimation techniques 

Modern frequency estimation techniques mentioned above can 
be separated into two groups: those who do not require a QSG 
(3CS, 4CS and TEO) and those who are based on QSG (ESTD, 
2CS, E3CS and E4CS).  

To compare the performances of those methods, a series of 
three tests is applied in simulation on each group. For all the 
three tests, the grid voltage is a unitary sine wave signal which 
shows a frequency jump from 50 Hz to 52 Hz at instant t = 0.3 s. 
For test 1, the input signal does not present any distortion. For 
test 2, the input signal is corrupted by a very light white noise, 
such that the signal-to-noise ratio reach 57 dB. For test 3, a third 

order harmonic of magnitude equal to 0.5% of the fundamental 
is added to the input signal. The sampling frequency is equal to 
10 kHz.  

 
(a) 

 
(b) 

Fig. 10:  Estimated Frequency of QSG-less methods for test 2. 
(a) N=10, (b) N=30 

The QSG used in this simulation is a frequency non-adaptive, 
transfer delay-based QSG (TD-QSG). This QSG relies on time-
delaying the input signal using a buffer to create a quadrature 
component [4]. This way, neither the input signal nor the 
quadrature signal is filtered. Tests are performed with two 
distances N between samples. First, N equal 10, then N equal 
30. 

Fig. 7 shows simulation results of 3CS, 4CS, and TEO methods 
for test 1. It can be seen that the TEO method stands out of the 
other methods by the absence of notches due to ill-conditioning. 

Fig. 8 shows simulation results of ESTD, 2CS, E3CS and E4CS 
methods for test 1. It appears that ESTD and 2CS methods 
present an oscillatory behavior after the frequency jump. This 
is due to the non-orthogonality between vα and vβ because the 
used TD-QSG is not frequency adaptive. Results of E3CS and 
E4CS methods are the same in steady-state, but E4CS method 
shows greater disturbances in transient operations. Those two 
methods are not sensitive to non-orthogonality between vα and 
vβ. 

 
Results of test 2 show that increasing the sample distance 
enhances significantly the robustness of the frequency 
estimation techniques against noises. For the QSG-less 
techniques, the TEO exhibits the weakest robustness against 
noises (Fig. 10). For the QSG-based techniques, results show 
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that the E4CS is the most sensitive technique against noises, 
and the E3CS is the most robust one (Fig. 11). 

 
(a) 

 
 (b) 

Fig. 11:  Estimated Frequency of QSG-based methods for test 2. 
(a) N=10, (b) N=30 

Results of test 3 (Fig. 12 and 13) shows that the TEO requires  
that the input signal has to be considerably filtered in order to 
reduce the estimated frequency distortions properly. Among all 
those techniques, the E3CS proves to be the most robust against 
low-order harmonics. 

Tables 1 and 2 summarize features of the tested techniques. One 
can conclude that, according to its superior robustness, the 
E3CS method is the most suitable open-loop frequency 
estimation technique for grid synchronization. 

 

 

 
(a) 

 
(b) 

Fig. 12:  Estimated Frequency of QSG-less methods for test 3. 
(a) N=10, (b) N=30 

 
(a) 

 
 (b) 

Fig. 13:  Estimated Frequency of QSG-based methods for test 3. 
(a) N=10, (b) N=30 

 

Table. II 
COMPARISON OF QSG-BASED FREQUENCY ESTIMATION TECHNIQUES 

Technique 
Sensitivity to 

QSG 
unbalances 

Robustness 
against noises 

Robustness 
against low-

order harmonics 
ESTD 

 
Yes Moderate Good 

2CS 
 

Yes Moderate Moderate 

E3CS 
 

No Good Good 

E4CS No Moderate Weak 

 
Table. I 

COMPARISON OF QSG-LESS FREQUENCY ESTIMATION TECHNIQUES 

Technique 
Ill-conditioning 

issue 
Robustness 

against noises 

Robustness 
against low-

order harmonics 
TEO 

 
No Very weak Moderate 

3CS 
 

Yes Good Good 

4CS Yes Moderate Moderate 
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IV. CONCLUSION 

Open-loop synchronization techniques allow to overcome the  
Open-loop synchronization techniques overcome the stability 
issues inherent in closed-loop techniques. For single-phase 
power systems, all modern open-loop synchronization 
techniques, except the TEO, require a QSG to estimate the 
grid voltage amplitude and phase angle. However, this is not 
always the case for frequency estimation. 
 
Most open-loop techniques differ in their QSG and frequency 
estimation methods. In this paper, an overview of the main 
frequency estimation methods was presented, along with a 
description of each technique and its structure for numerical 
implementation. A comparative study of these frequency 
estimation methods was conducted to test the robustness of 
each method. The results show that the E3CS method offers the 
best performance in terms of robustness against noise and low-
order harmonics. Therefore, this method is recommended for 
single-phase power system applications. 
 

REFERENCES 

[1] J. Martin, “An_introduction_to_distributed_generation,” 2009, [Online]. 
Available:http://vernimmen.com/ftp/An_introduction_to_distributed_g
eneration.pdf 

[2] A. K. Goswami, C. P. Gupta, and G. K. Singh, “An analytical approach 
for stochastic assessment of voltage sags in distribution systems,” IEEE 
Reg. 10 Annu. Int. Conf. Proceedings/TENCON, no. December, 2008, 
doi: 10.1109/TENCON.2008.4766390. 

[3] IEEE Std, “IEEE Recommended Practice for Monitoring Electric Power 
Quality,” 2019. [Online]. Available: 
http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?arnumber=5154067 

[4] M. Ciobotaru, “Reliable Grid Condition Detection and Control of 
Single-Phase Distributed Power Generation Systems,” Aalborg 
Universitet, 2009. 

[5] S. Golestan, J. M. Guerrero, and J. C. Vasquez, “An Open-Loop Grid 
Synchronization Approach for Single-Phase Applications,” IEEE Trans. 
Power Electron., vol. 33, no. 7, pp. 5548–5555, Jul. 2018, doi: 
10.1109/TPEL.2017.2782622. 

[6] H. Rahmani, “Utilisation du dsPIC dans la mesure de paramètres 
électriques,” École Nationale Polytechnique d’Alger, 2011. 

[7] F. Mur, V. Cárdenas, J. Vaquero, and S. Martínez, “Phase 
synchronization and measurement digital systems of AC mains for 
power converters,” Int. Power Electron. Congr. - CIEP, vol. 1998, pp. 
188–194, 1998, doi: 10.1109/ciep.1998.750682. 

[8] F. D. Freijedo, J. Doval-Gandoy, O. López, E. Acha, and S. Member, “A 
Generic Open-Loop Algorithm for Three-Phase Grid Voltage/Current 
Synchronization With Particular Reference to Phase, Frequency, and 
Amplitude Estimation,” IEEE Trans. POWER Electron., vol. 24, no. 1, 
2009, doi: 10.1109/TPEL.2008.2005580. 

[9] S. Golestan, A. Vidal, A. G. Yepes, J. M. Guerrero, J. C. Vasquez, and 
J. Doval-Gandoy, “A True Open-Loop Synchronization Technique,” 
IEEE Trans. Ind. Informatics, vol. 12, no. 3, pp. 1093–1103, 2016, doi: 
10.1109/TII.2016.2550017. 

[10] S. Golestan, J. M. Guerrero, Y. Al-Turki, A. M. Abusorrah, and J. C. 
Vasquez, “Open-Loop Synchronization Systems for Grid-Tied Power 
Converters: Literature Overview, Design Considerations, Advantages, 
and Disadvantages,” IEEE Ind. Electron. Mag., 2021, doi: 
10.1109/MIE.2021.3126255. 

[11] A. López, J. C. Montaño, M. Castilla, J. Gutiérrez, M. D. Borrás, and J. 
C. Bravo, “Power system frequency measurement under nonstationary 
situations,” IEEE Trans. Power Deliv., vol. 23, no. 2, pp. 562–567, Apr. 
2008, doi: 10.1109/TPWRD.2007.916018. 

[12] D. N. Vizireanu, “A simple and precise real-time four point single 
sinusoid signals instantaneous frequency estimation method for portable 
DSP based instrumentation,” Measurement, vol. 44, no. 2, pp. 500–502, 
Feb. 2011, doi: 10.1016/J.MEASUREMENT.2010.11.001. 

[13] A. K. Verma, R. K. Jarial, P. Roncero-Sanchez, and M. R. Ungarala, 
“Improved Fundamental Frequency Estimator for Three-Phase 
Application,” IEEE Trans. Ind. Electron., vol. 68, no. 9, pp. 8992–8998, 
Sep. 2021, doi: 10.1109/TIE.2020.3018063. 

[14] J. F. Kaiser, “On a simple algorithm to calculate the ‘energy’ of a signal,” 
ICASSP, IEEE Int. Conf. Acoust. Speech Signal Process. - Proc., vol. 1, 
no. 10, pp. 381–384, 1990, doi: 10.1109/icassp.1990.115702. 

[15] D. A. Kaiser and J. F. Kaiser, “Estimation of power systems amplitudes, 
frequencies, and phase characteristics using Energy Operators,” 2012 

IEEE Energy Convers. Congr. Expo. ECCE 2012, pp. 930–937, 2012, 
doi: 10.1109/ECCE.2012.6342719. 

[16] C. J. Nwobu, A. M. Nakiganda, and L. Zhang, “Grid Voltage 
Synchronization for Unbalanced Voltages Using the Energy Operator,” 
IEEE J. Emerg. Sel. Top. Power Electron., vol. 5, no. 3, pp. 1415–1424, 
2017, doi: 10.1109/JESTPE.2017.2704022. 

[17] S. Reza, S. Member, M. Ciobotaru, V. G. Agelidis, and S. Member, “A 
Recursive DFT Based Technique for Accurate Estimation of Grid 
Voltage Frequency,” IECON 2013 - 39th Annu. Conf. IEEE Ind. 
Electron. Soc., pp. 6420–6425, 2013, doi: 
10.1109/IECON.2013.6700193. 

[18] S. Reza et al., “Single-Phase Grid Voltage Frequency Estimation Using 
Teager Energy Operator-Based Technique,” IEEE J. Emerg. Sel. Top. 
Power Electron., vol. 3, no. 4, pp. 1218–1227, 2015, doi: 
10.1109/JESTPE.2015.2405094. 

[19] A. Sahoo, J. Ravishankar, and C. Jones, “Phase-Locked Loop 
Independent Second-Order Generalized Integrator for Single-Phase Grid 
Synchronization,” IEEE Trans. Instrum. Meas., vol. 70, 2021, doi: 
10.1109/TIM.2021.3104406. 

[20] P. Gawhade and A. Ojha, “Recent advances in synchronization 
techniques for grid-tied PV system: A review,” Energy Reports, vol. 7, 
pp. 6581–6599, Nov. 2021, doi: 10.1016/j.egyr.2021.09.006. 

[21] H. A. Darwish and M. Fikri, “Practical considerations for recursive DFT 
implementation in numerical relays,” Proc. IEEE Power Eng. Soc. 
Transm. Distrib. Conf., vol. 22, no. 1, pp. 880–887, 2006, doi: 
10.1109/TDC.2006.1668614. 

[22] F. A. S. Neves, H. E. P. De Souza, F. Bradaschia, M. C. Cavalcanti, M. 
Rizo, and F. J. Rodríguez, “A space-vector discrete fourier transform for 
unbalanced and distorted three-phase signals,” IEEE Trans. Ind. 
Electron., vol. 57, no. 8, pp. 2858–2867, 2010, doi: 
10.1109/TIE.2009.2036646. 

[23] S. Golestan et al., “Single-Phase PLLs: A Review of Recent Advances,” 
IEEE Trans. Power Electron., vol. 32, no. 12, pp. 9013–9030, Dec. 2017, 
doi: 10.1109/TPEL.2017.2653861. 

 

 Hachemi Rahmani received his engineering degree in 
electronics from the University of Saad Dahlab in Blida in 
2006, and then obtained his Magister degree from the Ecole 
Nationale Polytechnique in 2011. He joined the Solar 
Equipment Development Unit in 2012 as a Research Associate. 
His research area includes the control of grid-connected 
photovoltaic systems as well as data acquisition and graphical 
interfacing in distributed systems. 

Boulouma Sabri was born in 1984 in Skikda, Algeria. He 
obtained  the first cycle university degree from the National 
Preparatory School for Engineering Studies in Rouiba, Algeria 
in 2005, the state engineering degree in electrical engineering 
with a control option from the Institute of Electrical and 
Electronic Engineering of Boumerdes (formerly INELEC) in 
2009. He obtained a Magister in electronics with a control 
option from the University of Jijel in 2012, a Magister in 
Infotronics from the University of Boumerdes in 2015, and a 
Ph.D. in electronics from the University of Jijel in 2017. He is 
a permanent researcher at the Solar Equipment Development 
Unit in Bou-Ismail. His areas of expertise include nonlinear and 
intelligent control, diagnosis and supervision of hybrid systems, 
signal processing, and data analysis. 

Mourad Haddadi received a Ph.D. in electronics from the 
Ecole Nationale Polytechnique in Algiers, Algeria.  He is 
currently a Senior Researcher and Head of the Electronics 
Department at the Ecole Nationale Polytechnique. He was 
engaged in renewable energies and solar electricity for more 
than 30 years. His research and development tasks mainly relate 
to photovoltaic applications, solar energy, photovoltaic systems 
and devices, and the most promising applications in renewable 
energies. Heist an expert and reviewer in many journals. He is 
the author or co-author of more than 60 publications. 


