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 In the realm of synchronization techniques, the dichotomy between open 

loops (OLSs) and closed loops (CLSs) presents a perennial challenge: how 

to enhance dynamic performance without sacrificing stability and 

disturbance rejection. While OLS techniques offer rapid dynamic response 

and unwavering stability, they often falter in non-nominal frequency 

scenarios. Conversely, CLS techniques grapple with the delicate balance of 

bolstering dynamic performance while maintaining robust stability. To 

surmount these obstacles, this study proposes an innovative approach: the 

integration of a frequency locked loop (FLL) as a secondary frequency 

detector within synchronization structures, coupled with the  

multiple-complex coefficient-filter (MCCF). This amalgamation bestows 

notable advantages. Firstly, from a control perspective, the resultant 

synchronization technique resembles a quasi-OLS, obviating the need for 

intricate stability analyses. Moreover, it exhibits commendable disturbances 

rejection alongside swift dynamic response. Through comprehensive 

simulation, our proposed technique showcases superiority over existing 

counterparts, evidencing enhanced settling time, disturbances rejection, and 

efficiency in the face of frequency drifts. 
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1. INTRODUCTION 

Research in synchronization techniques has recently attracted significant attention thanks to the 

advances made in small-signal modeling, filtering capability. Point of view control they can be classified into 

open loops (OLS) and closed loops (CLS) [1]-[31]. The CLS methods are those approaches whose 

implementation involves feeding back one or more signals, while the OLS are characterized by having no 

feedback in its structures. The CLS can be categorized into phase locked loops (PLLs), frequency locked 

loops (FLLs), and other approaches such as least-squares, adaptive observer, and maximum likelihood 

estimator. The PLLs/FLLs are well recognized in a number of applications such as control of electrical 

motors, islanding detection, control of converters in more electric aircraft, and vibration suppression in 

mechanical systems. The pace of developments in the field has accelerated in the last few years, and 

substantial knowledge has been recently generated. Nevertheless, these two approaches are mathematically 

equivalent systems. The PLLs are designed to lock the phase angle in synchronous reference frame (SRF), 

while the FLLs lock the frequency in stationary reference frame. Figure 1 illustrates the block diagram of 

https://creativecommons.org/licenses/by-sa/4.0/


                ISSN: 2302-9285 

Bulletin of Electr Eng & Inf, Vol. 13, No. 6, December 2024: 3789-3799 

3790 

standard PLLs/FLLs SRF-PLL locked loop and reduced-order generalized integrator frequency locked loop 

(ROGI-FLL)). The standard techniques have limited filtering capability. The advanced PLLs/FLLs can be 

understood as conventional SRF-PLL/ROGI-FLL with additional filters. One of the main challenges in these 

techniques is how to improve dynamic performance without compromising the ability to reject disturbances 

and stability. On the contrary, the OLS systems benefit from a fast dynamic response and unconditional 

stability [14]-[31]. This is probably the main advantage of OLS techniques over PLL and FLL ones. The 

OLS are carried out using classical filters, such as the moving average filter (MAF) and DSC, which results 

in a frequency-dependent behavior. To deal with this problem, several techniques are recommended, 

incorporating inverse compensation filter (ICF), predictive filter (PF), and other techniques. The ICF/PF is 

mathematically equivalent systems. The advanced OLS structures suffer from compromising performances 

under large frequency drift [14]. 
 

 

 
 

Figure 1. Block diagram of the SRF-PLL with LPF 
 

 

From the discussion, the advanced OLSs and CLSs suffer from almost the same challenges. In 

response to these challenges, this paper proposes a simple, robust yet fast OLS structure since it does not 

require a frequency feedback loop. But from a control point of view, it is a quasi (Q)-OLS. The basic 

building blocks of this technique are the following: i) the multiple-complex coefficient filter (MCCF) is used 

as a positive and negative sequence extractor (PNSE) since it is mathematically equivalent to real complex 

filters (RCFs) according to the design framework of reference [17]. On the one hand, the MCCF benefits 

from a low computational burden under highly distorted voltages, and this is not the case for some PNSEs 

[17] and ii) an FLL as a parallel frequency detector to adapt the cut-off frequency, which is the originality of 

this paper. The main advantages of the proposed FLL technique compared to the so-called advanced  

single-phase FLLs are the following: i) a simple mathematical model based on the linear and recursive form 

of the voltages. This fact allows the tuning procedure and stability analysis to be straightforward and ii) 

benefits from a very fast dynamic response and high stability, which is a great advantage, and this is not the 

case for the so-called advanced phase PLLs/FLLs. 

 

 

2. METHOD  

2.1.  Problem formulation 

To overcome the shortcomings of the SRF-PLL from grid unbalance point of view, a low pass filter 

(LPF) is introduced, as shown in Figure 1 [1]. In this subsection, it is assumed that: i) the estimated frequency 

is constant; ii) the LPF is of first order; and iii) the cut-off frequency of this LPF and the proportional gain of 

the PI controller are equal. The transfer function describing the positive components at its input is given by: 

 
𝑉𝛼𝛽
+

𝑉𝛼𝛽
=

𝑘

(𝑠−𝑗𝜔𝑐)+𝑘
 (1) 

 

Where 𝑉̂𝛼𝛽
+ (𝑠) = 𝑉̂𝛼

+ + 𝑗𝑉̂𝛽
+ and 𝑉𝛼𝛽(𝑠) = 𝑉𝛼(𝑠) + 𝑗𝑉𝛽(𝑠) 

It can be noted that, the complex operator j is produced by cross-coupling between the  axes. This 

structure suffers from the following shortcomings: i) only an approximation of the detected amplitude and 

phase of the positive sequence components and ii) the dynamic response is significantly reduced. On the 

other hand, to guarantee the dynamic grid voltage support or other related issues, such as the power 

oscillation elimination under grid fault conditions, the amplitudes of the fundamental positive and negative 

sequences are required. To deal with these problems, many advanced techniques to extract and separate the 

positive and negative sequences have been designed by different researchers. Among these, the multiple 

complex coefficient filter (MCCF), and dual SOGI (DSOGI) [17], are the most investigated techniques. 

Nevertheless, these two approaches are mathematically equivalent systems [17]. 
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As shown by Figure 2, the frequency response is asymmetrical around zero, which allows 

distinguishing the negative polarities from the positive ones for the same frequency. The transfer function for 

obtaining the negative sequence is given by: 
 
𝑉𝛼𝛽
−

𝑉𝛼𝛽
=

𝑘

(𝑠+𝑗𝜔𝑐)+𝑘
 (2) 

 
 

 
 

Figure 2. Bode diagram of the SRF-PLL 
 

 

The PNSE in the frequency domain can be expressed as (3): 
 

{
𝑉̂𝛼𝛽
+ (𝑠) =

𝑘

𝑠−𝑗𝜔𝑐+𝑘
[𝑉𝛼𝛽(𝑠) − 𝑉̂𝛼𝛽

− (𝑠)]

𝑉̂𝛼𝛽
− (𝑠) =

𝑘

𝑠+𝑗𝜔𝑐+𝑘
[𝑉𝛼𝛽(𝑠) − 𝑉̂𝛼𝛽

+ (𝑠)]
 (3) 

 

Where 𝑉̂𝛼𝛽
+ (𝑠), 𝑉̂𝛼𝛽

− (𝑠) are the estimated positive and negative sequences of V, and c is the cut-off frequency of 

the PNSE. It is worth to notice that k=𝜔p (cut-off frequency of filters) in the case of the MCCF, while k=2𝜔p/𝜔c in 

the case of DSOGI. The transfer functions describing the input/output of the PNSE are the following: 
 

𝐻1(𝑠) =
𝑘(𝑠+𝑗𝜔)

𝑠2+2𝑘𝑠+𝜔2
 And 𝐻2(𝑠) =

𝑘(𝑠−𝑗𝜔)

𝑠2+2𝑘𝑠+𝜔2
 

 

Figure 3 presents a schematic diagram of the PNSE, illustrating its operation. Figure 3(a) shows the 

PNSE, while Figure 3(b) presents the small-signal model of the PNSE. According to H1(S), H2(S) and the 

linearized model the following observations are made: the dynamics of the PNSE is an LPF with cut off 

frequency k. The parameter k is a tradeoff between a high filtering capability and fast dynamic response. A 

small value for k increases, the phase delay and, consequently, degrades the phase margin and dynamic 

behavior. In [7] the control parameter is selected as a follow: k=331.75 rad/s, kp=138.2, and ki=7961, which 

results in phase margin around 45° and settling time of about 2.1 cycles.  
 
 

  
(a) (b) 

 

Figure 3. Schematic diagram of the PNSE and small signal model of PLL-PNSE: (a) schematic diagram of 

the PNSE, illustrating the extraction and separation of positive and negative sequences and (b) small signal 

model depicting the simplified behavior of the PNSE in response to small perturbations 
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Another disadvantage of these PLLs can also be noticed, they suffer from steady-state phase error 

during ramp change in frequency with slope 𝛥𝜔̇ which can be calculated as (4) [3]: 
 

𝜃𝑒𝑟𝑟𝑜𝑟 = 𝑠𝑖𝑛−1(
𝛥𝜔̇

𝑉𝑘𝑖
) (4) 

 

These shortcomings are the main motivation behind including the proposed single-phase FLL algorithm as a 

frequency detector instead of a PI loop filter. 

 

2.2.  Proposed scheme 

A block diagram of the proposed synchronization technique is provided in Figure 4. The originality 

of this work is including a simple single phase FLL in the PNSE structure as a secondary frequency detector, 

which allows obtaining a new Q-OLS structure. Besides, to deal with the dc offset, the extracted positive and 

negative sequence is subtracted from the grid voltage signal and passed through an LPF to give dc 

component estimation. 
 
 

 
 

Figure 4. Overall schematic of the proposed technique 

 

 

2.2.1. Basic concept of the proposed frequency locked loop 

The proposed approach is based on the linear and recursive form of the voltage. A schematic 

diagram of this approach is depicted in Figure 5. The single-phase grid voltage can be described as (5): 
 

𝑉𝛼(𝑘) = 𝑉𝛼
𝑝
𝑠𝑖𝑛(𝜔𝑇𝑠 + 𝜙) (5) 

 

Where 𝑉̂, and  are the amplitude, pulsation, and phase of the voltage, respectively. 
 

𝑉𝛼1(𝑘) = 𝑉𝛼
𝑝[𝜎1 𝑠𝑖𝑛(𝜔𝑘𝑇𝑠 + 𝜙) − 𝜎2 𝑐𝑜𝑠(𝜔𝑘𝑇𝑠 + 𝜙)] (6) 

 

𝑉𝛼2(𝑘) = 𝑉𝛼
𝑝[𝜎3 𝑐𝑜𝑠(𝜔𝑘𝑇𝑠 + 𝜙) − 𝜎4 𝑠𝑖𝑛(𝜔𝑘𝑇𝑠 + 𝜙)] (7) 

 

Where 𝛔1=cos(𝜔Ts)/4, 𝛔2=sin(𝜔Ts)/4, 𝛔3=cos(𝜔Ts)/2 and 𝛔4=sin(𝜔Ts)/2. By adding the expressions 

Vα1(k) and V𝜶2(k) we get. 
 

𝑉𝛼(𝑘) + 𝑉𝛼2(𝑘) = 2𝜎1𝑉𝛼(𝑘) (8) 
 

In (7) is the linear regression model of the grid voltage v(k), which describes the relationship among 

the grid voltage and its transfer delay signals. σ1 is the unknown parameter related to the grid frequency ω. 

The FLL parameter σ(k) are recursively updated as (9): 
 

𝜎(𝑘 + 1) = 𝜎(𝑘) −
2𝑉𝛼1(𝑘)

1+4𝑉𝛼1
2 (𝑘)

(
2𝜎̂1𝑉𝛼1(𝑘) − 𝑉𝛼(𝑘)
−𝑉𝛼2(𝑘)

) (9) 

 

The voltage signal frequency is reconstructed from the parameter 𝜎1: 
 

𝑓 =
2

𝜋𝑇
cos−1(𝜎̂1) (10) 

 

The FLL has full immunity to voltage unbalance and distortion which is a great advantage. 

 

2.2.2. Frequency locked loop tuning 

To analyze the stability of the proposed FLL, Lyapunov function is selected as (11): 
 

𝑉(𝑘) = 𝜎̃𝑇(𝑘)𝜎̃(𝑘) (11) 
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𝜎̃(𝑘) denotes the estimation error and it is defined as (12): 

 

𝜎̃(𝑘) = 𝑍(𝑘) − 𝜎(𝑘) (12) 

 

 

 
 

Figure 5. Proposed single phase FLL algorithm 

 

 

The following inequality should be satisfied: 

 

𝑉(𝑘)𝛥𝑉(𝑘) < 0 (13) 

 

Where ΔV(k) denotes the change in Lyapunov function and is given by: 

 

𝛥𝑉(𝑘) = 𝑉(𝜎̃(𝑘 + 1)) − 𝑉(𝜎̃(𝑘)) < 0 (14) 

 

Using the dynamics error of the frequency estimator, ΔV (k) can be evaluated as (15) and (16): 

 

𝛥𝑉(𝑘) = |
1

1+4𝑉1𝛼
2 (𝑗1)

1

1+4𝑉1𝛼
2 (𝑗2)

. . . . .
1

1+4𝑉1𝛼
2 (𝑗𝑚)

𝜎1(0)| (15) 

 

𝑙𝑖𝑚
𝑘→∞

Δ(𝑉(𝑘)) = 0 (16) 

 

Z0 denotes the obtained vector at the perfect convergence.  

 

2.2.3. Positive and negative sequence extractor tuning 

This subsection demonstrates under which conditions the PNSE exhibits the desired dynamic 

performance based on the selected parameters. The PNSE with dc offset removal can be obtained as (17): 

 

{
 
 

 
 𝑉̂𝛼𝛽0(𝑠) =

𝜔0

𝑠+𝜔0
[𝑉𝛼𝛽(𝑠) − 𝑉̂𝛼𝛽

+ (𝑠) − 𝑉̂𝛼𝛽
− (𝑠)]

𝑉̂𝛼𝛽
+ (𝑠) =

𝑘

𝑠−𝑗𝜔𝑐+𝑘
[𝑉𝛼𝛽(𝑠) − 𝑉̂𝛼𝛽

− (𝑠) − 𝑉̂𝛼𝛽0(𝑠)]

𝑉̂𝛼𝛽
− (𝑠) =

𝑘

𝑠+𝑗𝜔𝑐+𝑘
[𝑉𝛼𝛽(𝑠) − 𝑉̂𝛼𝛽

+ (𝑠) − 𝑉̂𝛼𝛽0]

 (17) 

 

Where 0 is the cut-off frequency of the LPF, V0 are the DC components of V. From H1(s), H2(s) and 

(17) the following observations are made: i) H1(s), H2(s) are in the form of a standard second-order transfer 

function. Given the compromise between the transient response of the system and the filtering performance, 

the parameter k is chosen as 314; and ii) from (17), and by performing some simple mathematical 

manipulations, the transfer function between the dc components and the grid voltage is given as (18): 

 
𝑣̂𝛼𝛽0

𝑣𝛼𝛽
=

𝐿𝑃𝐹(𝑠)[1−𝐿𝑃𝐹(𝑠−𝑗𝜔𝑐)]

1−𝐿𝑃𝐹(𝑠) 𝐿𝑃𝐹(𝑠−𝑗𝜔𝑐)
 (18) 

 

Selecting the value of 0 involves a trade-off between the fast dynamic response and damping since 

the dynamic of (17) is similar to a first order LPF. A small value of 0 indicates that the dynamic of the PNSE is 

slow and well-damped. On the contrary, a large value of 0 implies a fast and oscillatory dynamic. To achieve a 

satisfactory compromise, the value of 0 is set to 40 rad/s and this can be seen on Figure 6. Besides, to evaluate 

the stability of the system and the transient response, the analysis of the eigenvalues is an effective tool: if all the 

eigenvalues have negative real parts the system is stable and the transient response depends on the imaginary 
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parts of the dominant complex conjugate eigenvalues. In addition, the eigenvalues of the left half-plane are far 

from the imaginary axis, the faster the transient response and this can be seen on Figure 7. 

 

 

 
 

Figure 6. Eigen values diagram 

 

 

The descriptions of the PNSE state space can be obtained as (19): 

 

{
𝑥̇ = 𝐴(𝑡)𝑥(𝑡) + 𝐵𝑢(𝑡)
𝑦 = 𝐶𝑥(𝑡)

 (19) 

 

Where 𝑥(𝑡) = [

𝑉̂𝛼𝛽0

𝑉̂+𝛼𝛽

𝑉̂−𝛼𝛽

] ; 𝑢(𝑡) = [

𝑉𝛼𝛽
𝑉𝛼𝛽
𝑉𝛼𝛽

] 𝐴(𝑡) = [
−𝜔0
−𝑘
−𝑘

   − 𝜔0     − 𝜔0
−𝑘 − 𝑗𝜔𝑐   − 𝑘
  − 𝑘   − 𝑘 − 𝑗𝜔𝑐

] 𝐵(𝑡) = [
−𝜔0
  0
  0

0  0
𝑘  0

0   𝑘
]. Using the 

selection parameters, the eigenvalues obtained are: 

 

λ1=-484.71, λ2=-91.81, λ3=-93.83 

 

From Figure 6, the selected parameters confirm the stability of the PNSE and allow a fast dynamic response.  

 

  

3. RESULTS AND DISCUSSION  

The proposed algorithm is simulated using MATLAB/Simulink three scenarious are investigated:  

i) frequency step change, ii) frequency ramp change, iii) unbalance under frequency change, and iv) distorted 

under frequency change. The parameters of the system are listed in Table 1. Some techniques based 

comparative simulations tests are conducted to highlight the good performance of the enhanced FA-PNSE. 

ETOLS and CC-ROGI-FLL are selected for the comparison. 

 

  

Table 1. Grid voltage parameters 
Voltage component FFPS FFNS 3rd 5th 7th 11 th 
Magnitude [PU] 0.733 0.4 0.1 0.1 0.07 0.3 
Phase[deg] 5° 50.4° 90° 45° 180° 180° 

 

 

3.1.  Frequency step change under normal condition 

Figure 7 presents simulation results depicting the response of different control systems under a 

frequency step change. Figure 7(a) illustrates the frequency response of the systems, showcasing their ability 

to adapt to a jump from 50 to 53 Hz. Figure 7(b) provides a zoomed-in view of the estimated frequencies 
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during this transition, offering insights into the accuracy and stability of frequency estimation. Figure 7(c) 

depicts the phase error over time, highlighting how well each system maintains phase synchronization with 

the grid. Overall, these results indicate that the proposed FA-PNSE exhibits a faster dynamic response 

compared to ETOLS and CC-ROGI-FLL, with superior settling time and phase angle performance, 

particularly under off-nominal frequency operation. 

 

 

  
(a) (b) 

  

 
(c) 

 

Figure 7. Simulation results under frequency step change; (a) frequency, (b) estimated frequency (zoom), and 

(c) phase error 

 

 

3.2.  Frequency ramp change under nominal condition  

During the test scenario characterized by a frequency ramp change, Figure 8 illustrates the response 

of the FA-PNSE, ETOLS, and CC-ROGI-FLL systems. Figure 8(a) presents the frequency evolution over 

time, showcasing how each system adjusts to the ramp change. Meanwhile, Figure 8(b) depicts the phase 

error for each system throughout the test duration. Observing the results, it is evident that the FA-PNSE, 

ETOLS, and CC-ROGI-FLL systems exhibit steady-state phase errors of 0.06°, 0.06°, and 0.004° 

respectively. These findings suggest that while all systems effectively respond to the frequency ramp change, 

the CC-ROGI-FLL system demonstrates superior phase accuracy compared to the FA-PNSE and ETOLS 

counterparts. 

 

3.3.  Frequency step change under unbalance  

Under the specified test scenario, the system initially operates under unbalanced voltage conditions, 

characterized by parameters detailed in Table 1. Following this, after a duration of 0.08 seconds, the 

frequency undergoes a notable increase from 50 to 53 Hz. Figure 9 illustrates the outcomes of this test 

scenario. In Figure 9(a), the grid voltages are depicted, showcasing the system’s response to the unbalanced 

input conditions. Subsequently, Figure 9(b) portrays the estimated frequency over time, highlighting how 

each control technique adjusts to the frequency jump. Lastly, Figure 9(c) offers a zoomed-in perspective of 

the phase error, emphasizing the precision and stability of phase synchronization with the grid. Upon 

analysis, it becomes evident that the proposed FA-PNSE technique exhibits exceptional performance in 

rejecting the unbalanced conditions, marked by its swift dynamic response compared to ETOLS. Conversely, 
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ETOLS demonstrates compromised performance, particularly noticeable in its phase angle behavior under 

off-nominal grid frequency operation. Furthermore, CC-ROGI-FLL showcases a significant steady-state 

phase error under these test conditions, indicating potential challenges in maintaining accurate phase 

synchronization. 

 

 

  
(a) (b) 

 

Figure 8. Simulation results under frequency ramp change; (a) frequency and (b) phase error 

 

 

  
(a) (b) 

   

 
(c) 

 

Figure 9. Simulation results under unbalanced conditions; (a) grid voltages, (b) estimated frequency, and  

(c) phase error zoom 

 

 

4. FREQUENCY STEP CHANGE UNDER DISTORTED SOURCE VOLTAGES  

Under the specified test conditions, the system initiates operation under distorted voltage, 

characterized by parameters outlined in Table 1. Subsequently, after a duration of 0.5 seconds, a significant 
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frequency jump occurs from 50 to 53 Hz. Figure 10 provides a visual representation of the simulation results 

under this particular scenario. Figure 10(a) displays the grid voltages, illustrating the system’s response to the 

distorted input conditions. Meanwhile, Figure 10(b) presents the phase error over time, showcasing the 

discrepancies in phase synchronization with the grid. Analysis of the figure indicates that the proposed  

FA-PNSE technique, ETOLS, and CC-ROGI-FLL converge to similar outcomes under this test scenario. 

Notably, all these techniques exhibit a notable steady-state phase error. This observation suggests challenges 

in maintaining accurate phase synchronization across the board, despite the differences in the applied control 

techniques. 

 

 

  
(a) (b) 

 

Figure 10. Simulation results under distorted; (a) grid voltages and (b) phase error 

 

 

5. CONCLUSION 

A synchronization technique for grid integration applications with adaptive frequency estimator 

parameters has been presented in this paper. The basic building blocks of this synchronization were 

explained, which are a developed FLL operating together with the PNSE. Moreover, the stability analysis of 

the PNSE has been presented. The proposed has been investigated with respect to CC-ROGI and ETOLS. 

Through simulation results, it was demonstrated that the proposed technique provides a fast dynamic 

response and efficient operation under nominal and off-nominal frequencies. 
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