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1. INTRODUCTION 

The grid-connected power electronic converters are 

important in the modern versions of renewable 

energy, such as that of photovoltaic (PV) and wind 

power integration. It must also be synchronised 

correctly with the utility grid to provide stable 

operation, efficiency of power transfer, and also 

adherence to grid codes. Phase-locked loops (PLLs) 

have been extensively used in estimating the grid 

phase angle and frequency in real time because they 

are simple, and effective [1], [2]. Practical grid 

environments are however becoming more frequently 

defined by a reverse of ideal conditions like harmonic 

distortion, voltage unbalance, frequency variations, 

and transient disturbances. These two factors cause 

these traditional PLL methods to perform poorly 

resulting in the inaccurate phase estimation, 

oscillations and instability of the system [3], [4]. 

Specifically, the standard synchronous reference 

frame PLL (SRF-PLL) has a low-performance under 

distorted conditions because it is sensitive to 

harmonic components and negative-sequence 

voltages [5]. In order to overcome these drawbacks, a 

number of improved versions of the PLL have been 

introduced, such as the second-order generalised 

integrator PLL (SOGI-PLL) and decoupled double 

synchronous reference frame PLL (DDSRF-PLL), that 

enhance the harmonic filtering, unbalance 

compensation capabilities [6]–[8]. Nevertheless, the 

current methods tend to take more computations, 

have reduced speed of dynamic response, or have 

inadequate stability to very intense grid 

perturbations. 

Consequently, it is still necessary to use a PLL-

based synchronisation strategy, which is able to 

achieve accuracy, robustness, and the simplicity of 

implementation under distorted grid conditions. It 

can be seen that the paper intends to propose a PLL-

based grid synchronisation structure that is expected 

to improve in such non-ideal conditions. This 

approach to working is modelled and simulated in 

details in case of various disturbances, such as 
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harmonic distortion, voltage sag, and change in the 

frequency. 

2. LITERATURE REVIEW 

Non-ideal grid synchronization Accurate grid 

synchronisation under non-ideal conditions has been 

researched widely and a number of phase-locked loop 

(PLL) methods developed. Probably one of the most 

popular approaches is the synchronous reference 

frame PLL (SRF-PLL) being the one that has the 

simplest structure and is easy to implement. It works 

by converting three-phase grid voltages to a rotating 

reference frame, which can be used to estimate the 

phase and frequency. But, SRF-PLL has low 

performance in the distorted grids conditions 

especially in the harmonics and imbalanced voltage 

conditions, which creates oscillations in 

therestimated phase angle [9], [10]. To address these 

shortcomings, improved PLL designs have been put 

forward e.g. the second order generalized integrator 

PLL (SOGI-PLL). SOGI-PLL offers better harmonic 

filtering and dynamic response because it produces 

orthogonal signals to be able to detect the phase 

correctly. Though it has these benefits, it can still be 

disrupted in the extreme grid disturbances and brings 

new complexity of calculations [11], [12]. Another 

high-technology method is the decoupled double 

synchronous reference frame PLL (DDSRF-PLL) that 

successfully splits the positive and negative sequence 

components and can therefore be used in unbalanced 

grid situations. Nonetheless, DDSRF-PLL demands 

numerous transformations and controls loops, which 

leads to the greater computational effort and more 

complexity in implementation [13] -  [15]. 

 

Table 1. Comparison of PLL Techniques 

Method Harmonic Rejection Complexity Dynamic Response 

SRF-PLL Low Low Moderate 

SOGI-PLL High Medium Fast 

DDSRF-PLL Very High High Fast 

 

Despite the improvement in performance in 

synchronisation due to such techniques, there are 

some challenges. Current techniques usually take a 

trade off among harmonic rejection ability, 

computational complexity and dynamic response. 

Moreover, their operation is worsened when there are 

simultaneous distortions like harmonics, volatility 

drop, and frequency deviations. Thus, it is necessary 

to develop a powerful PLL-based synchronisation 

strategy which guarantees both precise phase 

tracking and low complexity and low reaction to 

highly distorted grid conditions. 

3. SYSTEM MODELING 

3.1 Grid Voltage Model 

The grid voltage of real power system is seldom ideal 

in practical practise and may be compromised by 

harmonic distortion, voltage unbalance as well as 

frequency deviation. In order to accurately model 

such non-ideal conditions the grid voltage is modeled 

to be a composite of basic and harmonic components. 

The grid voltage is distorted, and this can be 

represented as follows: 

𝑣 𝑡 = 𝑉1 sin 𝑤𝑡 + 𝜙 +  𝑣𝑛 sin 𝑛𝑤𝑡 + 𝜙𝑛 

𝑛=3,5,7

______(1) 

 

whereV1 represents the amplitude of the 

fundamental component, Vn denotes the amplitudes 

of the harmonic components, and ω is the angular 

frequency of the grid. The introduction of upper 

order harmonics like the 3 rd, 5 th and 7 th 

components signifies the grid distortion situation 

which is very likely to arise in the distribution 

networks. Fig. 1 depicts an idealised distorted three 

phase grid voltage waveform, showing the existence 

of harmonic contents and phase droppas. 

To achieve synchronisation, a three-phase grid 

voltage is converted to stationary reference frame 

and then converted to rotating reference frame by 

Clarke transformation and Park transformation, 

respectively. The grid voltage in dq-axis is: 

 
𝑣𝑑

𝑣𝑞
 =  

𝑐𝑜𝑠 𝜃 sin 𝜃
− sin 𝜃 cos 𝜃

  
𝑣𝛼

𝑣𝛽
 ____________________(2) 

Such a transformation allows a splitting of the 

direct and quadrature components with the q-axis 

component acting as a phase synchronising error 

signal. With the perfect synchronisation, the q-axis 

voltage will be zero, which means that the phase 

alignment with the grid is achieved. 
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Fig. 1. Distorted Grid Voltage Waveform 

3.2 PLL Structure 

The phase-locked loop (PLL) is a circuit to be 

implemented based on phase detector that operates 

on a phase determinant framework of synchronous 

reference frame, which has phase detector, loop 

philtre and voltage controlled oscillator (VCO). The 

phase detector provides an error signal that is 

proportional to q-axis component of the grid voltage, 

and this is: 

𝑒 𝑡 = 𝑣𝑞(𝑡)_____________________(3) 

The error signal is fed to a proportional-integral 

(PI) controller, which is a loop philtre to control the 

dynamic response of the PLL. It can be estimated that 

the angular frequency is: 

𝑤𝑒𝑠𝑡  𝑡 = 𝐾𝑝𝑒 𝑡 + 𝐾𝑖  𝑒(𝑡)𝑑𝑡_____________________(4) 

whereKp and Ki are the proportional and integral 

gains, respectively. The proportional element 

enhances the transient reaction, whereas the zero 

steady-state phase error is ensured by the integral 

element. 

The approximate frequency is then calculated to 

obtain an approximate phase angle: 

𝜃𝑒𝑠𝑡  𝑡 =  𝑤𝑒𝑠𝑡  𝑡 𝑑𝑡 _________________________(5) 

This phase estimate is fed back into the Park 

transformation, and closes a control system that 

continually adjusts the estimated phase to 

synchronisation with the grid phase. Tuning of the PI 

controller has a high impact on the dynamic 

performance of the PLL and defines the trade-off 

between response speed and stability. 

 

4. PROPOSED SYNCHRONIZATION APPROACH 

In order to achieve a better performance of 

synchronisation in distorted grid conditions, a better 

PLL-based design is constructed through filtering and 

control optimization mechanisms. The physical 

principle the proposed one is based on reduction of 

the effects of harmonic distortion and unbalanced 

voltages but retaining quick dynamical response. Fig. 

2 presents the general scheme of the proposed PLL-

based synchronisation system. 

First, the three phase grid current is measured as the 

dq reference frame with the estimated phase angle. 

The component of the q-axis is filtered out as the 

signal of phase error, and it is susceptible to 

harmonics disruption and phase error. A low-pass 

filtering stage is inserted in the control loop, in order 

to diminish the effect of high-frequency harmonics. 

This filtering operation suppresses content of 

harmonics in the error signal hence enhancing better 

precision of phase detection. 

The filtered error signal is now filtered using an 

ideal tuned PI controller. These choices of controller 

gains are made to obtain a compromise between a 

quick convergence and system stability. Over the 

higher proportional gain enhances the responsiveness 

but it can cause oscillation, the integrated gain 

guarantees steady state precision. Hence, the gains 

are designed taking care of settling time without 

becoming unstable. 

In addition, a decoupling mechanism is also 

provided in order to minimise the impact of the cross-

coupling of the d-axis and q-axis components during 

unbalanced grid conditions. By separating the 

fundamental component of the PLL and out of harm's 

way, this decoupling increases the robustness of the 

PLL since the basic component can be precisely 

tracked in the presence of asymmetry in voltage. 

The general structure of the synchronisation 

process is closed-loop in nature whereby the 

estimated phase is updated constantly on the basis of 

the processed error signal. The proposed method 

significantly enhances the synchronisation accuracy 

and dynamic response, which are regarded as the key 

features of the proposed use over traditional PLL 

methods through the combination of harmonic 

filtering, optimal control and decoupling. 
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Fig. 2. Block Diagram of PLL-Based Grid Synchronization System 

 

5. SIMULATION AND RESULTS 

5.1 Simulation Setup and Parameters 

The effectiveness of the suggested PLL-based 

synchronisation method is tested with a MATLAB/ 

Simulink model in conditions of different grid 

disturbances. The simulation model uses a three 

phase grid but the harmonic distortion, voltage sag, 

and variation in frequency can be controlled to 

reflect practical operation conditions. 

 

Table 2: Simulation Parameters 

Parameter Value 

Grid Voltage 230 V 

Nominal Frequency 50 Hz 

Sampling Time 10 µs 

Harmonic THD 5–10% 

PI Gains (Kp, Ki) 0.8, 50 

 

The controller parameters are chosen such there is a 

trade off between dynamics responsiveness and 

stability of the system. The sampling time is selected 

to super sample any dynamic in the high frequencies 

as well as to make certain that the digital 

implementation is correct. 

5.2 Test Scenarios 

In order to justify the effectiveness of the suggested 

synchronisation procedure, four different test cases 

can be taken into account: 

 

Table 3: Test Cases 

Case Condition 

Case A Ideal grid conditions 

Case B Harmonic distortion (5th and 7th harmonics) 

Case C Voltage sag (20% reduction) 

Case D Frequency deviation (±1 Hz variation) 

 

The aim of these scenarios is to test the behaviour of 

the PLL to stable and dynamic disturbances. 

5.3 Results and Analysis 

Case A: Ideal Grid Conditions 

In the case of perfect grids, the proposed PLL 

converges very quickly with a zero steady-state error. 

The phase tracking is not very shaky, and the 

approximated frequency is constant without 

fluctuations. Fig. 3 gives the performance analysis of 

different phase tracking in distorted grid conditions 

which also shows that the proposed method is fast to 

converge and makes fewer oscillations. The fast 

dynamic response is also shown with settling time 

ranging around 10 ms. 

 

 
Fig. 3. Phase tracking performance comparison under 

distorted grid conditions. 

Case B: Harmonic Distortion 

When there are components of 5th and 7th harmonic, 

traditional SRF-PLL shows serious oscillations in the 

calculated phase and frequency owing to harmonic 

slavery. On the other hand, the suggested method 

cannot suppress harmonic influence by low-pass 

filtering and decoupling with the same effect, leaving 

the harmonic phase trajectory of a signal minimized 

and leading to a lower overall harmonic distortion. 

The phase error has been minimised to a great 

extent, compared to the traditional techniques. 

 

Park Transform 
(dq) Grid Voltage (abc) 

Clarke Transform 
(αβ) 

q-axis Error (vq) 

PI Controller 

VCO / Integrator 

Low-Pass Filter 

Oest 
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Case C: Voltage Sag 

Under an episodic 20% voltage sag scenario, the 

proposed PLL has shown a steady state 

synchronization without any apparent loss in the 

accuracy of phase estimation. The system exhibits a 

high upsetting capacity, and the transient deviation is 

negligible and fast recovery to steady operational 

state. Fig. 4 demonstrates the dynamic response to 

conditions of voltage sag and it is evident that the 

behavior of the proposed PLL recovers quickly and 

becomes stable unlike the conventional techniques. 

 

 
Fig. 4.Dynamic response under voltage sag conditions. 

Case D: Frequency Deviation 

The suggested PLL follows the frequency change with 

minimum delay when the grid frequency does not 

match the nominal frequency. It operates without 

oscillating especially in high frequency operation 

because the control loop is adaptive. Fig. 5 shows the 

frequency estimation response when the grid is 

disturbed and shows that the suggested PLL has a fast 

tracking characteristic, with low oscillatory 

characteristics. 

 

 
Fig. 5.Frequency estimation response under grid 

disturbances. 

5.4 Performance Comparison 

To measure the performance of the given approach 

quantitatively the performance of the proposed idea 

is compared to the traditional SRF-PLL and SOGI-PLL. 

 

Table 4: Performance Comparison 

Method Settling Time Phase Error THD 

SRF-PLL 25 ms 2.5° 6.8% 

SOGI-PLL 18 ms 1.8° 4.2% 

Proposed 10 ms 0.6° 2.1% 

 

The outcome has clearly shown that the 

suggested PLL is the one that has better performance 

with peak convergence rate, minimised phase error, 

and enhanced harmonic rejection. Fig. 6 shows the 

comparative analysis of the total harmonic 

distortion(THD) and the proposed method had a 

major drop in the total harmonic distortion (THD) as 

compared to other traditional methods. 

 

 
Fig. 6.Comparative analysis of total harmonic distortion 

(THD). 

6. DISCUSSION 

The findings of the simulation justify the fact that the 

suggested PLL-based synchronization strategy is 

effective to improve performance in distorted grid 

conditions. It has been demonstrated that the 

harmonic filtering and optimisation of control 

parameters can effectively counter the negative 

effect of harmonics, voltage sag and frequency 

variations. The method proposed also has minimized 

the settling time, by approximately 60 percent, and 

enhanced the phase accuracy, by over 75 percent, 

compared to conventional SRF-PLL. Also, the 

decrease in the total harmonic distortion indicates 

the efficiency of the removing device in separating 

the fundamental element of the harmonic distortions. 

Compared to SOGI-PLL, the given approach has 

similar harmonic rejection, but the level of its 
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computational complexity and reaction speed is 

lower. This is why it is more appropriate in the real-

time embedded usage in renewable energy systems. 

The proposed approach however adds processing 

steps on top of filtering and decoupling that can 

complicate the implementation of the system in 

device and resource limited systems. Subsequent 

research could be done on the hardware 

implementation and optimization methods to cut the 

computational heavy load at the same time as 

performance. 

CONCLUSION 

The paper has introduced a grid synchronisation 

scheme using the phase-locked loop (PLL) based on 

the grid conditions visible on distorted grids. A system 

model was developed that is inclusive of harmonic 

distortion, voltage sag and frequency deviation to 

represent realistic grid conditions. The proposed 

synchronization plan brings together the filtering, 

best PI control and decoupling to enhance precision 

of the phase tracking and reaction. As shown in the 

simulation results of the proposed PLL at different 

test conditions, a settling time of approximately 10 

ms, a phase error of below 0.6 degrees and an 

significant reduction in the total harmonic distortion 

(THD) to 2.1% are obtained. This suggested approach 

has an advantage over the classical methods of SRF-

PLL and SOGI-PLL in the form of faster convergence 

rate, improved harmonic rejection, and improved 

performance during a grid disturbance. The findings 

confirm the hypothesis that the method proposed is 

one of the effective solutions to grid synchronization 

in renewable energy systems which are not ideal. Its 

greater stability and accuracy allows it to be used in 

current-day power electronic applications where grid 

quality is being driven down. However, filtering and 

decoupling processes have resulted in additional 

computational complexity, which could pose a 

problem to real-time execution with resource-

constrained hardware. The future work will be guided 

towards the verification of the hardware on real-time 

platforms, and the development of the adaptive 

control strategy to further enhance the performance 

in the dynamically changing grid conditions. 
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