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Abstract

A grid-synchronization-based fundamental frequency positive-sequence (FFPS) and nega-

tive-sequence (FFNS) amplitudes estimation technique is proposed for unbalanced and dis-

torted grid. In this technique, the sequence amplitudes are extracted by extracting the

phase-angle of the FFPS and FFNS components. The extracted phase-angles have DC

and double frequency AC components. The AC component is filtered out by using a Moving

Average Filter (MAF) of appropriate window length. From the extracted phase-angle, the

unknown frequency can be estimated by using a suitable controller. A frequency-fixed equi-

distant samples-based pre-loop filter is also applied to eliminate the effect of measurement

offset. The proposed technique has a very simple structure and is easy to tune. Small-signal

modeling-based stability analysis and gain tuning procedure are also provided. The pro-

posed technique strikes a good balance between fast convergence and disturbance rejec-

tion capability. Comparative numerical simulation and experimental results with similar

other techniques demonstrate the suitability and performance enhancement by the pro-

posed technique.

Introduction

Grid-synchronization plays a vital role in the control of grid-connected power electronic sys-

tems. Synchronized or in-phase operation of the power electronic systems with the grid plays

an important role in enhancing the overall operational efficiency of the system. Grid-synchro-

nization technique extracts the parameters of the grid voltage signals which are then used

inside the controller of grid-connected converters [1–7].

Owing to the importance of grid-synchronization in control and monitoring of grid-con-

nected converters, several techniques are already proposed in the literature. Zero-crossing

detection [8] is one of the pioneering technique in this area. By detecting the transition of the

signal from negative to positive, this technique can estimate the frequency in real-time. Vari-

ous power quality disturbances can adversely affect the performance. To overcome these limi-

tations, this technique has been enhanced with Kalman filter in [9]. In this approach, a

Kalman filter is used to generate quadrature signals and then zero-crossing detection is applied
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to the signals for frequency estimation. However, this technique can be sensitive to DC offset

which is often caused by the current transformer saturation.

In steady-state operation, the power grid is quasi-periodic with known nominal period.

This makes discrete Fourier transform type techniques [10] a very suitable tool for grid-syn-

chronization application. As large number of samples need to be stored, this type of techniques

typically have large memory and consequently high processing power requirement. This can

be problematic for low-cost real-time hardware. In the off-nominal case, the performance can

be improved by using variable sampling operation. Output filters of converters are typically

designed by assuming a fixed sampling frequency condition. As a result, variable sampling fre-

quency operation can be problematic for the overall converter control system.

Using simple trigonometric manipulation, the grid voltage signals can be easily modeled

into parametric form with time-varying regressors. This enabled the application of least-square

type algorithms [11, 12] for grid-synchronization applications. In the nominal condition, the

regressor matrix size is low. However, in the off-nominal case, the regressor matrix can be very

large. This necessitates storing a large number of samples. Moreover, real-time computation of

large number of samples can be highly computationally demanding. Least-square techniques

can handle time-varying nature of the grid voltage parameters by using variable forgetting fac-

tor or covariance resetting mechanism. Kalman filter [11] can directly tackle this problem

without using any forgetting factor or resetting mechanism. Kalman filter has excellent noise

robustness property, however, its tuning requires accurate information of the process and

measurement noise covariance properties. This may not be always easily available. Recently, it

has been shown experimentally in [13] that least-square technique with integral of the estima-

tion error cost-function achieves better noise robustness than Kalman filter. Linear observer

[14] can provide fast detection, however, has a sensitivity to unmodeled dynamics such as

harmonics.

Phase-Locked Loop (PLL) [15–18] is another technique that is extremely popular in the lit-

erature. Out of various PLL techniques available in the literature, Synchronous Reference

Frame (SRF)-PLL [15] is undoubtedly the most used one. SRF-PLL uses the Park transforma-

tion the phase detector and the output is passed through a low-pass filter to extract the

unknown grid frequency. In the balanced grid case, SRF-PLL has excellent dynamic and

steady-state performances. However, the performance deteriorates in the presence of distur-

bances such as unbalance, harmonics, etc. To overcome the limitations of SRF-PLL, one

potential solution is to use additional band-pass filters such as self-tuning filter [19], second-

order generalized integrator [20], adaptive notch filter (ANF) [21], etc. These filters are typi-

cally applied in the stationary reference frame to extract the Fundamental Frequency Positive

Sequence (FFPS) component. SRF-PLL then extracts the unknown frequency from the FFPS

component. In the presence of band-pass filters, the tuning of PLL can be complicated. Unlike

the band-pass filters, Moving Average Filter (MAF) is typically employed in the synchronous

reference frame [22] to mitigate the negative effect of unbalance. Depending on the window

length of the MAF, MAF-PLL can completely eliminate the harmonics and DC offset. How-

ever, MAF-PLL has a relatively slow dynamic response.

PLL’s phase detector works in a closed-loop fashion. Unlike PLL, demodulation technique’s

phase detector works in an open-loop manner [23]. In demodulation, undesired high fre-

quency component of the phase detector output is filtered through a low-pass filter. For effec-

tive cancellation of undesired components, the cut-off frequency of the filter needs to be high.

This reduces the overall bandwidth of demodulation resulting in a slow dynamic response. To

overcome this limitation, frequency-adaptive demodulation is proposed in [24]. This increases

the bandwidth, however, it is only applicable for single-phase systems. Authors in [24] used

three single-phase demodulation blocks to tackle three-phase system, however, this is not a
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constructive way to deal with a three-phase system as the computational burden is high.

Recently, high bandwidth demodulation technique was proposed in [25], however, it is not

capable of handling unbalance. Similar to classical demodulation, many other open-loop grid-

synchronization techniques are available in the literature [26, 27]. Open-loop techniques have

fast convergence and unconditional stability. However, to achieve exact-synchronization, the

frequency is often fed back to the filtering part of the open-loop technique. This results in a

quasi open-loop structure for the overall system. As a result, unconditional stability property is

no longer valid.

From the discussions so far, it is evident that there is a demand of grid-synchronization

technique that can work under an unbalanced and distorted grid with potential DC offset

rejection capability. This work, therefore, focuses on developing such a technique. For this

purpose, this work proposes an enhanced phase detector inspired by the quasi type-1 PLL

(QT1-PLL) [28, 29] that can extract both the FFPS and FFNS phase-angle using extended

Park-type transformation. The extracted phase-angles have a double frequency component.

This can be removed either by using a low-pass filter or a moving-average filter. The advan-

tage of using a moving-average filter is that it can completely eliminate even-order harmon-

ics for a suitably selected window length. The filtered FFPS/FFNS phase-angle can be used to

extract the unknown grid frequency by passing it through an appropriate proportional con-

troller. This choice of controller differentiates the proposed solution from that of PLL and

FLL where proportional-integral and integral controllers are used, respectively. Finally, equi-

distant samples-based DC offset rejection Small-signal modeling-based tuning is proposed

for the developed PLL. The proposed technique has a simple structure and is easy to imple-

ment. It can extract both FFPS and FFNS components without using any complicated filter-

ing techniques such as orthogonal signal generator [30, 31] and/or cross-coupling observer/

filter [17]. Moreover, it also doesn’t require any parallel structure of filter/observer-bank for

harmonic robustness [32]. This makes the proposed technique very simple to implement in

low-cost embedded devices. The proposed method has a very simple gain tuning procedure

as it has only one tunable gain. To facilitate the tuning, a small-signal model is developed

that can be used for phase margin-based tuning. Moreover, by using same phase margin-

based fair gain tuning, we have showed that the proposed PLL strikes a good balance

between fast convergence and disturbance rejection capability compared to similar other

techniques.

The proposed technique uses MAF to filter out the high frequency component. Many

other PLLs use a similar approach such as MAF-PLL [33], QT1-PLL [28], Total QT1-PLL

(TQT1-PLL) [22], MAF-based sequence estimator [34], DDSRF-PLL [17, Figure 19] with in-

loop MAF, etc. Standard MAF and QT1-PLL can extract only FFPS component whereas the

proposed technique can estimate both FFPS and FFNS amplitudes. TQT1-PLL has a similar

sequence extraction capability like the proposed technique, however, it is very sensitive to

sub- and inter-harmonics due to the use of reduced window length DSC block for sequence

separation. A priori knowledge of harmonics is required for designing the MAFs in [34],

however, no such knowledge is required for the proposed technique. DDSRF-PLL and the

proposed technique has similar rotational speed but the proposed technique has a simple

decoupling structure. Unlike DDSRF-PLL, no cross-coupling of the filtered variables are

used which makes the proposed technique suitable for low sampling frequency operation

[35]. Moreover, the proposed technique has a fast dynamic response thanks to proportional

controller-based loop filter as opposed to proportional-integral-type loop-filter in

DDSRF-PLL. These features differentiate the proposed method with respect to the relevant

existing literature.
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Development of the proposed PLL

In the stationary reference frame (α, β), the unbalanced three-phase grid voltages can be writ-

ten as:

Va ¼ va0 þ vþcosðyþÞ þ v� cosðy� Þ; ð1aÞ

Vb ¼ vb0 þ vþsinðyþÞ � v� sinðy� Þ; ð1bÞ

where the superscript +/− denotes positive/negative sequence, measurement offsets are

denoted by vα0 and vβ0, and θ = ωt + ϕ, v, ω and ϕ represent the amplitude, angular frequency

and phase angle respectively. Nominal value of the angular frequency is denoted by ωn. In this

work, grid-synchronization-based FFPS and FFNS amplitudes estimation are considered. For

this purpose, amplitudes of the FFPS and FFNS components, i.e., v+ and v− need to be

extracted from the measured voltages Vα and Vβ.

FFPS and FFNS phase angle detector

In this Section, first, we assume that unbiased measurements are available, i.e., no DC offset in

Eq (1). Elimination of the offset will be considered later on. Let us consider the following auxil-

iary signals:

SC ¼ sinðôtÞ þ cosðôtÞ; ð2aÞ

CS ¼ cosðôtÞ � sinðôtÞ; ð2bÞ

where ô is the estimated frequency. With respect to the auxiliary signals (2a) and (2b), let us

consider the following transformation:

vþs
vþc
v�s
v�c

2

6
6
6
6
4

3

7
7
7
7
5
¼

1

2

1 1 1 1

� 1 1 1 � 1

1 1 � 1 � 1

� 1 1 � 1 1

2

6
6
6
6
4

3

7
7
7
7
5

� SC 0

CS 0

0 SC

0 CS

2

6
6
6
6
4

3

7
7
7
7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
T m

Va

Vb

" #

: ð3Þ

Similar to the conventional Park transformation-based phase detector, Eq (3) serves as the

phase detector for the proposed approach. For further development in this section, let us

assume that the PLL is in quasi-locked condition i.e. o � ô. To explain the operation of the

proposed phase detector, let us consider the following signals obtained by multiplying the sec-

ond and third matrices in the r.h.s. of Eq (3):

V1
a
¼ � VaVsc;

¼
Vþ

2
sinf o � ôð Þt þ �þg � sinf oþ ôð Þt þ �þg � cosf oþ ôð Þt þ �þg½ �þ

V �

2
sinf o � ôð Þt þ �� g � sinf oþ ôð Þt þ �� g � cosf oþ ôð Þt þ �� g½ ��

Vþ

2
þ
V �

2

� �

cosf o � ôð Þt þ �þg:

ð4aÞ

PLOS ONE Fundamental frequency sequence amplitude estimator

PLOS ONE | https://doi.org/10.1371/journal.pone.0270851 August 1, 2022 4 / 20

https://doi.org/10.1371/journal.pone.0270851


V2
a
¼ VaVcs;

¼
Vþ

2
sinf o � ôð Þt þ �þg � sinf oþ ôð Þt þ �þg þ cosf o � ôð Þt þ �þg½ �þ

V �

2
sinf o � ôð Þt þ �� g � sinf oþ ôð Þt þ �� g þ cosf o � ôð Þt þ �� g½ �þ

Vþ

2
þ
V �

2

� �

cosf oþ ôð Þt þ �þg:

ð4bÞ

V1
b
¼ VbVsc;

¼
Vþ

2
sinf oþ ôð Þt þ �þg þ sinf o � ôð Þt þ �þg þ cosf o � ôð Þt þ �þg½ ��

V �

2
sinf oþ ôð Þt þ �þg þ sinf o � ôð Þt þ �þg þ cosf o � ôð Þt þ �þg½ ��

Vþ

2
�
V �

2

� �

cosf oþ ôð Þt þ �þg:

ð4cÞ

V2
b
¼ VbVcs;

¼
Vþ

2
sinf o � ôð Þt þ �þg þ sinf oþ ôð Þt þ �þg þ cosf oþ ôð Þt þ �þg½ ��

V �

2
sinf o � ôð Þt þ �� g þ sinf oþ ôð Þt þ �� g þ cosf oþ ôð Þt þ �� g½ ��

Vþ

2
�
V �

2

� �

cosf o � ôð Þt þ �þg:

ð4dÞ

From the signals (4a)–(4d) and by considering o � ô � 0 and oþ ô � 2ô, the following

signals can be obtained by simple algebraic manipulation which is given in the first matrix in

the right hand side of Eq (3):

vþs ¼
1

2
f V1

a
þ V2

b

� �
þ V1

b
þ V2

a

� �
g;

� Vþsinð�þÞ � V � sinð2ôt þ �� Þ:
ð5aÞ

vþc ¼
1

2
f V1

b
þ V2

a

� �
� V1

a
þ V2

b

� �
g;

� Vþcosð�þÞ þ V � cosð2ôt þ �� Þ:
ð5bÞ

v�s ¼
1

2
f V1

a
� V2

b

� �
þ V2

a
� V1

b

� �
g;

� V � sinð�� Þ � Vþsinð2ôt þ �þÞ:
ð5cÞ

v�c ¼
1

2
f V2

b
� V1

a

� �
þ V2

a
� V1

b

� �
g;

� V � cosð�� Þ þ Vþcosð2ôt þ �þÞ:
ð5dÞ

From signals (5a)–(5d), it is clear that each signal is composed of a DC component together

with a double frequency component. The double frequency components can be removed by a
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moving average filter (MAF) with appropriate window length. In obtaining Eqs (5a)–(5d),

odd-harmonics are not considered. If considered, then, odd-harmonics will appear as double

the fundamental frequency AC harmonic components in Eqs (5a)–(5d). An advantage of MAF

is that it can remove double the fundamental frequency harmonic AC components from Eqs

(5a)–(5d) if the window length is selected as Tw = 0.5T, where T is the signal period. Hence,

MAF is selected in this work to enhance the harmonic performance improvement. The trans-

fer functions of the continuous-time and discrete-time MAF are given by:

Gf ðsÞ ¼
1 � e� Tws

Tws
; ð6aÞ

Gf ðzÞ ¼
1

N
1 � z� N

1 � z� 1
; ð6bÞ

where N is the number of samples inside the window Tw. By passing the signals (5a)–(5d)

through the MAF (6b), the DC signals (7)–(10) are obtained:

vfþs � Vþsinð�þÞ; ð7Þ

vfþc � Vþcosð�þÞ; ð8Þ

vf �s � V � sinð�� Þ; ð9Þ

vf �c � V � cosð�� Þ: ð10Þ

These DC signals can be used for the PLL implementation.

Pre-loop frequency-fixed DC offset rejection

In developing the proposed phase detector, no DC offset has been assumed. However, this

may not be the case in practice due to various reasons. So, eliminating the DC offset is consid-

ered in this Section. In the PLL literature, several solutions are proposed to eliminate the DC

offset. Out of them, some popular choices are based on additional integrator [36], low-pass fil-

ter [37], delayed signal cancellation [22, 30] etc. Out of these choices, DSC is a particularly suit-

able solution as it can be implemented as a pre-loop filter and has no tuning gain, thereby

reducing the tuning simplicity unlike LPF or additional integrator-based solutions. As such,

this approach has been adopted here. In the conventional DSC-based DC offset rejection

approach, half-cycle delayed signals are used. Recently, in [31, 38, 39], an alternative approach

has been presented where DC offset rejection can be done using an arbitrary length of delay.

As such, the modified DSC approach is adopted in this work. For this purpose, let us consider

two successively delayed samples of the Clarke-transformed grid voltages (1) with delay τ> 0:

Vt
a
¼ Vaðt � tÞ;

¼ va0 þ vþcosðyþ � otÞ þ v� cosðy� � otÞ;
ð11Þ

V2t
a
¼ Vaðt � 2tÞ;

¼ va0 þ vþcosðyþ � 2otÞ þ v� cosðy� � 2otÞ;
ð12Þ

Vt
b
¼ vb0 þ vþsinðyþ � otÞ � v� sinðy� � otÞ; ð13Þ

V2t
b
¼ vb0 þ vþsinðyþ � 2otÞ � v� sinðy� � 2otÞ: ð14Þ
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From the Clark-transformed voltages and the consecutively delayed samples, one can find

that:

Va � 2cosðotÞVt
a
þ V2t

a
¼ � 2va0ðcosðotÞ � 1Þ; ð15Þ

Vb � 2cosðotÞVt
b
þ V2t

b
¼ � 2vb0ðcosðotÞ � 1Þ: ð16Þ

Then, the DC offsets can be estimated as:

v̂a0 ¼
Va � 2cosðotÞVt

a
þ V2t

a

� 2ðcosðotÞ � 1Þ
; ð17Þ

v̂b0 ¼
Vb � 2cosðotÞVt

b
þ V2t

b

� 2ðcosðotÞ � 1Þ
: ð18Þ

By subtracting the estimated DC offsets from the measured voltages, offset-free voltages can

be obtained. Offset estimation Eqs (17) and (18) are frequency dependent. To avoid any cou-

pling between the pre-loop DC estimation and the in-loop frequency estimation, frequency-

fixed implementation of (17) and (18) are preferable. This will necessitate in-loop compensa-

tion when the grid frequency varies from the nominal value. For this purpose, quantification

of the frequency variation-induced error is required. This can be done by considering the

transfer function of estimator in the phasor-form. Let us consider that τ = Tn/4 with Tn being

the nominal period. Then, transfer function of DC offset-free voltage estimator in the phasor-

form can be obtained as:

GDCðsÞ ¼
~̂V ;

ab
ðsÞ=~V abðsÞ ¼ 0:5ð1 � e� 2tsÞ; ð19Þ

where^and the superscript ; indicate DC offset-free estimation. Let us denote that o ¼

on þ ~o with ~o being the deviation from the nominal value. Then, the magnitude and phase of

the transfer function (19) w.r.t. the frequency deviation can be obtained as:

jGDCðjoÞj ¼ cos t~oð Þ � 1 �
t2

2
~o2; ð20Þ

ffGDCðjoÞ ¼ � t~o: ð21Þ

In obtaining (20), small-angle approximation is used, i.e., cos(x) = 1 − x2/2. Eqs (20) and

(21) quantify the frequency deviation-induced errors when nominal frequency is used in esti-

mating the DC offsets in (17) and (18). These errors need to be compensated in-loop to obtain

error-free estimation of the signal parameters.

Implementation in a PLL

As shown previously, the proposed phase detector gives four DC signals that are related to the

FPPS and FFNS components. From these DC signals, the uncompensated FFPS and FFNS

amplitudes and FFPS phase angle can be estimated as:

v̂þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðvfþs Þ2 þ ðvfþc Þ2
q

; ð22Þ

v̂ � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðvf �s Þ2 þ ðvf �c Þ2
q

: ð23Þ

�̂þ ¼ atan2ðvfþs ; v
fþ
c Þ: ð24Þ
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The estimated FFPS phase angle can be considered as a mismatch between the input ŷ and

the output ôt. By passing this mismatch through a proportional controller with gain O> 0,

the frequency deviation and consequently the actual frequency can be estimated as:

ô ¼ O�̂þ þ on; ð25Þ

where O> 0 is the tuning gain. Then, using �̂þ and ô, the uncompensated instantaneous

phase angle of the FFPS component can be estimated:

ŷþ ¼ ôt þ �̂þ: ð26Þ

By taking into account the phase and amplitude error (cf. (20) and (21)) induced by the fre-

quency-fixed operation of the pre-loop filter, the compensated amplitude and phase can angle

can be found as:

v̂þc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðvfþs Þ2 þ ðvfþc Þ2
q

1 �
t2

2
~o2

; ð27Þ

v̂ �c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðvf �s Þ2 þ ðvf �c Þ2
q

1 �
t2

2
~o2

; ð28Þ

ŷþ ¼ ôt þ �̂þ þ t~o; ð29Þ

where the subscript c stands or compensated value.

A block diagram of the proposed technique is given in Fig 1. In obtaining the DC signals

(7)–(10), it has been assumed that the window length of MAF is equal to the nominal grid fre-

quency period. However, in the presence of off-nominal harmonics and/or unbalance, small-

amplitude oscillation in the estimated parameters are inevitable. In this case, frequency-adap-

tive MAF can be used and is considered in this work.

Small-signal modeling

To develop the small-signal model of the proposed PLL, let us consider the block diagram of

the proposed technique given in Fig 1.

The FFPS phase angle can be written as �
þ
¼ y

þ
� ôt. As a result, the proposed phase

angle detector takes θ+ as the input and ôt as the feedback signal. However, in the presence of

Fig 1. Block diagram of the proposed PLL.

https://doi.org/10.1371/journal.pone.0270851.g001
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unbalanced voltages, negative sequence AC components will appear which can be filtered out

by MAF to extract the DC components. DC components Vfþ
s and Vfþ

c are passed by the arctan-

gent block which linearizes the phase detector output. As a result, Fig 2 can be considered as

the small-signal model of the proposed technique where a synchronous reference frame ver-

sion of the transfer function (19) [30, 40] is used. According to Fig 2, by using block diagram

reduction algebra, the open-loop transfer function is given by:

GðsÞ ¼
Gf ðsÞ

1 � Gf ðsÞð1þ OtÞ
O

s
þ 1

� �

:

To validate the small-signal model, let us consider a + 15˚ phase change. Results of the sim-

ulation are given in Fig 3. Based on the results in Fig 3, it can be claimed that the small-signal

model is very accurate.

Fig 2. Small-signal model of the proposed technique.

https://doi.org/10.1371/journal.pone.0270851.g002

Fig 3. Small-signal model accuracy assessment for + 15˚ phase jump withO = 91.

https://doi.org/10.1371/journal.pone.0270851.g003
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Parameter tuning

The proposed technique has one parameter to tune which is O. To tune this parameter, a set-

tling time-based criterion is used. In this approach, + 1Hz step change is considered and the

corresponding 2% settling time is obtained. Settling time variation w.r.t. varying O and the

corresponding open-loop phase margin are given in Fig 4. From Fig 4 it can be found that for

O = 91, the settling time has been found to be�30msec., which is the fastest convergence time.

This value of O results in a phase margin of�35.5˚ which is within the recommended 30˚–60˚

range. As such, this value has been selected.

Results and discussion

In this Section, Matlab/Simulink-based numerical simulation and hardware-based experimen-

tal studies are considered. As comparative techniques, Cascaded delayed signal cancellation

(CDSC)-PLL [40] and quasi type-1 (QT1)-PLL [28] are selected. Control parameters are given

in Table 1. For the sake of fair gain tuning, all the techniques are tuned using the same phase

margin. The comparative techniques are implemented using a fixed-step solver with a sam-

pling frequency of 10 kHz.

Fig 4. Parameter tuning plot for the proposed method.

https://doi.org/10.1371/journal.pone.0270851.g004

Table 1. Parameter values of the selected PLL techniques.

QT1 CDSC Proposed

Frequency Gain 71 99 91

MAF Window Length T T
4

T
2

DSC Window Length − 3T
4

T
2

Phase Margin �35.5˚

https://doi.org/10.1371/journal.pone.0270851.t001
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Fig 5. Comparative numerical simulation results for balanced to unbalanced and distorted test. A: Grid voltages. B: Estimated

frequency. C: FFPS phase estimation error. D: Estimated FFPS and FFNS amplitudes.

https://doi.org/10.1371/journal.pone.0270851.g005
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Simulation results

Balanced to unbalanced and distorted test. In this test, initially the grid is balanced. Sud-

denly, the grid become unbalanced and distorted with ~Vþ1 ¼ 0:733ff5
�

[p.u.], ~V � 1 ¼

0:211ff50:4
�

[p.u.], ~Vþ5 ¼ 0:054ff45
�

[p.u.], ~Vþ7 ¼ 0:023ff60
�

[p.u.], and ~Vþ11 ¼ 0:019ff90
�

[p.u.], 0.012 [p.u.] 20Hz sub-harmonics, and 0.009 [p.u.] 270Hz inter-harmonics. At the same

time, grid frequency also experienced a jump of + 1 Hz in frequency. Comparative numerical

simulation results are given in Fig 5. Despite the grid being heavily distorted, no steady-state

oscillation in the estimated frequency can be observed for the proposed technique and the

QT1. However, the same can not be said for CDSC. In calculating the settling time band,

we have used the steady-state oscillation value of CDSC. As given in Table 2, the proposed

method has roughly 50% faster convergence compared to the selected techniques despite

tuned using the same open-loop gain. In this paper, estimation of the FFPS and FFNS

component amplitudes are considered. The proposed technique estimated both sequence

amplitudes in�1 cycle. This shows the suitability of the proposed method in monitoring grid

unbalance.

Unbalanced and distorted to balanced test. In this test, initially the grid is unbalanced

and distorted as per the condition specified in the previous test. Suddenly, the grid becomes

balanced and the grid frequency returns to the nominal value. Comparative numerical simula-

tion results are given in Fig 6. The proposed technique can quickly detect the change in the

grid and showed the fastest convergence speed in terms of frequency and phase estimation.

Same as the previous test, the proposed technique estimated the FFPS and FFNS amplitudes in

�1 cycle.

A qualitative performance comparison of the selected techniques are given in Table As

given in Table 3. Since the comparative techniques can not extract FFNS component, compar-

ing the computational complexity of these techniques with the proposed method would be

unfair. If only FFPS component estimation is considered, QT1-PLL [28] and the proposed

technique have similar computational complexity. However, CDSC-PLL [40] has a higher

computational effort as multiple DSC blocks are involved. Moreover, only certain sampling

frequencies can be used to avoid fractional delay in implementing the DSC blocks. This also

contributes to additional design complexity in selecting the filter components of the power

converter as they are related to the sampling and switching frequencies. This is not the case for

the proposed method and the QT1-PLL. In addition, two Park transformation blocks are

needed for the CDSC-PLL whereas QT1-PLL and the proposed method use one Park transfor-

mation. Despite having similar computational complexity, the proposed method has faster

dynamic response compared to QT1-PLL. In addition, FFNS component estimation is another

distinct feature of the proposed method compared to QT1-PLL and CDSC-PLL.

Table 2. Comparative time-domain simulation summary of the selected techniques.

Attributes + QT1 CDSC Proposed

Test-I: Balanced to Unbalanced Grid

Frequency Settling Time (msec.) 40.2 40.2 24.7

Phase Settling Time (msec.) 43.5 41.5 21.4

Total Harmonic Distortion 0.29% 0.42% 0.29%

Test-II: Balanced to Unbalanced and Biased Grid

Frequency Settling Time (msec.) 57.8 24.2 19.4

Phase Settling Time (msec.) 44.6 23.4 20.4

https://doi.org/10.1371/journal.pone.0270851.t002
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Fig 6. Comparative numerical simulation results for unbalanced and distorted to balanced test. A: Grid voltages. B: Estimated

frequency. C: FFPS phase estimation error. D: Estimated FFPS and FFNS amplitudes.

https://doi.org/10.1371/journal.pone.0270851.g006
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Experimental results

The considered experimental test bench is shown in Fig 7. Here, a PWM-controlled three-

phase inverter is used to emulate the adverse grid voltage signal. The voltage sensors are used

to measure the voltages at the load side. The control systems as well as the comparative tech-

niques are implemented on a dSPACE 1104 real-time platform using 10 kHz sampling fre-

quency. Technical details of the setup are given in Table 4. Resultsare exported to Matlab for

plotting.

To validate the theoretical development, three experimental tests are considered. In the first

test, −2Hz frequency step is considered. From the comparative experimental results as shown

in Fig 8, one can find that both CDSC and the proposed method have roughly 1.5 cycles con-

vergence time while it is two times higher for QT1. However, unlike CDSC, the proposed tech-

nique does not have any visible steady-state oscillation.

In the second test, a large voltage sag is considered. Fig 9 shows the results for −0.5p.u. volt-

age sag. The proposed technique converged significantly faster than CDSC and QT1. Similar

to simulation results, very fast convergence can be observed for the sequence amplitudes

estimation.

Table 3. Qualitative performance comparison of selected PLLs.

Attributes + QT1 CDSC Proposed

Dynamic Response Good Better Best

Harmonic Robustness Very Good Good Very Good

FFNS Amplitude Estimation No No Yes

https://doi.org/10.1371/journal.pone.0270851.t003

Fig 7. Test setup.

https://doi.org/10.1371/journal.pone.0270851.g007
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In the final test, diode-rectifier nonlinear load is added to generate harmonics in the mea-

sured voltages. Moreover, the fundamental component amplitude also changed. Experimental

results are shown in Fig 10. They show that the proposed technique has a very high disturbance

rejection capability. The estimated frequency contains almost no ripple despite the grid being

highly distorted. It has faster convergence than QT1 and CDSC. This validates the excellent

harmonics disturbance rejection capability of the proposed technique.

Conclusion

A grid-synchronization-based FFPS and FFNS sequence amplitudes estimator was proposed

in this work. The sequence extractor relies on an enhanced phase detector that is inspired by

the phase detector of the QT1-PLL. Moreover, it has a similar rotational speed as that of

Table 4. System parameters.

Parameter Value

DC-Link voltage Vdc = 310 V
Inverter voltage 110 V (rms)

LCL filter Inverter and load side L = 3 mH, C = 84 μF
Inverter rating 20 kVA

Frequency Sampling and Switching: 10 kHz

Load parameter R = 167 Ohm

https://doi.org/10.1371/journal.pone.0270851.t004

Fig 8. Comparative experimental results for −2Hz frequency jump. A: Grid voltage. B: Estimated frequencies.

https://doi.org/10.1371/journal.pone.0270851.g008
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SRF-PLL. It can accurately extract the FFPS/FFNS phase-angles and based on that estimates

the unknown grid frequency. It has a very good harmonic robustness property and can elimi-

nate the effect of DC offset. Using various challenging test scenarios such as voltage unbalance,

harmonics, DC offset, and frequency variation, the performance of the proposed technique

was evaluated and compared with similar other MAF-based PLLs. Comparative results show

that the proposed technique strikes a good balance between fast convergence and disturbance

rejection capability. The proposed PLL is a type-2 control system. Further work is needed to

make it type-3. This issue will be considered as future work.

Fig 9. Comparative experimental results for voltage sag test. A: Grid voltages. B: Estimated frequencies. C: Estimated FFPS and FFNS amplitudes.

https://doi.org/10.1371/journal.pone.0270851.g009
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Fig 10. Comparative experimental results for nonlinear diode-rectifier load. A: Grid voltages. B: Estimated frequencies. C: Estimated FFPS and FFNS amplitudes.

https://doi.org/10.1371/journal.pone.0270851.g010
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