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Abstract—Synchronization techniques can be classified into
open-loop and closed-loop methods. In power and energy appli-
cations, which are the focus here, the latter type is more popular.
Phase-locked loops (PLLs) and frequency-locked loops (FLLs) are
two broad categories of closed-loop synchronization techniques.
The aim of this paper is providing a review of recent advances in
designing single-phase FLLs, which can be very useful for both
researchers and engineers. The historical development of a stan-
dard single-phase FLL, its modeling and tuning aspects, its rela-
tionship with adaptive notch filters, its advanced versions for the
synchronization purposes under adverse grid conditions, its mod-
ification for different industrial applications, its connection with
single-phase PLLs, and its discretization aspects are the main parts
of this review.

Index Terms—Adaptive notch filters (ANFs), frequency-locked
loop (FLL), phase detection, phase-locked loop (PLL), second-
order generalized integrator (SOGI), synchronization.

I. INTRODUCTION

SYNCHRONIZATION techniques, which are highly impor-
tant for different signal processing/monitoring/control pur-

poses in energy and power applications, can be classified into
two general categories: open-loop techniques [1], [2], which
are characterized by having no feedback signal in their struc-
tures, and closed-loop ones [3]–[7], which have at least one
feedback signal in their structures. Closed-loop synchronization
(CLS) techniques have received more attention than open-loop
ones.

Phase-locked loops (PLLs) [3]–[5] and frequency-locked
loops (FLLs) [6], [7] are two broad categories of CLS tech-
niques. They are both nonlinear control systems, but they are
implemented in different reference frames. To be more exact,
PLLs are implemented in the synchronous reference frame, and
FLLs are realized in the stationary reference frame. Admittedly,
FLLs are not as popular as PLLs in power applications. How-
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ever, thanks to recent developments in the field, particularly
advances made in small-signal modeling and filtering capabil-
ity of FLLs, their popularity is growing. Now, in addition to
the grid synchronization of power converters [6]–[10], FLLs
are used in different applications, such as designing frequency-
adaptive resonant controllers [11], islanding detection in power
systems [12], flux estimation for the control of electrical motors
[13]–[15], electromechanical oscillation estimation [16], delay
estimation of two or more sinusoidal signals with unknown
frequency [17], detecting and separating fundamental and dis-
turbance components of power signals [18]–[20], suppressing
power-line interference in electrocardiogram signals [21], and
vibration suppression in mechanical systems [22], [23].

The main aim of this paper is providing a review of recent ad-
vances in designing single-phase FLLs. This study includes the
following main parts. As designing the majority of single-phase
FLLs is based on a second-order generalized integrator (SOGI),
the historical development of the SOGI-FLL, which is a stan-
dard single-phase FLL, is first explained, and its modeling and
tuning aspects are described. The relationship between this FLL
and adaptive notch filters (ANFs), which have been presented
before the SOGI-FLL, is then discussed. After that, advanced
SOGI-FLLs, which are often implemented by adding some fil-
ters/elements to the standard SOGI-FLL, and non-SOGI-based
FLLs are described, and their advantages/disadvantages are an-
alyzed. Discussions about using FLLs in different industrial
applications, the relationship between single-phase FLLs and
PLLs, and discretization aspects of FLLs are the last parts of
this review.

II. STANDARD SOGI-FLL

A. Development

The first steps toward developing the SOGI-FLL, which is a
standard FLL in single-phase applications, were taken in [24]
and [25]. In these works, extracting the fundamental component
of a single-phase input signal and its quadrature version by using
a double-integrator structure in a unity feedback configuration
was suggested [see Fig. 1(a)]. In power and energy applications,
such in-quadrature signals are very useful for calculating the
active and reactive powers, extracting the sequence components
in three-phase systems, and obtaining the phase and amplitude
of sinusoidal signals.

The structure shown in Fig. 1(a) is often called the SOGI-
based quadrature signal generator (SOGI-QSG). Equations (1)
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Fig. 1. Development of SOGI-FLL. (a) SOGI-QSG. (b) Adding a frequency
estimator and amplitude/phase calculation parts. (c) Adding the amplitude nor-
malization part. v is the single-phase input signal; v̂α 1 and v̂β 1 are estimations
of the fundamental component of the input signal and its quadrature version,
respectively; and θ̂1 , V̂1 , and ω̂ denote an estimation of the phase, amplitude,
and angular frequency of the input signal, respectively. ωn denotes the nominal
angular frequency of the input signal, k is the SOGI-QSG gain, and λ is the
frequency estimator gain.

and (2) express the SOGI-QSG characteristic transfer functions
and Fig. 2 illustrates their Bode plots

Gα (s) =
v̂α1(s)
v(s)

=
kωns

s2 + kωns + ω2
n

(1)

Gβ (s) =
v̂β1(s)
v(s)

=
kω2

n

s2 + kωns + ω2
n

. (2)

Notice that the transfer functions (1) and (2) act as a band-
pass filter (BPF) with the center frequency at ωn and a low-
pass filter (LPF) with a 0-dB gain and −90◦ phase at ωn ,
respectively. Therefore, as long as the input signal frequency
is fixed or very close to its nominal value, the α- and β-axis
outputs of the SOGI-QSG provide an accurate estimation of
the input signal fundamental component and its quadrature
version, respectively. However, in power and energy applica-
tions, which are the focus here, the aforementioned condition for
the input signal frequency may not always exist. This is partic-
ularly true for microgrids and weak grid conditions. Therefore,
designing an estimator for extracting the input signal frequency
and adapting the SOGI center frequency to frequency changes
is necessary.

Such an estimator can be designed using the gradient descent
method [5], [26], [27]. To this end, the input and output signals

Fig. 2. Bode plots of transfer functions Gα (s) and Gβ (s), which are
expressed in (1) and (2), respectively. Parameters: ωn = 2π50 rad/s and
k =

√
2.

of the SOGI-QSG are first considered as

v = V1 cos(θ1) (3)

v̂α1 = V̂1 cos(θ̂1) (4)

v̂β1 = V̂1 sin(θ̂1) (5)

where V1 and θ1 =
∫ t

0 ωdτ + ϕ1 are the amplitude and phase
angle of the input signal of the SOGI-QSG, respectively, ω and
ϕ1 denote the angular frequency and initial phase angle, re-
spectively, andˆ refers to estimated quantities. Then, the cost
function (6) is defined, and the gradient descent method is ap-
plied to direct the frequency of the output signal toward the
input one. Equation (7) describes the differential equation of the
obtained frequency estimator, in which λ is a control parameter
that determines the speed of convergence

J =
1
2
e2 =

1
2
[v − v̂α1 ]2 =

1
2
[V1 cos(θ1) − V̂1 cos(θ̂1)]2 (6)

˙̂ω = −λ
δJ

δω̂
= −λ

δJ

δe︸︷︷︸
e

δe

δθ̂1︸︷︷︸
v̂β 1

δθ̂1

δω̂︸︷︷︸
t

= −λtev̂β1 . (7)

As shown in (7), the time variable t appears in the frequency
estimator differential equation. This makes the frequency esti-
mator unstable. To deal with this problem, the time variable t
can be simply ignored [27], which results in

˙̂ω = −λev̂β1 . (8)

Notice that neglecting t is intuitively reasonable because it is
always positive. More details about this issue can be found
in [27].

Adding the frequency estimator (8) to the SOGI-QSG struc-
ture results in Fig. 1(b) [6], [9]. Thanks to this estimator, which
adapts the SOGI center frequency to frequency changes, the
input signal fundamental component and its quadrature ver-
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Fig. 3. First-order LTI model of the SOGI-FLL [6].

sion can now be accurately extracted under both nominal and
off-nominal frequencies. Using these signals, the phase and am-
plitude of the input signal may also be easily calculated (if

required) as θ̂1 = tan−1(v̂β1/v̂α1) and V̂1 =
√

v̂2
α1 + v̂2

β1 , as

highlighted in Fig. 1(b).
By substituting (3)–(5) into (8), it can be rewritten as

˙̂ω = −λV̂1 sin(θ̂1)
[
V1 cos(θ1) − V̂1 cos(θ̂1)

]

=
λV̂1

2

[
V1 sin(θ1 − θ̂1)−V1 sin(θ1 + θ̂1) +V̂1 sin(2θ̂1)

]
.

(9)

Neglecting the double-frequency (highlighted) terms in (9) gives

˙̂ω ≈ λV1V̂1

2
sin(θ1 − θ̂1). (10)

From (10), it can be observed that the frequency estimator dy-
namics depend on the input signal amplitude. It implies that
any change in this parameter may affect the performance of
this estimator. Therefore, to decouple the frequency estimator
dynamics from input signal amplitude changes, an amplitude
normalization stage, as highlighted in Fig. 1(c), may also be in-
cluded into the frequency estimator [6]. This final product [see
Fig. 1(c)] is called the SOGI-FLL. Notice that, to avoid division
by zero during the start-up and transients, a saturation needs to
be included before the division operation.

It has to be mentioned here that in the original structure of
the SOGI-FLL (see [6, Fig. 6] or [9, Fig. 8]), in addition to
the aforementioned amplitude normalization, the estimated fre-
quency ω̂ is fed back and multiplied by the frequency estimator
gain. This feedback signal is supposedly intended to make the
frequency estimator dynamics independent of the input signal
frequency. However, the frequency estimator differential equa-
tion (10), which can be rewritten as (11) by considering the
aforementioned amplitude normalization, does not indicate any
direct dependence on the input signal frequency. Indeed, it is
approximately proportional to the phase error signal. Consider-
ing this fact, it can be concluded that the aforementioned fre-
quency feedback is unnecessary and, therefore, is not considered
throughout this paper

˙̂ω ≈ λ

2
sin(θ1 − θ̂1) ≈ λ

2
(θ1 − θ̂1). (11)

B. Modeling

The first attempt to obtain a linear model for the SOGI-
FLL has been made in [6]. In this work, a first-order linear
time-invariant (LTI) model, as expressed in (12) and as shown
in Fig. 3, is presented for describing the frequency estimation

dynamics of the SOGI-FLL

Δω̂(s) ≈ λ/(kωn )
s + λ/(kωn )

Δω(s). (12)

Notice that the input signal amplitude does not appear in this
differential equation because of the amplitude normalization in
the SOGI-FLL structure.

This model has two main limitations: 1) it does not predict the
SOGI-FLL dynamics in estimating the phase and amplitude; and
2) it cannot accurately predict the SOGI-FLL frequency estima-
tion dynamics in all scenarios, particularly when the SOGI-FLL
has a low damping factor. To deal with these limitations, more
accurate and complete modeling of the SOGI-FLL is presented
in [7] and [11]. This modeling method is briefly explained in
what follows.

According to Fig. 1(c), the estimated phase and amplitude
can be expressed as

θ̂1 = tan−1
(

v̂β1

v̂α1

)

(13)

V̂1 =
√

v̂2
α1 + v̂2

β1 . (14)

Differentiating (13) and (14) with respect to time gives

˙̂
θ1 =

˙̂vβ1 v̂α1 − ˙̂vα1 v̂β1

V̂ 2
1

(15)

˙̂
V1 =

v̂α1 ˙̂vα1 + v̂β1 ˙̂vβ1

V̂1
(16)

where ˙̂vα1 and ˙̂vβ1 , according to Fig. 1(c), are equal to

˙̂vα1 = ω̂ (−v̂β1 + kv − kv̂α1) (17)

˙̂vβ1 = ω̂v̂α1 . (18)

Substituting (17) and (18) into (15) and (16) and considering
the definitions (3)–(5) gives

˙̂
θ1 = ω̂ +

k

λ
ω̂ ˙̂ω (19)

˙̂
V1 =

kω̂(v − v̂α1)v̂α1

V̂1

=
kω̂

2

[
V1 cos(θ1 − θ̂1) − V̂1

+V1 cos(θ1 + θ̂1) − V̂1 cos(2θ̂1)
]
. (20)

By assuming a quasi-locked state, i.e., V̂1 ≈ V1 , ω̂ ≈ ω, and
θ̂1 ≈ θ1 , and defining V̂1 = Vn + ΔV̂1 , V1 = Vn + ΔV1 , ω̂ =
ωn + Δω̂, ω = ωn + Δω, θ̂1 = θn + Δθ̂1 , θ1 = θn + Δθ1 ,
where the subscript n denotes the nominal value and Δ de-
notes a small perturbation, (19) and (20) can be approximated
by

Δ ˙̂
θ1 ≈ Δω̂ +

kωn

λ
Δ ˙̂ω (21)

Δ ˙̂
V1 ≈ kωn

2
(ΔV1 − ΔV̂1). (22)
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Fig. 4. Second-order LTI model of the SOGI-FLL [7], [11].

Fig. 5. LTP model of the SOGI-FLL [28].

Using (11) and considering the definitions made before for θ1
and θ̂1 , the SOGI-FLL frequency estimator dynamics may also
be linearized as follows:

Δ ˙̂ω ≈ λ

2
(Δθ1 − Δθ̂1). (23)

Based on (21)–(23), the SOGI-FLL linear model can be ob-
tained, as illustrated in Fig. 4. Notice that this model is a second-
order LTI model.

During transients, the SOGI-FLL demonstrates some damped
double-frequency oscillations in its estimated parameters. The
highlighted terms in (9) and (20) formulate these oscillations.
During the aforementioned modeling procedure, which is a
rather short version of the modeling method presented in [7]
and [11], these double-frequency oscillations were neglected.
It implies that the second-order LTI model (see Fig. 4) cannot
predict these oscillations in the SOGI-FLL transient response.
In [28], a more accurate modeling procedure for single-phase
grid synchronization techniques (including the SOGI-FLL) is
presented, which takes into account these oscillations. This
method results in a linear-time periodic (LTP) model, as shown
in Fig. 5.1 Notice that the only difference between this model and
the second-order LTI one is the excitation by a double-frequency
trigonometric term.

To gain insight about the accuracy of the available models
for the SOGI-FLL (i.e., Figs. 3–5), a comparison among them
in predicting the SOGI-FLL transient behavior in response to a
+2-Hz frequency jump is carried out. The results of this compar-
ison can be seen in Fig. 6. Based on these results, the following
observations can be made.

1During the LTP modeling of the SOGI-FLL in [28], for the sake of brevity,
only the phase and frequency estimation dynamics are linearized and modeled.
An LTP model for the SOGI-FLL amplitude estimation dynamics may also be
easily obtained by following a similar procedure.

Fig. 6. Accuracy assessment of the available models for the SOGI-FLL
in response to +2-Hz frequency jump. In the case of the SOGI-FLL [see
Fig. 1(c)], the signal Δω̂ may be obtained by subtracting ωn = 2π50 rad/s
from the estimated frequency ω̂. The control parameters are [11]: k =

√
2 and

λ = 49348. In all numerical results in this paper (unless otherwise stated), the
sampling frequency is 10 kHz, and the input signal amplitude is 1 per unit (p.u.)

1) The LTP model (see Fig. 5) yields a remarkable accu-
racy as it can even predict the damped double-frequency
oscillations in the SOGI-FLL transient behavior.

2) The second-order LTI model (see Fig. 4) predicts the aver-
age dynamic behavior of the SOGI-FLL accurately. How-
ever, it cannot predict the double-frequency oscillations.

3) The first-order LTI model (see Fig. 3) gives a rather poor
accuracy, as it cannot precisely predict the average dy-
namic behavior of the SOGI-FLL.

Based on these observations, using the first-order LTI model
(see Fig. 3) for the SOGI-FLL dynamic assessment and tuning
is not recommended. The second-order LTI model (see Fig. 4)
is indeed the most suitable option for these purposes, as it is ac-
curate enough in most practical scenarios, and at the same time,
the concept of the transfer function is applicable to it. Notice
that, in the case of the SOGI-FLL LTP model (see Fig. 5), or
generally all LTP systems, the transfer function representation is
ambiguous because there is a coupling among different frequen-
cies in their input and output [28]. To deal with this problem,
a more general concept, called the harmonic transfer function,
has been introduced, which translates the LTP system into a
doubly infinite LTI one [29]. It, however, demands using multi-
input multi-output control methods for the analysis, which is a
bit complicated. Despite this fact, the great accuracy of the LTP
model is still a valuable asset and can be useful for stability stud-
ies [28]. This is particularly true under weak grid conditions,
where interactions between the grid-tied power converter and
its synchronization unit cause serious stability concerns [30].

C. Tuning Control Parameters

From Fig. 4, the key transfer functions of the SOGI-FLL can
be obtained as

GV
cl (s) =

ΔV̂1(s)
ΔV1(s)

=
kωn/2

s + kωn/2
(24)

Gω
cl(s) =

Δω̂(s)
Δω(s)

=
λ/2

s2 + (kωn/2) s + λ/2
(25)

Gθ
cl(s) =

Δθ̂1(s)
Δθ1(s)

=
(kωn/2) s + λ/2

s2 + (kωn/2) s + λ/2
. (26)
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Fig. 7. Block diagrams of two ANFs. (a) ANF1 [34]. (b) ANF2 [18]. In both
structures, k′ and λ′ are the generalized integrator (GI) and frequency estimator
gains, respectively. v̂α and v̂β are signals with the same phase and 90◦ phase
delay compared to the input signal fundamental component, respectively.

Using these transfer functions and the characteristic transfer
functions of the SOGI-QSG [i.e., (1) and (2)], the SOGI-FLL
tuning procedure can be easily carried out. A possible tuning
method is briefly presented in what follows.

Using (1) and (2), it can be demonstrated that an optimal
tradeoff between the setting time and overshoot in the extraction
of the fundamental component and its quadrature version is
obtained if k =

√
2 is selected. That is the reason why this

value is often recommended as a good choice in the literature
[6], [11]. This selection, however, may not be able to provide a
high filtering capability. Consequently, if a higher disturbance
rejection ability is desired, one can select a lower value for this
parameter, but at the cost of a slower transient response.

The characteristic polynomial of both transfer functions (25)
and (26) is

s2 + (kωn/2)
︸ ︷︷ ︸

2ζω ′
n

s + λ/2
︸︷︷︸
(ω ′

n )2

= 0 (27)

in which ζ and ω′
n are the damping factor and the natural fre-

quency, respectively. By selecting ζ = 1/
√

2, which is often
recommended as the optimum damping factor in the literature,
λ can be expressed as

λ = 2(ω′
n )2 =

k2ω2
n

4
. (28)

Substituting the recommended value for k, i.e., k =
√

2, into
(28) gives λ = ω2

n/2 = 49348.

III. ANFS: CLOSE VARIANTS OF THE SOGI-FLL

The development of an ANF dates back to around three
decades ago when it was first designed and proposed by Regalia
as a lattice filter structure in the discrete-time domain [31]. After
several years, Bodson and Douglas [32] proposed a continuous-
time version of this structure, which was later modified by Hsu
et al. [33]. To simplify the tuning procedure for Hsu’s ANF and
make its periodic orbit independent of its control parameters, a
simple modification was suggested in [34]. Fig. 7(a) illustrates
the resultant structure, which is called here the ANF1.

TABLE I
FAIR CONDITION OF COMPARISON AMONG SOGI-FLL AND ANFS

Fig. 8. Performance comparison between the SOGI-FLL and ANFs shown in
Fig. 7 in response to a +2-Hz frequency jump. The SOGI-FLL control values are
k =

√
2 and λ = 49 348 [11]. Control parameters of the ANFs can be calculated

according to Table I. The grid voltage amplitude is fixed at 1 p.u.

If we assume that the input signal of the ANF1 is as (3),
then its α-axis output will be equal to v̂α (t) = ω̂V̂1 cos(θ̂1). It
implies that the α-axis output should be divided by ω̂ to give
an estimation of the input signal fundamental component. To
eliminate the need for such a division and directly obtain the
input signal fundamental component, restructuring the ANF1,
as shown in Fig. 7(b), is suggested in [18]. This structure is
called here the ANF2.

These ANFs have a very close relationship with the standard
SOGI-FLL. This fact has already been pointed out in some
publications [35], [36]. It, however, does not seem to be widely
known by researchers. An example to support this claim is [10],
in which totally different results for the SOGI-FLL and an ANF
have been reported (see [10, Table I]). These results are because
of considering an unfair condition of comparison between the
SOGI-FLL and the ANF.

The close relationship of the SOGI-FLL and ANFs can be
demonstrated theoretically or numerically. Here, to better visu-
alize it, the numerical way is considered. Table I summarizes the
fair condition of comparison among the SOGI-FLL and ANFs.
A way of finding this condition is deriving small-signal models
of the ANFs by following a similar procedure as that explained
for the SOGI-FLL (see Section II-B).

Fig. 8 illustrates the obtained results in response to a
+2-Hz frequency jump. It can be observed that the SOGI-FLL
and ANFs demonstrate a close performance.2 This fact can be
further supported by using other tests,3 which are not presented
here to save space.

2To preserve this relationship under voltage sags/swells, using an amplitude
normalization in the ANFs is required.

3The dynamic performance difference between the SOGI-FLL and ANFs
may become more noticeable under a severe phase jump, as it results in large
transients in the estimated frequency.
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At the end of this section, it may be interesting to briefly
discuss why the structures shown in Fig. 7 are called an ANF
at all. The key to answering this question is obtaining transfer
functions relating the error signal e to the input signal v in
these structures. Assuming that the estimated frequency ω̂ is a
constant, these transfer functions can be expressed as

ANF1 ⇒ e(s)
v(s)

=
ω̂2(s2 + ω̂2)

s2 + k′ω̂s + ω̂2 (29)

ANF2 ⇒ e(s)
v(s)

=
(s2 + ω̂2)

s2 + k′ω̂s + ω̂2 . (30)

Both these transfer functions describe a notch filter (NF) with
the notch frequency at ω̂. As this notch frequency is adaptive in
practice, they are called an ANF.

IV. ADVANCED SOGI-FLLS FOR THE GRID SYNCHRONIZATION

This section provides an overview of some recently designed
advanced single-phase FLLs for grid synchronization purposes.
What almost all these FLLs have in common is using the stan-
dard SOGI-FLL structure as the basic building block. Improving
the standard SOGI-FLL performance, particularly its filtering
capability, is the main objective in designing these FLLs.

A. SOGI-FLL With DC Rejection Capability
(SOGI-FLL-WDCRC)

For many reasons, in addition to the fundamental compo-
nent, a dc component may also appear in the SOGI-FLL input.
For example, in grid-connected applications, short circuits and
faults, saturation of current transformers, geomagnetic storms,
half-wave rectification, and dc injection by distributed genera-
tion systems may cause a dc component in the grid voltage and,
therefore, in the SOGI-FLL input [36], [37]. The data conver-
sion process is another reason that may cause a dc offset [38].
In what follows, the performance of the standard SOGI-FLL in
the presence of a dc component in its input is briefly examined,
and an available standard method to deal with this problem is
explained.

From (1), it can be observed that the transfer function Gα (s),
which relates the α-axis output of the SOGI-QSG to its input,
has a zero dc gain. It means that the α-axis output is free from
any dc component in the presence of such a component in the
SOGI-QSG input. The transfer function (2), however, has a dc
gain equal to k. Therefore, if we assume that the dc offset in the
SOGI-QSG input is v0 , a dc component equal to kv0 appears in
its β-axis output in the steady state. This dc component results in
fundamental-frequency oscillatory errors in the estimated phase,
frequency, and amplitude by the SOGI-FLL.

To reject the dc component disturbance effect on the SOGI-
FLL performance and, at the same time, to provide an estimation
of this component, modifying the SOGI-FLL structure based on
the gradient descent method has been suggested in [36]. This
method is briefly introduced here.

Assume that the SOGI-FLL input signal is as follows:

v = V1 cos(θ1) + v0 (31)

Fig. 9. (a) Block diagram of the SOGI-FLL-WDCRC [36]. (b) Its alternative
representation.

where v0 , as mentioned before, denotes the dc component. Also,
assume that v̂0 is an estimation of this component, which is
supposed to be provided by adding a control loop to the standard
SOGI-FLL. Based on these assumptions, the following cost
function can be defined:

J =
1
2
e2 =

1
2
(v − v̂α1 − v̂0)

2

=
1
2

(
V1 cos(θ1) + v0 − V̂1 cos(θ̂1) − v̂0

)2
. (32)

Applying the gradient descent method to (32) gives the update
law for v̂0 as

˙̂v0 = −k0
δJ

δv̂0
= −k0

δJ

δe︸︷︷︸
e

δe

δv̂0︸︷︷︸
−1

= k0e. (33)

In (33), k0 is a design constant, which adjusts the speed of the dc-
offset estimation. Based on (33), a dc-offset estimation/rejection
loop can be added to the standard SOGI-FLL, as highlighted in
Fig. 9(a) [36]. A similar structure to Fig. 9(a) may also be found
in [39]. Some guidelines for tuning the control parameters of this
structure have been suggested in [36]. No small-signal model
for this structure has yet been presented.

It is worth mentioning here that adding the dc estima-
tion/rejection loop to the SOGI-FLL is mathematically equiv-
alent to including a first-order high-pass filter into its control
loop, as shown in Fig. 9(b).

B. Multiple-SOGI-Based FLL (MSOGI-FLL)

Harmonics are those disturbances that their frequencies are
integer multiples of the fundamental frequency. They are often
caused by nonlinear loads and may adversely affect the SOGI-
FLL performance by causing oscillatory ripples in its estimated
parameters.



GOLESTAN et al.: SINGLE-PHASE FREQUENCY-LOCKED LOOPS: A COMPREHENSIVE REVIEW 11797

Fig. 10. (a) SOGI-FLL with one harmonic rejection/estimation ability [6].
(b) Its alternative representation. h denotes the order of the concerned harmonic
component.

The structure of the standard SOGI-FLL can be extended
to take into account the presence of one or more harmonic
components. To this end, one or more SOGIs centered at the
concerned harmonic frequencies are connected in parallel with
the main SOGI, which result in an MSOGI-FLL [6]. The cen-
ter frequencies of these SOGIs are adapted to grid frequency
changes using the estimated frequency. Fig. 10(a) illustrates
the resultant structure for the simplest possible case, i.e., when
rejecting/estimating one harmonic component is required. No-
tice that, as highlighted in Fig. 10(b), this harmonic estima-
tion/rejection loop is mathematically equivalent to including an
adaptive second-order NF with the notch frequency at the con-
cerned harmonic frequency in the SOGI-FLL control loop. No
small-signal model for the MSOGI-FLL has yet been presented.

C. SOGI-FLL With Prefilter (SOGI-FLL-WPF)

In practice, the SOGI-FLL input signal may contain a large
number of harmonics. In this case, removing all these distur-
bances by using parallel SOGIs, as described in Section IV-B,
may not be very practical from the computational point of view.
To deal with this challenge, adding one or more adaptive BPFs
before the SOGI-FLL input is suggested in [40]. Fig. 11 il-
lustrates the simplest possible case of this idea, in which only
one adaptive BPF is employed as the prefilter. This structure is
called the SOGI-FLL-WPF. Notice that the BPF (the prefilter)
in this structure is actually a SOGI-QSG, whose α-axis output
is only used. The center frequency of this BPF is adapted to fre-
quency changes using a frequency feedback loop. Notice also
that the BPF completely rejects the dc offset and, depending

Fig. 11. SOGI-FLL-WPF [40].

on its bandwidth, may considerably attenuate harmonics and
interharmonics.

In [7], a small-signal model4 for the SOGI-FLL-WPF is de-
rived, and a systematic method for tuning its control parameters
is presented. This model can be easily extended to the case
where more than one SOGI-based BPF are used as the prefilter.

D. Fourth-Order Generalized Integrator-Based FLL
(FOGI-FLL)

In [35] and [41], a different FLL called the FOGI-FLL is
presented. The procedure for developing this FLL can be ob-
served in Fig. 12. It is discussed in [41] that replacing the loop
integrator of a first-order LPF [see Fig. 12(a)] by a SOGI results
in the SOGI-QSG [see Fig. 12(b)]. Based on this fact, devel-
oping a fourth-order generalized integrator-based QSG (FOGI-
QSG), as shown in Fig. 12(d), through replacing two integrators
of a second-order LPF [see Fig. 12(c)] by two SOGIs is sug-
gested in [41]. It is demonstrated in [41] that the FOGI-QSG
completely rejects the dc component and provides a higher har-
monic/interharmonic rejection capability than the SOGI-QSG.
This fact may also be verified by obtaining the transfer func-
tions relating the αβ-axis outputs of the FOGI-QSG to its input
signal. The FOGI-FLL, as illustrated in Fig. 12(e), is finally
developed by adding the same frequency estimator as that of the
standard SOGI-FLL to the FOGI-QSG [35].

By modifying the FOGI-FLL structure, it can be restruc-
tured, as shown in Fig. 12(f), in which k1 = k, k2 = k′, and
λ = k′λ′/k. This structure is called the SOGI-FLL with in-loop
filter (SOGI-FLL-WIF) [7]. The equivalence of the FOGI-FLL
and SOGI-FLL-WIF can be easily verified using numerical tests.
This representation of the FOGI-FLL [see Fig. 12(f)] demon-
strates that it is actually a standard SOGI-FLL, where an adap-
tive SOGI-based BPF has been included in its control loop.

In [7], a small-signal model5 for the SOGI-FLL-WIF [see
Fig. 12(f)] is presented, and a systematic approach based on the
symmetrical optimum method for tuning its control parameters
is suggested. A performance comparison between the standard
SOGI-FLL, SOGI-FLL-WPF, and SOGI-FLL-WIF under a fair
condition is also conducted to highlight their advantages and
disadvantages. It is demonstrated that the SOGI-FLL-WPF and
SOGI-FLL-WIF have a close performance and stability mar-
gin [7]. It is also shown that these two advanced FLLs offer a
higher disturbance rejection capability compared to the standard
SOGI-FLL, but at the cost of a lower phase margin, a larger

4This model is accurate as long as the SOGI-FLL-WPF has a low bandwidth.
5This model is accurate as long as the SOGI-FLL-WIF has a low bandwidth.
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Fig. 12. Development of the FOGI-FLL. (a) First-order LPF. (b) SOGI-QSG. (c) Second-order LPF. (d) FOGI-QSG [41]. (e) FOGI-FLL [35]. (f) Alternative
implementation of the FOGI-FLL, which is called the SOGI-FLL-WIF [7]. The equivalence condition between the SOGI-FLL-WIF and FOGI-FLL is: k1 = k,
k2 = k′, and λ = k′λ′/k.

overshoot during transients, and a rather higher computational
demand [7].

E. SOGI-FLL With Soft Startup (SOGI-FLL-WSS)

In all CLS techniques, including the SOGI-FLL, there is a
coupling between phase and frequency variables [42]. It implies
that during the startup or under phase jumps, the estimated fre-
quency may undergo large spurious changes [42]. Equation (11),
which is the differential equation of the SOGI-FLL frequency
estimator, confirms this fact. Notice that the signal ˙̂ω, which
drives the frequency estimator integrator, is approximately pro-
portional to the phase error signal θ1 − θ̂1 when this error is
small.

To enhance the SOGI-FLL dynamic performance during the
startup and under phase jumps, modifying its frequency update
law as expressed in (34) is suggested in [42]

˙̂ω = − λ

V̂ 2
1 + γe2

ev̂β1 . (34)

Fig. 13. SOGI-FLL-WSS [42]. γ is a positive design constant.

This modification is highlighted in Fig. 13. In this way, dur-
ing the startup and phase jumps, the frequency estimator loop
gain is reduced, which prevents large spurious variations in
the estimated frequency and, therefore, results in a faster and
smoother transient response. This method, however, increases
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Fig. 14. Comb-FLL [45]. T̂ = 2π/ω̂ is an estimation of the fundamental
period of the input signal. The parameter k in this structure should always be
equal to 1/π .

the SOGI-FLL nonlinearity and, consequently, makes the small-
signal modeling and stability analysis difficult. Notice that this
modification has no noticeable effect on the SOGI-FLL dis-
turbance rejection capability. Some guidelines for selecting the
design constant γ may be found in [42].

It is worth mentioning here that some other attempts to en-
hance the SOGI-FLL dynamic performance have been made,
in which the SOGI-FLL frequency estimator gain is contin-
uously updated using a fuzzy regulator [43], [44]. Designing
these works seems to be based on a common misconception
about the SOGI-FLL, i.e., considering the input signal of its
frequency estimator integrator as a frequency error term. This
signal, however, as shown in (11), is a phase error term.

F. Comb-FLL

The main objective in designing the comb-FLL [45], sim-
ilar to the case of the SOGI-FLL-WPF and SOGI-FLL-WIF,
is improving the standard SOGI-FLL filtering capability with-
out significantly increasing the implementation complexity and
computational burden. The operating principle of this FLL is
briefly explained in what follows.

As discussed before and shown in Fig. 10, adding a paral-
lel harmonic rejection loop (a parallel SOGI) to the standard
SOGI-FLL is mathematically equivalent to including a second-
order ANF in its control loop. Such an NF causes two complex-
conjugate zeros at the concerned harmonic frequency and,
therefore, cancels the corresponding harmonic component.
Based on this idea, using a comb filter, which is realized by
delaying the input signal by one cycle and subtracting it from
the original signal, is suggested in [45]. Fig. 14 illustrates this
idea. Such a filter results in a cluster of zeros at zero, funda-
mental, and all harmonic frequencies up to the aliasing point
and, therefore, can remove the dc component and all harmonics.
Notice that the length of the delay is updated using a frequency
feedback loop.

Thanks to the action of the comb filter in its input, the comb-
FLL offers a high disturbance rejection capability. This advan-
tage, however, is at the cost of a high memory requirement when
the sampling frequency is high. Notice that, as mentioned be-
fore, implementing the comb-FLL involves storing one cycle

Fig. 15. Block diagram representation of the LCO-FLL [10].
ku = 1 − V̂ 2

1 /A2 , where A is a constant.

of data samples in the memory. Regardless of this issue, there
are some complexities, such as approximating a fractional delay
and compensating an accumulated round-off error6 in the digi-
tal implementation of the comb-FLL, which could make it less
attractive for practical scenarios.7

G. Limit-Cycle Oscillator-Based FLLs (LCO-FLLs)

One of the first attempts to design an LCO-FLL has been made
in [10]. The main objective in designing this FLL is generating a
robust synchronized signal to amplitude variations of the input
signal. The block diagram representation of this FLL can be
observed in Fig. 15 [10]. As shown, the LCO-FLL is realized by
adding two feedback loops to the SOGI-FLL structure and re-
moving its amplitude normalization. The gain of these feedback
loops, which are highlighted in Fig. 15, is ku = 1 − V̂ 2

1 /A2 ,
where A is a constant. According to the information given in
[10], the parameter A is the value at which the synchronized
signals are supposed to fix their amplitude. Considering this
fact, it is reasonable to consider it equal to the input signal
nominal amplitude. In this condition, when the input signal am-
plitude is equal to its nominal value, the gain ku experiences
rather small fluctuations during transients and is equal to zero
in the steady state. It implies that the LCO-FLL and SOGI-FLL
demonstrate a rather close performance in this condition. How-
ever, when the input signal amplitude deviates from its nominal
value, the average value of ku becomes unequal to zero. There-
fore, a nonorthogonality between the α- and β-axis outputs is
caused, which results in offset and double-frequency oscillatory
errors in the estimated parameters by the LCO-FLL. This is the
main shortcoming of the LCO-FLL and can be verified using
numerical results. The LCO-FLL also cannot extract the ampli-
tude of its input signal because, as mentioned before, it tries to
fix the amplitude of its α- and β-axis outputs at the constant
A. Besides, it has a limited filtering capability, like the standard
SOGI-FLL.

6The comb-FLL is basically a self-adaptive recursive discrete Fourier trans-
form (RDFT). The accumulated round-off error problem of the RDFT and its
instability issues have been well discussed in the literature [46].

7No detailed information about the discretization of the comb-FLL has been
presented in [45], and the authors’ attempts to obtaining a stable realization of
the comb-FLL with the ability to estimate the phase, frequency, and amplitude
at the same time have failed. Our simulations show that the comb-FLL can
only estimate its input signal frequency. Further investigations on this issue are
required.
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Fig. 16. Block diagram representation of the CLO-FLL [47]. k′
u = 1 − V̂ 2

1 .
The nominal value of the input signal amplitude is assumed to be 1 p.u.

Fig. 17. Block diagram representation of the ES-FLL [49]. aes and ωes

denote the excitation amplitude and angular frequency, respectively. The NF is
of second order with a fixed notch frequency at twice the grid nominal frequency.

To deal with some drawbacks of the LCO-FLL, a different
structure called the circular limit-cycle oscillator based FLL
(CLO-FLL) is proposed in [47]. The block diagram represen-
tation of the CLO-FLL is shown in Fig. 16. The CLO-FLL,
contrary to the LCO-FLL, can estimate the input signal am-
plitude. Besides, it does not cause offset/oscillatory errors in
the presence of input signal amplitude variations. These charac-
teristics, however, do not demonstrate any superiority over the
SOGI-FLL as it already possesses the same features. Indeed, it
is demonstrated in [48] that the CLO-FLL and SOGI-FLL offer
a close performance as long as the input signal amplitude is at
or close to its nominal value.8

It is worth mentioning here that the LCO-FLL and CLO-FLL
are claimed to be more structurally robust than the SOGI-FLL
[10], [47]. Nevertheless, no concrete evidence to support this
claim has been provided in [10] and [47]. Working on this issue
can be a topic for research.

H. Extremum-Seeking-Based FLL (ES-FLL)

In [49], a different FLL, called the ES-FLL, is presented.
As shown in Fig. 17, the main difference of this FLL com-
pared to the SOGI-FLL lies in its frequency estimator. The
basic idea behind developing this estimator is that the square
of the error signal e has a local extremum at the grid fre-
quency. Therefore, the extremum seeking control [50], which
is an adaptive control method, is applied to minimize the er-
ror and extract the grid frequency [49]. This method, as can

8As the CLO-FLL has no amplitude normalization, its dynamics are affected
by its input signal amplitude variations [48].

be seen in Fig. 17, involves feeding a sinusoidal perturbation
to the control plant and demodulating the square error with the
same frequency component to gain a measure of the gradient
information of the system. Notice that a wide-bandwidth non-
adaptive NF with the notch frequency at twice the grid nominal
frequency is also used before the demodulator to suppress the
double-frequency component existing in the signal e2 during
transients.

In [49], a dynamic performance comparison between the ES-
FLL and SOGI-FLL is performed. The reported results demon-
strate that the ES-FLL has no advantage over the SOGI-FLL.
Indeed, because of its damped high-frequency oscillations dur-
ing transients (see [49, Fig. 8]) and the lack of an amplitude
normalization in its structure, we may even say that its ap-
plication causes a relatively poor performance compared to the
SOGI-FLL. From the implementation point of view, the ES-FLL
is also not an attractive option compared to the SOGI-FLL be-
cause, regardless of the additional computational burden caused
by the NF and sinusoidal excitation in its structure, it has a
more complicated tuning procedure. Notice that the ES-FLL
has several more design parameters, which make its tuning a
complicated task, at least for those who are not expert in the
field.

I. Summary and Recommendations

Table II summarizes the strengths and weaknesses of the
advanced single-phase FLLs discussed before, and Table III
summarizes their computational cost. Based on this information,
the following recommendations are made.

1) Using the LCO-FLL is not recommended mainly because
it is not amplitude adaptive and suffers from oscilla-
tory/offset errors during voltage sags/swells.

2) The CLO-FLL does not demonstrate a considerable per-
formance difference compared to the SOGI-FLL as long
as the grid voltage amplitude is at its nominal value. Be-
sides, the lack of an amplitude normalization in its struc-
ture makes its dynamics amplitude dependent. For these
reasons, its application is not advised.

3) The ES-FLL is not an attractive option mainly because
it has a higher computational burden and implementation
complexity than the SOGI-FLL and suffers from some
damped high-frequency oscillations during transients.

4) Using the comb-FLL is not recommended because, re-
gardless of its high memory requirement at high sampling
frequencies, it suffers from a high implementation com-
plexity.

5) The MSOGI-FLL is a good option if the grid harmonic
pattern is known and rejecting/extracting few dominant
harmonic components is only necessary. It, however, may
not be a practical solution for adverse grid scenarios with
an unknown harmonic pattern as it involves rejecting a
large number of harmonics that causes a huge computa-
tional burden. It is worth mentioning here that the dc-offset
rejection/estimation loop of the SOGI-FLL-WDCRC (see
Fig. 9) may also be included in the MSOGI-FLL structure
to make it immune to the dc offset.
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TABLE II
STRENGTHS AND WEAKNESSES OF SOME ADVANCED SINGLE-PHASE FLLS

1 Lack of a linear model implies that an accurate stability analysis and a systematic tuning procedure may not be possible, at least not easily.
2 A poor dc, harmonic, or generally, filtering capability denotes a filtering ability more or less close to that of the standard SOGI-FLL.
3 When rejecting/estimating a large number of harmonics is required, the MSOGI-FLL computational burden will be huge, which may not be very practical.
4 The magnitude of the double-frequency oscillatory errors in the 1φ-CBF-FLL, its implementation simplicity/complexity, its transient behavior, and its dc/harmonic filtering
capability are affected by the CBF order and bandwidth. For more details, refer to [48] and [51].

TABLE III
COMPUTATIONAL COST OF STANDARD AND ADVANCED SINGLE-PHASE FLLS

1 Stored samples column does not include the required samples for the digital implementation of states (integrators). T denotes
a cycle of the fundamental frequency.
2 SQRT means the square root.
3 ITF denotes an inverse trigonometric function.
4 TF denotes a trigonometric function.
5 n is the number of parallel SOGIs centered at harmonic frequencies.
6 The computational cost of the comb-FLL does not include the required operations for realizing a variable-length fractional
delay.
7 The LKF-FLL and TD-AFLL are inherently discrete-time algorithms. However, for the sake of consistency, the computational
costs of their continuous-time presentations are presented here.
8 The simplest possible form of the 1φ-CBF-FLL, which is based on a first-order CBF, is considered here.
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Fig. 18. (a) Block diagram of the LKF-FLL [52]–[54]. (b) Continuous-time representation of the LKF-FLL [48].

6) The SOGI-FLL-WPF and SOGI-FLL-WIF are good op-
tions for most grid scenarios as they provide a high fil-
tering capability while maintaining an adequate stability
margin, relative implementation simplicity, and accept-
able dynamic performance.

7) The adaptive mechanism used in the SOGI-FLL-WSS can
be included in all above-mentioned FLLs to enhance their
start-up and phase jump tracking operations.

Table II also highlights the availability/unavailability of a lin-
ear model for the FLLs under study. Notice that the lack of such
a model implies that a careful stability analysis and a system-
atic parameter tuning may not be possible. Therefore, deriving
small-signal models for such FLLs can be a right direction for
future works.

V. NON-SOGI-BASED FLLS

Almost all FLLs reviewed so far were based on a SOGI. In
this section, some non-SOGI-based approaches for developing
a single-phase FLL are reviewed.

A. Linear-Kalman-Filter-Based FLL (LKF-FLL)

Fig. 18(a) illustrates the block diagram of the LKF-FLL [52]–
[54], which inherently is a discrete control algorithm. It includes
an LKF for extracting the input signal fundamental component
and its quadrature version and a frequency estimator for esti-
mating the input signal frequency. The frequency estimator is
the same as that of the SOGI-FLL, and the LKF plays the same
role as the SOGI-QSG in the SOGI-FLL. This fact is more
evident from Fig. 18(b), which illustrates the continuous-time
representation of the LKF-FLL [48].

Regardless of an additional control gain in the β-axis, the
main difference of the LKF-FLL compared to the standard
SOGI-FLL is using some computationally demanding recur-
sive equations for updating the Kalman gains. It can be seen in
Fig. 18 that the only variable input for the Kalman gain calcu-
lation is ω̂. As the grid frequency and, therefore, its estimate
(i.e., ω̂) in the steady state experience limited changes around
the nominal frequency, it can be concluded that the steady-state
values of the Kalman gains have small changes around their

corresponding values at the nominal frequency. It implies that
the computationally demanding procedure for updating the
LKF-FLL Kalman gains has a small effect on its performance.
This fact is demonstrated in [48] by performing a numerical
comparison between the LKF-FLL and its steady-state version,
in which the Kalman gains are fixed. It is also shown in [48] that
the LKF-FLL provides a marginal improvement in the dc-offset
filtering capability compared to the standard SOGI-FLL. This
improvement, nevertheless, may not outweigh the considerable
computational effort required for updating the LKF-FLL con-
trol gains. It is worth mentioning here that if the procedure for
updating the LKF-FLL Kalman gains is ignored and the β-axis
control gain is set to zero, the resultant structure will be math-
ematically equivalent to the standard SOGI-FLL [48]. The key
features of the LKF-FLL and the information about its compu-
tational cost are summarized in Tables II and III, respectively.

B. Transfer-Delay-Based Adaptive FLL (TD-AFLL)

Developing the TD-AFLL [55] is based on the discrete-
oscillator law and gradient descent method, as explained in
what follows. Assume that the single-phase grid voltage signal
in the discrete-time domain is as expressed in (35), in which m
and Ts are the current sample and sampling period, respectively,
and V1 , θ1 , ϕ1 , and ω denote the amplitude, phase angle, initial
phase angle, and angular frequency, respectively

v(m) = V1 cos

θ1 (m )
︷ ︸︸ ︷
(mωTs + ϕ1) . (35)

Based on (35), the relationship expressed in (36) can be estab-
lished between the three equidistant samples of this signal, in
which n denotes the distance between samples [56], [57]

v(m) + v(m − 2n) − 2 cos(nTsω)
︸ ︷︷ ︸

σ

v(m − n) = 0. (36)

Using (36), the following cost function may be defined:

J =
1
2
e2 =

1
2
[v(m) + v(m − 2n) − 2σ̂v(m − n)]2 . (37)

The gradient descent method can then be applied to (37) to
find the update law for estimating σ and, therefore, the grid
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Fig. 19. Block diagram of the TD-AFLL [55].

frequency ω. The result of this procedure with some changes
is observed in Fig. 19 [55]. It is referred to as the TD-AFLL
[55]. Notice that for estimating the fundamental phase angle
and amplitude of the grid voltage, its 90◦ phase-shifted version
is required, which is generated as follows [58]

v̂β1(t) =

v ′
β (t)

︷ ︸︸ ︷
v(t − Tn/4)−cos(Tn ω̂/4)v(t)

sin(Tn ω̂/4)
. (38)

The TD-AFLL benefits from a very fast dynamic response
compared to the SOGI-FLL. This advantage, however, comes at
the cost of a rather high memory requirement9 at high sampling
frequencies and a very poor filtering capability. Notice that the
grid voltage signal and its quadrature version are directly (with-
out any filtering) used for estimating the grid voltage phase and
amplitude. Alleviating this problem requires including a pre-
filtering stage in the input of the TD-AFLL, which increases the
implementation complexity and computational burden. Such a
prefiltering stage, depending on its dynamics, may also slow
down the TD-AFLL transient behavior.

Tables II and III summarize the key features of the TD-AFLL
and the information about its computational cost.

C. Single-Phase Complex Band-pass Filter-Based FLL
(1φ-CBF-FLL)

In [51], a dynamical system for estimating the fundamental
parameters of a single-phase input signal is presented. Equations
(39)–(42) describe this dynamical system in its simplest possible
form, and Fig. 20(a) illustrates its block diagram representation

[
ẋ1
ẋ2

]

=
[

1
0

]

v −
[

a ω̄
−ω̄ a

] [
x1
x2

]

[
v̂α1
v̂β1

]

= c

[
x1
x2

]

(39)

ω̃ =
ẋ2x1 − ẋ1x2

x2
1 + x2

2
(40)

˙̂ω = ωf (ω̃ − ω̂) (41)

ω̄ = sat(ω̂). (42)

This dynamical system is actually a first-order CBF with a fre-
quency estimator for adjusting its center frequency. Fig. 20(b),

9Implementing the TD-AFLL requires storing a half-cycle sampled data.

which is an alternative mathematically equivalent representation
of Fig. 20(a), more clearly illustrates this fact. For this reason, it
is referred to as the 1φ-CBF-FLL here (1φ denotes the applica-
tion for single-phase systems). Notice that the first-order CBF
in Fig. 20(b) sees the single-phase input signal as an imbalanced
system in the αβ frame as follows:

vα (t) =

FFPSC
︷ ︸︸ ︷
V1 cos(θ1) +

FFNSC
︷ ︸︸ ︷
V1 cos(−θ1) = 2v

vβ (t) = V1 sin(θ1) + V1 sin(−θ1) = 0 (43)

where FFPSC and FFNSC are abbreviations for the
fundamental-frequency positive-sequence component and
fundamental-frequency negative-sequence component, respec-
tively. This CBF attenuates the FFNSC and extracts the FFPSC.
The FFPSC is then used for estimating the grid frequency and
adapting the CBF center frequency to frequency changes.

The first-order CBF in Fig. 20(b) has a limited ability to at-
tenuating the FFNSC. This problem results in double-frequency
oscillatory errors in estimating the grid voltage parameters using
the 1φ-CBF-FLL. To alleviate this problem, one may select a
very narrow bandwidth for the CBF. It, however, may not be very
practical, as it considerably slows down the dynamic behavior.
An alternative approach is using high-order CBFs instead of
the first-order one [51]. High-order CBFs, however, demand a
higher computational burden.

Another shortcoming of the 1φ-CBF-FLL is that using (40)
for estimating the input signal frequency results in an offset
error [48]. This error depends on the sampling frequency and
may become noticeable when the sampling frequency is low.

It is worth mentioning here that a more detailed analysis of the
1φ-CBF-FLL and its modeling procedure may be found [48].
The key features of the 1φ-CBF-FLL and the information about
its computational cost are also summarized in Tables II and III,
respectively.

VI. SOME INDUSTRIAL APPLICATIONS OF SINGLE-PHASE FLLS

Besides the grid synchronization, single-phase FLLs have
received growing attention in some other industrial applications
in recent years. Examples of such applications are presented in
this section.

A. Extraction of Interharmonics

Interharmonics are those disturbances that their frequencies
are not integer multiple of the fundamental frequency. They are
often caused by the nonlinear interaction between two sources
operating at different frequencies. Interharmonics are believed
to be more troublesome than harmonics as, in addition to the
power quality issues caused by harmonics, they produce some
other problems such as subsynchronous oscillations, voltage
fluctuations, and light flicker among others [59]. To deal with
these problems, the accurate extraction of interharmonics may
be required. In what follows, the application of the SOGI-FLL
for this purpose is presented.

To this end, a similar approach as that explained in
Section IV-B, i.e., using parallel SOGIs, may be used.
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Fig. 20. (a) Simplest possible form of the dynamical system proposed in [51] for estimating the fundamental parameters of a single-phase signal. (b) Its alternative
mathematically equivalent representation. For the sake of consistency, the phase and amplitude estimators are also included in this presentation. ω̃, ω̂, and ω̄ all
denote an estimation of the input signal angular frequency. a and ωf are design constants and c = 2a.

Fig. 21. SOGI-FLL with one interharmonic estimation ability. The sub-
script ih denotes an interharmonic. This idea has been originally proposed for
ANFs [60].

The difference here is that interharmonics have unknown fre-
quencies. Therefore, the parallel SOGIs need to have separate
frequency estimators. Fig. 21 illustrates this idea for the sim-
plest possible case, i.e., when estimating only one interharmonic
component is required [60]. Notice that, to avoid competition
between different units in estimating one component, saturation
blocks need to be added to the frequency estimators. The upper
and lower limits of each saturation depend on the expected range
of variations for the frequency of its corresponding component.

B. Estimation of Damped Oscillations

In an interconnected power system, low-frequency damped
(exponentially decaying) oscillations convey very important
information about the system stability, and therefore, extract-
ing their parameters is of high interest. Generating these low-
frequency oscillations is attributable to the nonlinear interaction
existing among different parts of such a system and also to oc-
curring disturbances. In [16], modifying the SOGI-FLL for ex-
tracting the parameters of low-frequency damped (exponentially

decaying) oscillations is suggested. This method is explained in
what follows.

Equation (44) describes a damped oscillation, in which v0 is
the dc component, and σd , Ad , ωd , θd , and ϕd denote the damp-
ing, instantaneous amplitude, angular frequency, phase angle,
and initial phase angle, respectively

v = v0 +

Ad︷ ︸︸ ︷
Vde

−σd t cos

θd︷ ︸︸ ︷
(ωdt + ϕd) . (44)

For extracting the parameters of this damped oscillation, the
SOGI-FLL-WDCRC [see Fig. 9(a)] is considered as the ba-
sic structure. Inspired by the internal model principle, re-
placing the SOGI by a damped SOGI, Gdamped−SOGI(s) =
GSOGI(s + σd), is then suggested. By applying the gradient de-
scent method,10 the update law for the damping can be finally
obtained as follows:

˙̂σd = − γ

Â2
d

ev̂αd . (45)

Fig. 22 illustrates the final product, which is called the damped
SOGI-FLL [16]. Notice that if estimating multiple damped os-
cillations is required, a parallel connection of multiple damped
SOGIs with their own frequency/damping estimation loops may
be used. Notice also that the dynamic performance of the
damped SOGI-FLL may be enhanced by including the adap-
tive mechanism described in Section IV-E in its frequency and
damping estimation loops [16].

A problem of the damped SOGI-FLL is that the estimation
may be lost when the dc component is very small or equal to
zero, and the input signal is noisy [16]. The reason is that the
damped oscillation(s) decays with time, and therefore, the input
noise becomes dominant. The damped SOGI-FLL also demon-
strates some frequency estimation errors at high frequencies,
high damping ratios, and low reporting rates [61]. It is worth

10By applying the gradient descent method, a factor of t also appears in
the update law for the damping, which is neglected to avoid instability [27]. To
ensure an amplitude independence, the amplitude normalization is also included
in the update law.
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Fig. 22. Damped SOGI-FLL [16].

Fig. 23. SOGI-FLL with the delay compensation capability. This idea has
been originally proposed for three-phase applications in [63].

mentioning here that no accurate small-signal model for the
damped SOGI-FLL has yet been presented.

C. Delay Compensation

The measurement and control delays may adversely affect
the performance and stability of power converters, particularly
in high-power converters that have a low switching frequency
[62]. To deal with this problem, different approaches have been
proposed. In [63], a simple yet effective method based on the
SOGI-FLL is proposed. This approach is briefly explained in
what follows.

Assume that the signal v is the signal to which we need to
be synchronized. Also, assume that we do not have access to
this signal, and only its delayed version is available. For a small
delay, the relation between these signals can be expressed as

vd(s) = e−τd sv(s) ≈ 1
τds + 1

v(s) (46)

where τd denotes the aforementioned delay and is assumed to
be known, and vd is the delayed version of v. To compensate for
this delay and generate a synchronized signal with v, its delayed
version is considered as the SOGI-FLL input and a first-order
LPF with a time constant equal to τd is included in the SOGI-
FLL feedback loop [63]. In this way, the same delay as that
existing between v and vd is created in the feedback signal and,
therefore, compensates for the SOGI-FLL input delay. Fig. 23
illustrates this idea [63].

D. Delay Estimation Between Two or More Versions
of a Signal

In a large number of industrial applications, estimating the
delay(s) between two or more versions of the same signal re-
ceived at spatially separated sensors is required. The earthquake
center determination, speed sensing, speech enhancement, and
communication receiver synchronization are examples of such
applications. Over the past 20 years, different algorithms have
been developed to deal with this problem. Recently, modify-
ing the SOGI-FLL structure to address this problem has been
proposed in [17]. This method is briefly explained in what
follows.

Assume that v and vd are two versions of the same signal,
and there is an unknown time delay equal to τd between them,
i.e., vd(t) = v(t − τd). Also, assume that the signal v is as (3).
Therefore, the signal vd may be expressed as

vd(t) = V1 cos(θ1 − ωτd). (47)

Notice that the input signal amplitude is assumed to be constant.
As shown in Fig. 24, the filtered in-phase and quadrature-

phase versions of the signal v (i.e., v̂α1 and v̂β1) and its angular
frequency are extracted using a standard SOGI-FLL. Using this
information and assuming that τ̂d is an estimation of τd , an
estimation of the signal vd and its 90◦ phase-shifted version
may be provided, as expressed in the following:

[
v̂d

v̂q

]

=
[

cos(ω̂τ̂d) sin(ω̂τ̂d)
− sin(ω̂τ̂d) cos(ω̂τ̂d)

] [
v̂α1
v̂β1

]

=
[

V̂1 cos(θ̂1 − ω̂τ̂d)
V̂1 sin(θ̂1 − ω̂τ̂d)

]

. (48)

Using (47) and (48), the cost function (49) can be defined as

J =
1
2
e2
d =

1
2
[vd − v̂d ]2

=
1
2
[V1 cos(θ1 − ωτd) − V̂1 cos(θ̂1 − ω̂τ̂d)]2 . (49)

By applying the gradient descent method to (49), the update law
for τd is obtained as11

˙̂τd = −μ′ δJ
δτ̂d

= μv̂q [vd − v̂d ]. (50)

Fig. 23 illustrates the delay estimation between two signals
using the SOGI-FLL [17]. This structure can be simply extended
to any number of signals.

E. Implementation of an Efficient Differentiator/Integrator

Differentiators/integrators are basic building blocks of con-
trol systems in different industrial applications. Depending on
the application at hand, these elements can be implemented in
different ways. In most industrial applications, using ordinary
differentiators/integrators is good enough. There are, however,
applications in which more efficient differentiators/integrators

11A factor of frequency also appears in the time-delay update law, which is
absorbed into the step-size parameter.



11806 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

Fig. 24. Delay estimation between two sinusoidal signals using the SOGI-FLL [17].

Fig. 25. (a) SOGI-FLL-based differentiator. (b) SOGI-FLL-based integrator.

Fig. 26. (a) Frequency response of the pure and SOGI-FLL-based differentiators. (b) Frequency response of the pure and SOGI-FLL-based integrators.

are demanded. For instance, in a noisy environment, employ-
ing an ordinary differentiator (which is usually implemented
using the backward Euler method) may not be very practical
as it causes noise amplification. And using an ordinary inte-
grator may not be practical for integrating sinusoidal signals
with a dc component as it results in the integrator saturation.
The capacitor voltage active damping in LCL-filtered grid-tied
power converters [64], in which the time differentiation of the
capacitor voltage is required for the active damping, and the flux
estimation in electrical motors [14], which involves integrating
the back electromotive force, are well-known examples of such
scenarios.

To address the aforementioned problems, using the SOGI-
FLL for designing more efficient differentiators and integrators
has been proposed recently [14], [64], [65]. The key point in
designing such a differentiator/integrator is that the α-axis out-
put of the SOGI-FLL is a filtered version of the fundamental
component of its input. Therefore, the highlighted points in
Fig. 25 give the derivative and integral of the input signal at the
fundamental frequency.

Fig. 26 illustrates the frequency responses of the SOGI-
FLL-based and pure differentiators and integrators. Based
on these Bode plots, the following observations are
made.
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Fig. 27. Single-phase grid-connected inverter with an adaptive resonant controller [11].

1) The SOGI-FLL-based differentiator (integrator) has the
same magnitude and phase as the pure differentiator (in-
tegrator) at the fundamental frequency, which means it is
a frequency-selective differentiator (integrator).

2) The magnitude-frequency response of the SOGI-FLL-
based differentiator (integrator) becomes flat at frequen-
cies higher (lower) than the fundamental frequency and,
consequently, faces a less high-frequency noise (dc) prob-
lem compared to a pure differentiator (integrator).

3) The frequency response of the SOGI-FLL-based differ-
entiator (integrator) may become more close to that of
a pure differentiator (integrator) around the fundamental
frequency by increasing the control gain k.

Notice that the dc-offset problem in the SOGI-FLL-based
integrator can be completely solved by including the dc-offset
estimation/rejection loop into the SOGI-FLL structure, as shown
in Fig. 9. Notice also that if differentiating/integrating from
multiple frequency components of a signal at the same time is
required, the concept of parallel SOGIs (see Fig. 10) may be
used.

F. Design of Adaptive Resonant Controllers

Resonant controllers are highly popular for the control of
power converters as they guarantee a zero tracking error for the
converter without any requirement for transferring the informa-
tion to the synchronous reference frame. A hidden assumption
here is that the grid frequency is fixed at its nominal value.
This assumption, however, may not always be valid, particu-
larly when the converter is connected to a weak grid. In this
case, the center frequency of the resonant controller needs to be
adapted to the grid frequency changes. When the converter has
a dedicated synchronization technique like a PLL, there is no
problem as an estimation of the grid frequency is always pro-
vided by the synchronization part. Nevertheless, a tracking error
may happen when there is no synchronization unit in the control
strategy. An example of such controllers, which are character-
ized by having a simpler and more compact structure compared
to the PLL-based ones, can be found in [66] and [67]. In this
controller, the converter reference current is directly generated
from the grid voltage as iref = κv (κ is the output signal of the
dc-link voltage controller). In this way, the reference current is
synchronized with the grid voltage without any synchronization
unit. Nevertheless, because of having no information about the
grid frequency, the center frequency of the resonant controller is

Fig. 28. (a) EPLL. (b) Its LTI model.

fixed at the nominal frequency, which results in a tracking error
under off-nominal frequencies. Addressing this tracking error
for single-phase grid-tied power converters is presented in [11].

The key idea is that a resonant controller is actually a GI.
Therefore, adapting its center frequency to frequency changes
should be possible by using the same frequency estimator as that
of the SOGI-FLL and ANFs. Fig. 27 illustrates this idea [11],
in which the additional frequency estimator is highlighted. It is
demonstrated using experimental results in [11] that this addi-
tional frequency detector effectively extracts the grid frequency
and, therefore, prevents a tracking error under off-nominal fre-
quencies. An accurate model for describing the frequency esti-
mation dynamics is also presented in [11], which considerably
facilitates the tuning procedure. It is worth mentioning here that
a harmonic compensator, which includes multiple parallel res-
onant controllers tuned at the concerned harmonic frequencies,
may also be added to the proportional-resonant controller in
Fig. 27 to enhance its disturbance rejection capability.

VII. CONNECTION BETWEEN SINGLE-PHASE FLLS AND PLLS

Despite some efforts to clarify the relation between single-
phase PLLs and FLLs [28], [42], [68], articles are still full of
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Fig. 29. Performance comparison between the SOGI-FLL and the EPLL
in response to different tests. The SOGI-FLL parameters are k =

√
2 and

λ = 49348. The EPLL parameters are kp = kv = kωn = 444.3 and
ki = λ = 49348.

contradictory remarks about these synchronization techniques.
The aim of this section is to put an end to this argument. To
this end, the SOGI-FLL, which is a standard FLL and a basic
structure for implementing most advanced single-phase FLLs,
and the enhanced PLL (EPLL) [42], [68], which is a well-
known and popular single-phase PLL, are considered. Fig. 28(a)
illustrates the block diagram of the EPLL. kp , ki , and kv are the
control parameters of the EPLL. It is worth mentioning here that
developing this PLL, similar to the SOGI-FLL, can be carried
out by applying the gradient descent method.

The performance comparison of the SOGI-FLL and EPLL
should be carried out under a fair condition. An easy yet effec-
tive way to find such a condition is obtaining the EPLL model
and comparing it with that of the SOGI-FLL. Fig. 28(b) il-
lustrates the EPLL LTI model, which can be readily obtained
by considering (3) as the EPLL input signal and assuming a
quasi-locked state. Comparing the LTI model of the EPLL [see
Fig. 28(b)] with that of the SOGI-FLL [see Fig. 4] gives the fair
condition of comparison as kp = kv = kωn and ki = λ.

Fig. 29 compares the performance of the SOGI-FLL and
EPLL in response to a 20◦ phase jump, a 2-Hz frequency jump,
and a 0.2-p.u. voltage sag under the aforementioned condition

TABLE IV
COMPUTATIONAL COST OF THE STANDARD SOGI-FLL AND EPLL

TABLE V
INTEGRATOR DISCRETIZATION METHODS

Fig. 30. Phase response of an integrator discretized using forward and back-
ward Euler methods at the fundamental frequency (50 Hz) versus the sampling
frequency.

for their control parameters. As expected, they demonstrate al-
most identical results, which imply they are mathematically
equivalent. A mathematical proof of this equivalence may also
be found in [68]. Considering this equivalence, it can be con-
cluded that almost all advanced FLLs described in Section IV
may also be realized by using the EPLL (for some examples,
refer to [5]). It is also worth mentioning here that the EPLL is
equivalent to or has a close relationship with some well-known
single-phase PLLs, such as the inverse park PLL and the synthe-
sis circuit PLL (also called the simplest 1ϕ-SRF-PLL) among
others [69]. It means that the SOGI-FLL is also equivalent to or
has a close relationship with them.

From a practical implementation point of view, however, the
SOGI-FLL and EPLL have some differences. The first is that
the EPLL demonstrates more robustness compared to the SOGI-
FLL when the sampling frequency is very low [61], [68], [70].12

The reason is that integrators of the EPLL act on dc signals. The
two integrators of the SOGI in the SOGI-FLL, however, oper-
ate on ac signals and, therefore, require a higher sampling rate.
The second difference lies in using different functions in their
implementation. In the EPLL, the calculation of sine and cosine
functions is required. However, in the SOGI-FLL, the computa-

12A hidden assumption here is that no trigonometric function is used in the
discretization of the SOGI-FLL.
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tion of the square root and inverse tangent function is demanded
(see Table IV for more details). Notice that the EPLL directly
provides a synchronized signal with a unity amplitude. Generat-
ing such signals in the SOGI-FLL, however, demands dividing
its α- and β-axis outputs by the estimated amplitude, which
causes a bit more computational burden. Of course, in applica-
tions where only a synchronized signal with a unity amplitude
is required, the inverse tangent calculation in the SOGI-FLL
can be avoided, which is an advantage from the computational
point of view. And finally, the EPLL offers higher robustness
compared to the SOGI-FLL in the fixed-point implementation.
This fact can be concluded from discussions conducted in [71].

VIII. DISCRETIZATION ASPECTS

The implementation of the SOGI-FLL in a digital signal pro-
cessor involves its discretization. This task can be carried out in
different ways. Using the backward Euler, forward Euler, a com-
bination of backward and forward Euler, Tustin, Tustin with pre-
warping, and third-order Adams-Bashforth method (also known
as the third-order integrator) are typical choices [72]–[75]. Be-
fore analyzing these approaches, the requirements of an efficient
discretized version of the SOGI-FLL are first explained in what
follows.

1) Assuming that Gα (z) and Gβ (z) are the resultant
z-domain transfer functions between the α- and β-axis
outputs of the SOGI-QSG and the grid voltage, respec-
tively, their frequency responses at the fundamental fre-
quency should have the following specifications:

∣
∣Gα (ejωn Ts )

∣
∣ =

∣
∣Gβ (ejωn Ts )

∣
∣ = 1

∠Gα (ejωn Ts ) = 0◦

∠Gβ (ejωn Ts ) = −90◦ (51)

where |.| and ∠. denote the magnitude and phase, respec-
tively. This requirement implies that there should be 90◦

phase difference between the α- and β-axis outputs at the
fundamental frequency.

2) The computational burden should be minimized. This sug-
gests that a discretization method that involves computing
trigonometric function(s) may not be a very good op-
tion. Notice that avoiding the calculation of trigonomet-
ric functions has been the main motivation in developing
the SOGI-FLL. Notice also that we already have an effi-
cient trigonometric-function-based implementation of the
SOGI-FLL, known as the EPLL (see Section VII), which
offers high structural robustness in fixed-point implemen-
tations and at low sampling frequencies.

3) The implementation simplicity should be preserved, and
no algebraic loop should happen.

According to the above-mentioned requirements and Fig. 30,
which illustrates the fundamental-frequency phase response of
an integrator discretized using the forward and backward Euler
methods as a function of the sampling frequency, it can be con-
cluded that these approaches are not good options for the SOGI
discretization. Notice that, as shown in Fig. 30, these discretiza-
tion methods are not able to provide an exactly −90◦ phase at

the fundamental frequency [72].13 This is particularly true when
the sampling frequency is low. Therefore, their application for
the SOGI discretization results in a nonorthogonality between
the α- and β-axis outputs and, therefore, some errors in the
estimated parameters by the SOGI-FLL.

Employing the Tustin method for the SOGI discretization also
involves some difficulties. The first challenge is that its direct
application for the SOGI discretization (i.e., approximating two
integrators of the SOGI with the Tustin method) results in alge-
braic loops [72]. To avoid this problem, one may discretize the
closed-loop transfer functions of the SOGI-QSG, i.e., (1) and
(2) [72]. The second problem is that, as shown using solid black
lines in Fig. 31, using the Tustin method fails to effectively fulfill
the requirements summarized in (51) at low sampling frequen-
cies. To deal with this challenge, one may use the Tustin with
prewarping method [74] (see gray dashed lines in Fig. 31), but
at the cost of calculating an additional trigonometric function.

The third-order Adam–Bashforth method, contrary to the
Tustin method, is directly applicable for the SOGI discretization.
This feature has made it very popular for discretizing advanced
FLLs, particularly those that are based on more than one SOGI
[6]. This approach, however, similar to the Tustin method, re-
sults in some inaccuracies at low sampling frequencies. The
dotted lines in Fig. 31 illustrate this fact.

The key points of the above-mentioned information are sum-
marized in what follows.

1) Using forward and backward Euler methods for the SOGI
discretization is not recommended mainly because they
result in a noticeable nonorthogonality between the α-
and β-axis outputs, even when the sampling frequency is
high.

2) The third-order Adam–Bashforth and Tustin methods are
both efficient for the discretization at high sampling fre-
quencies. The former one, however, is more a convenient
approach because it is directly applicable for the SOGI dis-
cretization. This is particularly true when the discretiza-
tion of advanced FLLs with multiple SOGIs is intended.

3) At low sampling frequencies, the Tustin with prewarp-
ing method offers a remarkable accuracy. Its application,
however, may not be very convenient for the discretiza-
tion of advanced FLLs. Considering the high robustness of
the EPLL at low sampling frequencies, which is an alter-
native implementation of the standard SOGI-FLL, these
advanced FLLs may be realized using the EPLL concept.

IX. SUMMARY AND CONCLUSION

In this paper, a review of recent advances in designing single-
phase FLLs was presented. In Section II, the historical devel-
opment of the SOGI-FLL from a nonadaptive SOGI-QSG to
its final version was explained. The available linear models for
the SOGI-FLL, i.e., the first-order LTI model (see Fig. 3), the
second-order LTI model (see Fig. 4), and the LTP model (see
Fig. 5) were then demonstrated. The second-order LTI model is

13It is not the only problem of using the forward and backward Euler methods
for the SOGI-FLL discretization. This problem, however, is serious enough to
conclude that they are not a good option.
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Fig. 31. Fundamental-frequency response of the characteristic transfer functions of the SOGI-QSG discretized using Tustin, Tustin with prewarping, and
third-order Adam–Bashforth methods as a function of the sampling frequency. (a) Transfer function (1). (b) Transfer function (2). The parameter k is equal to

√
2.

recommended as the best choice here, as it gives a satisfactory
compromise between the accuracy and simplicity of analysis.
Using the first-order model is not recommended as it cannot
even predict the average dynamic behavior of the SOGI-FLL.
The LTP model provides great accuracy, but its analysis is more
complicated than the LTI model. Therefore, it can be used for
a more thorough analysis of the SOGI-FLL, particularly when
there are some stability concerns.

In Section III, the historical development of ANFs was briefly
explained, and the close relationship between them and SOGI-
FLL was highlighted. Although experts in the field already know
this close relationship, it was necessary to be emphasized again
in this work as some researchers are not well aware of this fact.
Reporting different results for the SOGI-FLL and ANFs in some
recent publications confirms this lack of knowledge.

In Sections IV and V, a review of advanced single-phase
SOGI-based and non-SOGI-based FLLs for the grid synchro-
nization purposes was conducted, respectively. The common
objective in designing these FLLs is improving the standard
SOGI-FLL performance, particularly its filtering capability. The
operating principles of these FLLs were explained, and their ad-
vantages/disadvantages were briefly discussed.

In Section VI, some industrial applications of single-phase
FLLs were presented. These applications include extracting
interharmonics, estimating electromechanical oscillations, de-
lay compensation in power converters, estimating the delay
between two or more versions of a signal, implementing ef-
ficient frequency-selective differentiators and integrators, and
designing frequency-adaptive resonant controllers for single-
phase grid-tied power converters. Advantages/disadvantages of
applying single-phase FLLs in these applications were briefly
explained.

In Section VII, the connection between single-phase FLLs
and PLLs was discussed. The standard SOGI-FLL and EPLL
were considered as case studies. It was discussed that they are
mathematically equivalent systems if a certain condition holds.
It implies that almost all advanced single-phase FLLs described

in Section IV may also be realized using the EPLL. It also means
that the SOGI-FLL is equivalent or at least has a close relation-
ship with several other single-phase PLLs (e.g., the inverse park
PLL and synthesis circuit PLL) because it has already been
proved that these PLLs have such a close relationship with the
EPLL.

Finally, in Section VIII, the discretization aspects of the
SOGI-FLL were covered. It was discussed that the forward and
backward Euler methods are not good options for the SOGI dis-
cretization as they result in considerable errors, even at high sam-
pling frequencies. The Tustin and third-order Adams–Bashforth
methods are right choices as long as the sampling frequency is
high. At low sampling frequencies, one may apply the Tustin
with prewarping method or use the EPLL concept, but at the
cost of computing trigonometric function(s).

This work provides good insight into the standard single-
phase SOGI-FLL, its modeling and tuning, its advanced ver-
sions for the grid synchronization and other industrial applica-
tions, its connection with ANFs and PLLs, and its discretization
aspects. Therefore, it can be a useful reference for researchers,
particularly those who have limited knowledge and interested in
making further contributions to the field. It may also be benefi-
cial for engineers as FLLs have been proven to be a handy tool
for different signal processing/control applications.
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