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Abstract—The second-order generalized integrator-based
frequency-locked loop (briefly called the SOGI-FLL) is a well-
known tool for filtering and synchronization purposes in the
power and energy applications. The SOGI-FLL, nevertheless,
has a limited ability in rejecting the grid voltage disturbances.
To deal with this problem, two advanced SOGI-FLLs have been
proposed recently. In the first one, a SOGI-based filter is included
inside the standard SOGI-FLL control loop, and in the second
one, a SOGI-based filter is employed as the prefiltering stage
of the SOGI-FLL. The small-signal modeling, tuning procedure,
and detailed performance comparison of these advanced SOGI-
FLLs have not been carried out yet. The aim of this paper is to
cover these issues.

Index Terms—Filters, frequency estimation, frequency-locked
loop (FLL), phase detection, second-order generalized integrator
(SOGI), synchronization.

I. INTRODUCTION

Frequency-locked loop (FLL) is a nonlinear closed-loop
control system that can be used in a wide variety of applica-
tions such as the grid synchronization [1]–[12], flux estimation
and sensorless control of motor drives [13], [14], estimating
delays of sinusoidal signals [15], measuring electromechanical
oscillations [16], etc. The core component in the implementa-
tion of most FLLs is a generalized integrator (GI) [17].

Roughly speaking, the GI is a double integrator structure
that provides an infinite gain at its resonant frequency and
behaves as the amplitude integrator of sinusoidal signals. The
GI can be realized in different ways [2]–[4], [18]. In imple-
menting the FLL-based synchronization techniques, which is
focused on in this paper, the most popular way is known as
the second-order generalized integrator (SOGI). The SOGI has
been originally developed in [19].
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Fig. 1(a) illustrates the block diagram of the standard SOGI-
FLL [1]. The SOGI-FLL is a simple yet valuable tool because,
in addition to providing filtered in-phase and quadrature-phase
versions of its input, it can estimate the phase, frequency, and
amplitude of this signal. The SOGI-FLL, nevertheless, has a
limited filtering capability. In other words, in the presence
of DC offset, harmonics, and inter-harmonics, the estimated
quantities by the SOGI-FLL suffer from oscillatory ripples.
It should be mentioned that the small-signal modeling of
phase/frequency estimation dynamics of the SOGI-FLL has
been presented in [20].

To enhance the SOGI-FLL disturbance rejection capability,
some attempts have been made in recent years. In [21], adding
a DC offset estimation loop to the SOGI-FLL is suggested.
This loop makes the SOGI-FLL immune to the DC offset
disturbance effect and enhances its capability to filter sub-
harmonics; however, it has no positive effect on the harmonic
rejection capability of the SOGI-FLL.

In [1], a parallel configuration of multiple SOGIs (MSOGI)
tuned at low-order harmonic frequencies is proposed. These
SOGIs operate in a cooperative manner and, in addition
to extracting some low-order harmonics, make the SOGI-
FLL immune to the disturbance effect of these harmonics.
Nevertheless, the number of parallel SOGIs and, therefore,
the harmonic rejection capability of the MSOGI-FLL cannot
be enhanced too much as it results in a high computational
burden. Besides, the MSOGI-FLL may not be able to effec-
tively suppress inter-harmonics because of the variability of
their frequencies.

In [11], a SOGI-FLL with prefilter (SOGI-FLL-WPF) is
suggested. The block diagram of the SOGI-FLL-WPF can
be observed in Fig. 1(b). The prefilter in this structure is
a frequency-adaptive band-pass filter and, according to [11],
enhances the speed/accuracy tradeoff of the standard SOGI-
FLL.

In [7] and [12], a structural resemblance between a SOGI-
based quadrature signal generator (SOGI-QSG)1 and a first-
order low-pass filter (LPF) is established. This similarity
indicates that replacing the only integrator of a first-order LPF
with a SOGI results in the SOGI-QSG. Based on this finding
and to enhance the filtering capability of the standard SOGI-

1The structure shown in Fig. 1(a) without the FLL, phase estimation, and
amplitude detection parts is called the SOGI-QSG.
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Fig. 1. (a) Standard SOGI-FLL, (b) SOGI-FLL with a SOGI-based prefilter (briefly referred to as the SOGI-FLL-WPF), and (c) SOGI-FLL with a SOGI-based
in-loop filter (briefly referred to as the SOGI-FLL-WIF).

FLL, implementing a higher order SOGI-FLL by replacing
two integrators of a second-order LPF with two SOGIs is
suggested in [7] and [12]. A possible implementation of such
SOGI-FLL, which is apparently different from that proposed
in [12], can be observed in Fig. 1(c). This structure is called
the SOGI-FLL with in-loop filter (SOGI-FLL-WIF). Notice
that, depending on the implementation way of the second-order
LPF, different structures may be achieved. All these structures
are mathematically equivalent.

The small-signal modeling, analysis, and parameter tuning
of these advanced SOGI-FLLs (i.e., SOGI-FLL-WPF and
SOGI-FLL-WIF) have not yet been carried out. Besides, the
real advantages and disadvantages of these advanced FLLs
compared to each other and compared to the standard SOGI-
FLL are unclear. The aim of this paper is to cover these issues.

II. STANDARD SOGI-FLL

Fig. 1(a), as mentioned before, illustrates the SOGI-FLL,
which is a standard FLL in single-phase applications. By
neglecting the FLL dynamics and assuming that ω̂g is a
constant, the output signals of the SOGI, i.e., v̂α and v̂β , can
be expressed in the s-domain as

v̂α(s) =
kω̂gs

s2 + kω̂gs+ ω̂2
g︸ ︷︷ ︸

Gα(s)

v(s) (1)

v̂β(s) =
kω̂2

g

s2 + kω̂gs+ ω̂2
g︸ ︷︷ ︸

Gβ(s)

v(s). (2)

Fig. 2 shows the frequency response of the transfer functions
Gα(s) and Gβ(s) for different values of k. As it can be seen,
Gα(s) is a bandpass filter with a unity gain and a zero phase
at the fundamental frequency. It means that the signal v̂α at
the SOGI output is a filtered in-phase version of the single-
phase grid voltage. The transfer function Gβ , however, is an
LPF (with the dc gain equal to k) which provides a unity gain
and −90◦ phase at the fundamental frequency. It implies that
the signal v̂β is a filtered quadrature-phase version of the grid
voltage.

Based on the above analysis and defining the grid voltage
in the SOGI-FLL input as

v(t) = vα(t) = V cos (ωgt+ ϕ)︸ ︷︷ ︸
θ

(3)

where V , ωg , ϕ, and θ are the grid voltage amplitude, angular
frequency, initial phase angle, and phase angle, respectively,
the signals v̂α and v̂β at the SOGI output can be considered
as

v̂α(t) = V̂ cos(θ̂) (4)

v̂β(t) = V̂ sin(θ̂). (5)

In (4) and (5), V̂ and θ̂ are the estimated amplitude and phase
angle, respectively, and in the steady state are very close to
(ideally equal to) V and θ, respectively. This is the basic
assumption for the SOGI-FLL linearization, which is presented
in the next section. Some parts of this linearization procedure
has been already presented in [20], which are mentioned again
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Fig. 2. Frequency response of (a) Gα(s) and (b) Gβ(s).

for the sake of completeness.

A. Linearization

From Fig. 1(a), the following differential equations, which
describe the SOGI-FLL dynamics, can be obtained.

˙̂vα= ω̂g [k (vα − v̂α)− v̂β ] (6)
˙̂vβ= ω̂g v̂α (7)

˙̂ωg= −
λ

V̂ 2
(vα − v̂α) v̂β . (8)

Substituting (3)-(5) into (8) results in

˙̂ωg= −
λ

V̂ 2

[
V cos (θ)− V̂ cos(θ̂)

]
V̂ sin(θ̂)

=
λ

2V̂

[
V sin(θ − θ̂)︸ ︷︷ ︸

≈(θ−θ̂)

+ V̂ sin(2θ̂)− V sin(θ̂ + θ)︸ ︷︷ ︸
≈0

]

≈ λ

2
(θ − θ̂). (9)

According to Fig. 1(a), the estimated phase angle by the
SOGI-FLL can be expressed as

θ̂ = tan−1(v̂β/v̂α). (10)

Differentiating (10) with respect to the time yields

˙̂
θ =

v̂α ˙̂vβ − ˙̂vαv̂β
v̂2α + v̂2β

=
v̂α ˙̂vβ − ˙̂vαv̂β

V̂ 2
. (11)

Substituting (6) and (7) into (11) gives

˙̂
θ=

V̂ 2︷ ︸︸ ︷(
v̂2α + v̂2β

)
ω̂g − kω̂g

− ˙̂ωgV̂
2/λ︷ ︸︸ ︷

(vα − v̂α) v̂β
V̂ 2

= ω̂g + (kω̂g/λ) ˙̂ωg. (12)

Notice that the coefficient ˙̂ωg , which is kω̂g/λ, is a time-
variant term, because it depends on the estimated frequency

ω̂g . In this situation, the Laplace transform is not applicable.
To deal with this problem, the estimated frequency in this
coefficient is approximated by its nominal value as follows

˙̂
θ ≈ ω̂g + (kωn/λ) ˙̂ωg. (13)

From Fig. 1(a), the estimated amplitude can be expressed
as

V̂ =
√
v̂2α + v̂2β . (14)

Differentiating (14) with respect to the time provides

˙̂
V =

v̂α ˙̂vα + v̂β ˙̂vβ√
v̂2α + v̂2β

=
v̂α ˙̂vα + v̂β ˙̂vβ

V̂
. (15)

Substituting (6) and (7) into (15) yields

˙̂
V =

kω̂g (vα − v̂α) v̂α
V̂

. (16)

Substituting (3) and (4) into (16) results in

˙̂
V=

kω̂g

[
V cos (θ)− V̂ cos(θ̂)

]
V̂ cos(θ̂)

V̂

=
kω̂g
2

(
V

≈1︷ ︸︸ ︷
cos(θ − θ̂)+

≈0︷ ︸︸ ︷
V cos(θ + θ̂)− V̂ cos(2θ̂)−V̂

)
≈ kω̂g

2

(
V − V̂

)
≈ kωn

2

(
V − V̂

)
. (17)

Notice that the estimated frequency ω̂g is again approximated
by its nominal value.

Based on (9), (13), and (17), the linearized model depicted
in Fig. 3 can be obtained for the SOGI-FLL. Using this model,
the closed-loop transfer functions of the SOGI-FLL can be
obtained as follows, which are very useful for the tuning
procedure.
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Fig. 3. (a) Linearized model of the SOGI-FLL, and (b) its alternative
mathematically-equivalent representation.

V̂ (s) =
kωn/2

s+ kωn/2
V (s) (18)

θ̂(s) =
(kωn/2) s+ λ/2

s2 + (kωn/2) s+ λ/2
θ(s) (19)

ω̂g(s) =
λ/2

s2 + (kωn/2) s+ λ/2
ωg(s). (20)

Notice that ωg(s) = sθ(s).

B. Tuning Control Parameters

The characteristic polynomial of the transfer functions (19)
and (20) is

s2 + (kωn/2)︸ ︷︷ ︸
2ζω′n

s+ λ/2︸︷︷︸
(ω′n)

2

= 0 (21)

where ζ and ω′n are the damping factor and the natural
frequency, respectively, and ωn, as defined before, is the
nominal value of the grid frequency. In most control texts,
a damping factor equal to 1/

√
2 is recommended because

it results in an optimum tradeoff between the overshoot and
settling time [22]. By considering ζ = 1/

√
2 and using the

definitions of ζ and ω′n in (21), λ can be expressed as

λ = 2(ω′n)
2

ω′n = kωn
4ζ

}
⇒ λ =

k2ω2
n

8ζ2
=
k2ω2

n

4
. (22)

The equation (22) describes λ as a function of k. Therefore,
both parameters of the SOGI-FLL are determined by selecting
a proper value for the SOGI gain k.

Selecting a large value for k (which corresponds to a larger
value for λ) makes the SOGI-FLL dynamic response fast. It,
nevertheless, results in a low disturbance rejection capability.
It implies that the designer has to make a tradeoff decision.
In this paper, k = 1/

√
2 is selected, which corresponds to

λ = 12337. Notice that the SOGI-FLL is supposed to be a
reference for comparison with the SOGI-FLL-WPF and SOGI-
FLL-WIP and, as it will be shown in Section VI, the selected
control parameters for the SOGI-FLL provides a fair condition
of comparison.

III. SOGI-FLL-WPF

A. Linearization

Fig. 1(b), as mentioned before, illustrates the block diagram
of the SOGI-FLL-WPF. The linearization of the SOGI-FLL-
WPF can be carried out by following the same mathematical

1

s
̂

/2
s


2 /2nk 

ˆ
g

ˆ
g

V V̂
1

s2 /2nk 

Prefilter SOGI-FLL

1 /2nk
1

s

1 /2nk
1

s

Fig. 4. Linearized model of the SOGI-FLL-WPF.

procedure as that described for the standard SOGI-FLL. Here,
however, for the sake of simplicity and convenience, an
intuitive approach is employed.

As shown in Fig. 1(b), the SOGI-FLL-WPF is the cascade
connection of an adaptive prefilter and a SOGI-FLL. This
prefilter is a SOGI-QSG, but only its α-axis output is used.
The only difference of the prefilter compared to the SOGI-FLL
is the lack of an FLL for adapting its center frequency. Notice
that the prefilter uses the frequency feedback signal from the
SOGI-FLL for adapting itself to the grid frequency variations.
Therefore, the overall model of the SOGI-FLL-WPF can be
obtained by cascading two SOGI-FLL models as shown in
Fig. 4, in which the integrator modeling the FLL dynamics in
the prefilter part is replaced by a frequency feedback from the
SOGI-FLL part.

According to Fig. 4, the closed-loop transfer functions of
the SOGI-FLL-WPF can be obtained as

V̂ (s) =
(k1ωn/2) (k2ωn/2)

(s+ k1ωn/2) (s+ k2ωn/2)
V (s) (23)

θ̂(s) =

[
k1k2ω

2
n/4
]
s+ k1λωn/4

s3 + [(k1 + k2)ωn/2] s2 + [k1k2ω2
n/4] s+ k1λωn/4

θ(s)

(24)

ω̂g(s) =
k1λωn/4

s3 + [(k1 + k2)ωn/2] s2 + [k1k2ω2
n/4] s+ k1λωn/4

ωg(s).

(25)
These transfer functions describe the dynamics of the SOGI-
FLL-WPF and are very useful for the tuning procedure.

B. Tuning Control Parameters

The poles of the closed-loop transfer function (23) are
both real. This corresponds to a damping factor equal to or
greater than unity. A damping factor greater than unity makes
the transient response of (23) (which describes the amplitude
estimation dynamics) overdamped and, therefore, too slow.
Consequently, a damping factor equal to unity is selected here,
which corresponds to identical poles and, therefore, k1 = k2.

According to Fig. 1(b), the prefilter extracts the fundamental
component of the grid voltage and feeds it to the SOGI-FLL.
Assuming that ω̂g is a constant, the transfer function relating
the extracted fundamental component by the prefilter to the
grid voltage can be expressed as

v′α(s) =
k1ω̂gs

s2 + k1ω̂gs+ ω̂2
g

v(s). (26)
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Based on (26), it can be concluded that k1 =
√
2 is the best

choice. Notice that this selection corresponds to a damping
factor equal to 1/

√
2 that ensure an optimum tradeoff between

overshoot and settling time in the fundamental component
extraction by the prefilter.

The characteristic polynomials of (24) and (25) are equal to

s3 + [(k1 + k2)ωn/2] s
2 +

[
k1k2ω

2
n/4
]
s+ k1λωn/4 = 0.

(27)
As (27) is a third-order polynomial, it must have at least one
real pole. Therefore, it can be expressed as

s3 + [(k1 + k2)ωn/2] s
2 +

[
k1k2ω

2
n/4
]
s+ k1λωn/4

= [s+ γω′n]
[
s2 + 2ζω′ns+ (ω′n)

2
]

(28)

where ζ and ω′n denotes the damping factor and natural
frequency, respectively, and γ is a factor that determines the
location of the real pole.

By equating coefficients of equal power in s in both sides
of (28) and considering that k1 = k2 =

√
2, the FLL gain λ

can be expressed as

λ =
2 (ζ + 1)ω2

n

(2ζ + 1)
3 . (29)

Again, by selecting the optimum damping factor ζ = 1/
√
2,

the FLL gain λ can be calculated as λ = 23948.

IV. SOGI-FLL-WIF

A. Linearization

The linearized model of the SOGI-FLL-WIF can be ob-
tained by following the same mathematical procedure used
for the SOGI-FLL modeling or based on the same intuitive
approach used for the SOGI-FLL-WPF modeling. Fig. 5 shows
the linearized model of the SOGI-FLL-WIF.

According to Fig. 5, the closed-loop transfer functions
relating the estimated amplitude, frequency, and phase angle
to the actual ones can be obtained as

V̂ (s) =
k1k2ω

2
n/4

s2 + [k1ωn/2] s+ k1k2ω2
n/4

V (s) (30)

θ̂(s) =

[
k1k2ω

2
n/4
]
s+ k1λωn/4

s3 + [k1ωn/2] s2 + [k1k2ω2
n/4] s+ k1λωn/4

θ(s)

(31)

ω̂g(s) =
k1λωn/4

s3 + [k1ωn/2] s2 + [k1k2ω2
n/4] s+ k1λωn/4

ωg(s).

(32)
These transfer functions are very helpful for tuning the control
parameters and evaluating the FLL dynamics.

B. Tuning Control Parameters

According to Fig. 5, the open-loop transfer function relating
the phase error to the estimated phase angle can be obtained
as

θ̂(s) =

Gol(s)︷ ︸︸ ︷(
k1k2ω

2
n/4
)
(s+

ωz︷ ︸︸ ︷
λ/(k2ωn))

s2(s+ k1ωn/2︸ ︷︷ ︸
ωp

)

[
θ(s)− θ̂(s)

]
. (33)

The symmetrical optimum method [23], [24] is then used for
selecting the control parameters (see Appendix A). Applying
this design method to (33) gives

k1 = 2bωc/ωn

k2 = 2ωc/ωn

λ = 2ω2
c/b (34)

where b determines the phase margin (PM) as expressed
in (39) in the Appendix A, and ωc is the gain crossover
frequency. Therefore, all parameters of the SOGI-FLL-WIP
are determined by selecting proper values for b and ωc.

Using (34), the characteristic polynomial of the closed-loop
transfer function (31) can be rewritten as

s3 + [k1ωn/2] s
2 +

[
k1k2ω

2
n/4
]
s+ k1λωn/4

= s3 + bωcs
2 + bω2

cs+ ω3
c

= (s+ ωc)(s
2 + [b− 1]︸ ︷︷ ︸

2ζ

ωcs+ ω2
c ). (35)

It can be observed that b determines the damping factor of the
closed-loop poles. Similar to the case of the SOGI-FLL-WPF,
the optimum damping factor ζ = 1/

√
2 is selected, which

corresponds to b = 1 +
√
2 and, therefore, PM = 45◦ [see

(39) in Appendix A].
The selected control parameters for the SOGI-FLL-WPF are

corresponding to a crossover frequency equal to 2π18.8 rad/s.
To have a fair comparison, the same value is chosen as the
crossover frequency of the SOGI-FLL-WIF.

Considering the selected values for b and ωc, i.e., b = 1+
√
2

and ωc = 2π18.8 rad/s, the SOGI-FLL-WIF control parame-
ters can be calculated according to (34) as

k1 = 2bωc/ωn = 1.815

k2 = 2ωc/ωn = 0.752

λ = 2ω2
c/b = 11559. (36)

V. MODEL ACCURACY ASSESSMENT

In Sections II, III, and IV, the small-signal modeling of
the SOGI-FLL, SOGI-FLL-WPF, and SOGI-FLL-WIP were
conducted. To ensure that the these models are reliable, their
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Fig. 6. Obtained results using (a) standard SOGI-FLL and its linearized model, (b) SOGI-FLL-WPF and its linearized model, and (c) SOGI-FLL-WIF and
its linearized model in response to Test 1.
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Fig. 7. Obtained results using (a) standard SOGI-FLL and its linearized model, (b) SOGI-FLL-WPF and its linearized model, and (c) SOGI-FLL-WIF and
its linearized model in response to Test 2.
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Fig. 8. Obtained results using (a) standard SOGI-FLL and its linearized model, (b) SOGI-FLL-WPF and its linearized model, and (c) SOGI-FLL-WIF and
its linearized model in response to Test 3.
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TABLE I
CONTROL PARAMETERS

FLL Parameters
Standard SOGI-FLL k = 1/

√
2, λ = 12337

SOGI-FLL-WPF k1 =
√
2, k2 =

√
2, λ = 23948

SOGI-FLL-WIF k1 = 1.815, k2 = 0.752, λ = 11559

accuracy should be evaluated. For this purpose, the following
tests are conducted in the Matlab/Simulink environment and
the results predicted by the linearized models are compared
with those obtained by the FLLs under study.
• Test 1: The grid voltage experiences a +2 Hz frequency

step change.
• Test 2: A +20◦ phase jump happens.
• Test 3: A 0.75 p.u. voltage sag occurs.

The sampling frequency throughout this study is 10 kHz.
Figs. 6-8 show the obtained results. It can be observed that

the linearized models of all FLLs predict their average behav-
iors2 with a good accuracy. These models, however, cannot
predict the coupling between the estimated phase/frequency
and amplitude. This is the main limitation of the linearized
models.

VI. PERFORMANCE COMPARISON

In this section, the performance of the standard SOGI-
FLL, SOGI-FLL-WPF, and SOGI-FLL-WIF are compared
using some experimental results, which are obtained using the
dSPACE 1006 platform. The grid voltage signal is generated
using the dSPACE. The control parameters of all FLLs are
summarized in Table I. In obtaining all experimental results,
the sampling frequency is fixed at 10 kHz. The discretiza-
tion of SOGIs is carried out using the third-order Adams-
Bashforth method, in which an integrator is approximated
by Ts

12
23z−1−16z−2+5z−3

1−z−1 [25]. Some other approaches for the
discretization of SOGIs can be found in [26], [27].

Five tests are considered:
• Test A: The frequency of the grid voltage suddenly

changes from 50 Hz to 52 Hz.
• Test B: A 0.5 p.u. voltage sag with 60◦ phase jump

happens. The grid frequency is at its nominal value.
• Test C: The grid voltage is harmonically distorted with

low-order harmonics. The magnitude of harmonics are
V3 ≈ 0.054 p.u., V5 ≈ 0.048 p.u., V7 ≈ 0.022 p.u.,
V9 ≈ 0.005 p.u., V11 ≈ 0.012 p.u., V13 ≈ 0.006 p.u.
This corresponds to a total harmonic distortion (THD)
around 7.7%. The grid frequency is fixed at its nominal
value during this test.

• Test D: A large DC component (0.1 p.u.) is suddenly
added to the grid voltage.

• Test E: The grid voltage contains a 1-Hz sub-harmonic
with the magnitude of 0.1 p.u.

Figs. 9 and 10 show the performances of all FLLs in
response to Tests A and B, respectively. It can be observed

2These models cannot predict the transient double-frequency oscillations in
their corresponding FLLs because they have a linear time-invariant nature.
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Fig. 9. Experimental results for Test A.

that all FLLs have a close speed of response (around 2.5
cycles of the nominal frequency) in estimating the grid voltage
parameters. The only difference is that the quantities estimated
by the SOGI-FLL experience rather smaller overshoots than
those extracted by the SOGI-FLL-WPF and SOGI-FLL-WIF.

Fig. 11 illustrates the obtained results in response to Test
C. The SOGI-FLL-WPF and SOGI-FLL-WIF demonstrate
a close performance in this test and provide a bit higher
harmonic filtering capability than the standard SOGI-FLL.

The obtained results in response to tests D and E can
be observed in Figs. 12 and 13, respectively. As shown, the
SOGI-FLL-WPF and SOGI-FLL-WIF, again, have a close
performance and completely reject the DC component and
effectively suppress the sub-harmonic. The standard SOGI-
FLL, however, suffers from large oscillatory errors in the
presence of these disturbances.

Fig. 14 illustrates open-loop Bode plots of the FLLs un-
der study. These plots are obtained using open-loop transfer
functions relating the phase error signal to the estimated phase
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Fig. 10. Experimental results for Test B.

angle in the linearized model of the FLLs under study. Notice
that the linearized model of the SOGI-FLL-WPF (Fig. 4)
does not have a standard form. Therefore, to achieve the
aforementioned open-loop transfer function, it should first
be rearranged to its standard form by applying the block
diagram algebra. Fig. 14 shows that all FLLs have a very
close crossover frequency. It confirms the fair condition of
comparison among them and explains their close speed of
response during transients. It can also be observed that the
SOGI-FLL has a higher PM than the SOGI-FLL-WPF and
SOGI-FLL-WIF. That is the reason why in the Test B,
the estimated quantities by the SOGI-FLL experience lower
overshoots.

Table II compares the computational burden of all FLLs.
This table indicates that the SOGI-FLL-WPF and SOGI-FLL-
WIF demand a bit higher computational effort than the SOGI-
FLL.
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Fig. 11. Experimental results for Test C.

VII. CONCLUSION

In this paper, the small-signal modeling of the standard
SOGI-FLL and two advanced SOGI-FLLs (SOGI-FLL-WPF
and SOGI-FLL-WIF) were presented. Based on the derived
models, systematic design approaches for selecting the control
parameters of these FLLs were proposed. To ensure that the
linearized models are accurate, a model accuracy assessment
was conducted using some simulation studies. The obtained
results demonstrate that the linearized models predict the
average dynamic behavior of FLLs with a high accuracy.
They, nevertheless, cannot predict the coupling between the
amplitude and phase/frequency variables. Finally, using some
experimental tests, a performance comparison among the stan-
dard SOGI-FLL, SOGI-FLL-WPF, and SOGI-FLL-WIF under
a fair condition was conducted. The obtained results indicate
that
• The SOGI-FLL-WPF and SOGI-FLL-WIF have a very

close performance in all tests.
• The SOGI-FLL-WPF and SOGI-FLL-WIF, contrary to

the standard SOGI-FLL which suffers from large os-
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Fig. 12. Experimental results for Test D.

cillatory errors in the presence of DC offset and sub-
harmonics, effectively reject these disturbances. Besides,
they offer a bit higher capability in filtering the grid
voltage harmonics.

• All FLLs have a close speed of response during transients.
The estimated quantities by the SOGI-FLL, nevertheless,
undergo a bit smaller overshoots.

It should be emphasized here that the above-mentioned
advantages of the SOGI-FLL-WPF and SOGI-FLL-WIF come
at the cost of a bit higher computational burden and a lower
stability margin compared to the SOGI-FLL.

APPENDIX A
OVERVIEW OF SYMMETRICAL OPTIMUM METHOD

Assume that the open-loop transfer function of a closed-
loop control system (with unity feedback) is as

Gol(s) =
ωp

s+ ωp

kps+ ki
s2

=
ωpkp(s+

ωz︷ ︸︸ ︷
ki/kp)

s2(s+ ωp)
(37)
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Fig. 13. Experimental results for Test E.
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where kp, ki, and ωp are the control parameters. The open-
loop pole ωp is considered as ωp = b2ωz , where b is a positive
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TABLE II
NUMBER OF MATHEMATICAL OPERATIONS AND STATE VARIABLES

(INTEGRATORS) IN THE IMPLEMENTATION OF THE SOGI-FLL,
SOGI-FLL-WPF, AND SOGI-FLL-WIF. IT: INVERSE TANGENT, AND

SQRT: SQUARE ROOT

× ÷ ± IT SQRT Integrators

SOGI-FLL 7 2 3 1 1 3
SOGI-FLL-WPF 10 2 5 1 1 5
SOGI-FLL-WIF 10 2 5 1 1 5

factor.
Using (37), the PM can be calculated as

PM = −tan−1(ωc/ωp) + tan−1(ωc/ωz) (38)

where ωc is the gain crossover frequency. The PM is maxi-
mized if ωc =

√
ωpωz = bωz = ωp/b [23], [24]. Substituting

this condition into (38) results in

PM = tan−1
[
b2 − 1

2b

]
. (39)

Using (37) and according to the definition of the crossover
frequency (i.e., |Gol(jωc)| = 1) and the obtained condition
for maximizing the PM, we have

1 =
kpωp

√
ω2
c + ω2

z

ω2
c

√
ω2
c + ω2

p

=
kp
ωc
⇒ kp = ωc. (40)

In summary, all control parameters can be expressed as

kp = ωc

ki = ωzkp = ω2
c/b

ωp = bωc. (41)
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