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Abstract—This paper applies the adaptive gradient descent
method to the second-order generalized integrator (SOGI) filter in
order to find an online estimation algorithm for the grid frequency,
which leads to the proposal of three possible estimators. One of
them is identical to the frequency-locked loop algorithm reported
in the literature, which proves that it should be understood as a
gradient descent estimation algorithm and not as a “frequency
locked loop.” The proposed gradient descent estimators are simple
and suitable to be implemented into a digital processor with small
computational burden. However, due to the SOGI characteristics,
the estimators show to be especially sensitive to subharmonic and
dc-offset voltage distortion. These problems are removed adopting
a cascaded double SOGI approach, which strongly increases the
rejection capability to harmonics and enhances the response to
voltage sags. Simulation and experimental results are provided to
validate the proposed contribution.

Index Terms—Generalized integrators (GIs), gradient descent
estimator, online grid-frequency estimation, power quality, second-
order generalized integrator (SOGI) filter.

NOMENCLATURE

SOGI Second-order generalized integrator.
DSOGI Double SOGI.
GE Gradient estimator.
FLL Frequency locked loop.
PLL Phase-locked loop.
SRF-PLL Synchronous reference frame PLL.
EPLL Enhanced PLL.
QPLL Quadrature PLL.
SOGI-PLL SOGI-PLL.
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IP-PLL Inverse park-PLL.
MSOGI Multiple-SOGI.
DPM Dynamic phasor modeling.
LKF Linear Kalman filter.
MAF Moving averaging filter.
GI Generalized integrator.
SOGI-QSG SOGI-Quadrature signal generator.
BPF Bandpass filter.
LPF Low-pass filter.
HPF High-pass filter.
NF Notch filter.
DSP Digital signal processor.
DAC Digital-to-analog-converter.
ADC Analog-to-digital converter.
SPI Serial peripheral interface.
DSOGI-FLL-WPF DSOGI-FLL with prefilter.
PD Phase detector.

I. INTRODUCTION

NOWADAYS, the highly distributed nature of the utility
grid and the use of nonlinear loads and power electronics

devices have created a growing concern for power quality prob-
lems in the grid. In this context, power inverters should perform
a fast and accurate detection of grid parameters like voltage
amplitude, frequency, and positive and negative sequence com-
ponents of the grid voltage in order to operate during faults
and network disturbances [1]–[5]. Moreover, in the case of mi-
crogrids, an accurate measurement of the frequency is required
since it determines the active power balance in the transition
between the islanding and grid-connected modes [6], [7].

There are several ways of obtaining the grid parameters
reported in the literature for single-phase and three-phase
systems, which can be grouped into frequency and time
domain methods [8]–[19]. Among them, phase-locked loop
(PLL) methods have become popular due to their inherent
simplicity and robustness. Several PLL methods can be found
in the literature for grid synchronization, such as synchronous
reference frame PLL [20]–[27], enhanced PLL (EPLL) [10],
[11], quadrature PLL [12], and PLL based on SOGI [23]–[26].
However, they have associated drawbacks like sensitivity to
grid voltage distortions and time-response dependence on the
parameters of their proportional-integral (PI) blocks.

In [27] a “frequency-locked loop” (FLL) was first introduced
to tune a double SOGI (DSOGI) scheme (DSOGI-FLL) for ob-
taining the grid positive and negative components of the grid
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frequency. The resulting FLL structure was very simple, requir-
ing only of three math terms: a multiplication, a gain, and an
integrator. The FLL was since then used to tune the SOGI filter
in different applications. In [28] and [29], it was used with a
“multiple SOGI” (MSOGI-FLL) structure for the fast detection
of fundamental and multiple grid harmonics components under
distorted grid conditions. In [30], a linearization and gain nor-
malization using a small signal analysis of the FLL was proposed
to simplify the SOGI-FLL tuning. In [31], the adaptive tuning of
the frequency calculation loop gain of the SOGI-FLL and other
PLL types was proposed for improving the startup and false
frequency transients during phase angle perturbations. In [32],
the SOGI-FLL problems with dc-offset voltage were solved by
inserting a third integrator using an additional inner loop. In
[33], another method of dealing with the dc-offset voltage using
its estimate and removing it from the SOGI-FLL was proposed.
This method leads to a simple inner algorithm without using
an additional integrator, which enhances the performance of the
system. In [34], the nonlinear behavior of the FLL was compen-
sated using a fuzzy logic controller to improve the SOGI-FLL
performance at the event of grid faults. In [35], a model of the
SOGI-FLL was derived for the adaptive tuning of a resonant reg-
ulator for a single-phase inverter. In [36] and [37], an additional
SOGI was added as a prefilter to the DSOGI-FLL in order to pro-
vide robustness against harmonics, subharmonics, and dc-offset
voltage. In these last two works, a deep analysis about the SOGI
tradeoff between settling time response and harmonic rejection
was provided for design considerations and system tuning. In
[38], a dynamic phasor modeling technique was introduced for a
better analysis of stability margins of single-phase PLLs. In this
paper, the SOGI-FLL was transformed to the rotating reference
frame, reformulated as a PLL using a PI controller, and com-
pared with an inverse park-PLL and EPLL. Detailed dynamics
and stability boundary limits were provided for these systems
arriving to the conclusion that the EPLL was adequate for net-
works with frequent phase-jump faults, whereas the SOGI-FLL
was for networks with voltage sags. However, to this regard, it
should be considered that the SOGI-FLL structure is simpler
than the EPLL and that the EPLL requires of sine/cosine math
functions, typically implemented with lookup tables, which in-
crease the computation load of the system. In [39], the FLL was
combined with a linear Kalman filter and used with a moving
averaging filter to estimate the frequency and voltage amplitude
under dc-offset voltage and harmonic distorting conditions.

Nevertheless, even though the above-described structures
present high performance when estimating frequency and
voltage before grid perturbations, to the authors’ opinion, the
application of the adaptive gradient descent method to the SOGI
filter and the adoption of a DSOGI approach provides better
performance when the grid is highly distorted. The proposal
behaves well under different kind of distortions like subharmon-
ics, dc-offset voltage, voltage sags, and harmonics. Regarding
harmonics, the proposal shows to be very effective in envi-
ronments subjected to strong distortion, especially for higher
frequency components. The paper applies the adaptive gradient
descent method to the SOGI filter in order to derive an online
estimation algorithm for the grid frequency. The method leads

to the proposal of three different estimation algorithms. The
application of the adaptive gradient method has also provided
the evidence that one of these algorithms is identical to the FLL
structure presented in [27], which suggest that the FLL is not
a “frequency locked loop” but that rather consists in a gradient
descent based estimator. By doing so, this paper might have pro-
vided a better theoretical background for the FLL algorithm and
to the SOGI filter, which is important for driving future research
lines for the SOGI filter inside the adaptive control theory.

The derived gradient descent estimators have been proved to
be simple and suitable to be implemented into a digital processor
with small computational burden. However, the resulting struc-
tures were found to be sensitive to subharmonic and dc-offset
voltage grid distortion. As a result, a DSOGI approach has been
adopted to overcome these problems, which is analyzed and
compared with the initial proposed one in order to be properly
designed. The DSOGI with the gradient estimator (GE) has also
been compared with the EPLL at the event of an input frequency
step perturbation and their respective rejection capabilities to
given harmonics have likewise been checked. The results point
to DSOGI as the best suited for applications subjected to highly
distorting harmonic conditions in which the rejection to the dis-
tortion is more important than the speed response, especially
in the case of distortion induced by high-frequency harmonics.
In these situations, the DSOGI can provide the desired filtering
capability with the fastest transient allowable response due to
its good tradeoff relationship between transient speed response
and rejection to harmonic distortion. Moreover, the DSOGI can
be useful in applications requiring extraction of the fundamental
component of a signal with a high rejection to distortion, as in
the case of discontinuous currents drawn by RC-rectifier type
nonlinear loads. In this case, the DSOGI can be designed to per-
form a strong filtering and provide the fundamental component
of the current with suitable transient response.

The paper is organized as follows. Section II performs a short
description of the SOGI filter. Section III applies the gradient
descent method to the SOGI structure, which leads to a fam-
ily of three frequency estimators. In this section, the dynamics
of the derived structures are analyzed using averaging theory
and their performance in front of grid distorting conditions such
as frequency step changes, harmonics, subharmonics, dc-offset
voltage, and voltage sags are shown. Section IV proposes a
DSOGI approach to overcome and improve the problems re-
ported in the previous section. Section V provides experimental
results to validate the proposal and Section VI performs the
conclusions of this paper.

II. SOGI FILTER DESCRIPTION

Fig. 1 depicts the structure of the SOGI filter, formed by a
generalized integrator (GI) synchronized with the input vin by
means of an outer loop between the output vd and vin , with
a gain that regulates the transient response and the bandwidth
of the system [27], [36], [37]. In [27], the gain is defined as
k; however, in this paper we follow the normalized version of
[36] in which k = 2ξ, ξ being the damping factor of the system.
There are some differences reported in the literature regarding
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Fig. 1. Block diagram structure of the SOGI filter.

nomenclature used for the SOGI. In this paper, we use GI for the
inner loop instead of SOGI or resonator, since it is responsible
of the integration of sinusoidal signals. The term “SOGI filter”
is used instead of SOGI quadrature signal generator along all
the paper.

The SOGI outputs vd and vq have, respectively, bandpass filter
(BPF) and low-pass filter (LPF) closed-loop transfer functions
regarding vin

Hd(s) =
vd(s)
vin(s)

=
2ξω · s

s2 + 2ξω · s + ω2 (1)

Hq (s) =
vq (s)
vin(s)

=
2ξω2

s2 + 2ξω · s + ω2 (2)

and by naming v̇d/ω = va , the SOGI va and error e signals have
high-pass filter (HPF) and notch filter (NF) transfer function
behaviors, respectively

Ha(s) =
va(s)
vin(s)

=
2ξ · s2

s2 + 2ξω · s + ω2 (3)

He(s) =
e(s)

vin(s)
=

s2 + ω2

s2 + 2ξω · s + ω2 (4)

where the frequency ω supplied to the GI (see Fig. 1) acts
as the center frequency of the SOGI filter. Fig. 2 shows the
magnitude and phase Bode plots for (1)–(4) for ξ = 0.7 and
ω = 2π 50(rad/s).

It is worth noting that when the frequency ω supplied to the
GI matches the frequency ωo of the input signal vin , then the
error e is canceled and the output vd equals vin .

III. ADAPTIVE FREQUENCY ESTIMATION USING THE

GRADIENT DESCEND METHOD

This section applies the gradient descent method to the SOGI
filter, which leads to the formulation of three possible frequency
estimators and to the identification of one of them as the FLL
algorithm proposed in [27]. Moreover, stability analysis and
simulations to different kind of grid voltage perturbations are
provided to show the behavior of the algorithms.

A. Gradient Descent Method

The gradient descent is the simplest method for optimizing
an objective function or obtaining an estimate of a time-varying
parameter, so suitable for being implemented in a digital pro-
cessor with a small computational load [40], [41]. The gradient

Fig. 2. Magnitude and phase Bode plots of (1)–(4) transfer functions for the
SOGI filter.

descent finds a local minimum by going in the negative direc-
tion of the gradient of a function. Then, a GE algorithm for the
grid frequency can be obtained for the SOGI filter by using the
halved square of the error signal as an objective function

J(ω) = e2/2 (5)

and then updating the estimate with the negative gradient of the
objective function

dω

dt
= −γ · dJ

dω
= −γ · e · de

dω
(6)

where ω is the grid frequency estimate, e is the SOGI error
signal, and γ is the estimator gain.

Looking to the GI loop of Fig. 1, the relationship between e,
va , and vq is

va = 2ξ · e − vq . (7)

Therefore, by doing 2ξe = ve , the variable ve may be used
instead of e in (6), since this will decouple the estimator from
the damping factor.

The relationship of vq in (7) with ω can be found using its GI
loop relationship with another inner variable, i.e.,

vq (s) =
ω

s
vd(s) (8)

from which

vq = ω

∫ t

0
vddτ (9)

and replacing (9) in (7) leads to

ve = va + ω

∫ t

0
vddτ (10)

and the derivative of (10) with respect to ω is

dve

dω
=

∫ t

0
vddτ =

vq

ω
. (11)
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Then, the expression of the frequency estimator is

dω

dt
= −γ · ve · vq

ω
. (12)

However, a second possible estimator can be found using va

instead of vq , i.e.,

vd(s) =
ω

s
va(s) (13)

which, using the time expression of (13) and replacing it in (7),
gives

ve =
v̇d

ω
+ vq (14)

from which

dve

dω
= − v̇d

ω2 = −va

ω
. (15)

Therefore, a second frequency estimator is formulated as

dω

dt
= γ · ve · va

ω
. (16)

Finally, the relationship of va and vq can be also used to find
a third estimator, i.e.,

ve =
v̇d

ω
+ ω

∫ t

0
vddτ (17)

from which

dve

dω
=

1
ω

(vq − va). (18)

And a third estimator is

dω

dt
=

γ

2
· ve

ω
· (va − vq ). (19)

Notice that the third estimator is simply a combination of
previous two in (12) and (16), and that the gain is negative when
using vq and positive when using va . Then, the third estimator
has a double gain value regarding the others because it has two
active signal paths, so its gain should be divided by two.

B. System Stability

The SOGI filter with one of the previously derived estima-
tors constitutes together a highly nonlinear and coupled system,
which is not easy to analyze for oscillatory forcing inputs. This
system evolves in two time scales, a fast oscillatory one linked
to the independent variable t for the states and a slow one for
the estimated frequency ω, provided the gain γ in its update
equation is small. Then, the integral manifold approach to slow
adaptation concept along with the averaging theory [42], [43]
can be here applied to show that for a periodic input signal

vin = Ainsin(ωot + ϕ) (20)

the system will be locally asymptotically stable at the equilib-
rium point

(
vd,

vq

ω
, ω

)
=

(
Ainsin(ωot + ϕ),−Ain

ωo
cos(ωot + ϕ), ωo

)

(21)

for a small enough gain γ. Thus, considering that the GI transfer
function, from vq to ve , is

vq (s)
ve(s)

=
ω2

s2 + ω2 (22)

and introducing the time version of (22) in (12), it gives

dω

dt
= − γ

ω3 (v̈q + ω2vq )vq . (23)

As the dynamics of ω is assumed much slower than the dy-
namics of the states, the transients in the GI can be ignored,
allowing for separation of the GE update equation (23) from the
state equation of the SOGI filter. Then, the update law can be
approximated as

dω

dt
= − γ

ω3

(
ω2 − ω2

o

)
v2

q

= − γ

ω3 (ω2 − ω2
o )A2

inG2
q (jωo, ω)cos2(ωot + ϕ) (24)

since, at steady state, for a sinusoidal input (20), it holds
v̈q = −ω2

o vq and vq = −AGq (jωo, ω)cos(ωot + ϕ) vq =
−AinGq (jωo, ω)cos(ωot + ϕ), where Gq (jωo, ω) is the gain
of (2).

The fast oscillatory dynamics in (24) can now be averaged
through time integration

dωav

dt
=

1
T

∫ t+T

t

f (ωav , τ)dτ = fav (ωav) (25)

where the subscript av represents an averaged value. Thus, cal-
culating the averaged value of (24), it is obtained

dωav

dt
= −γ

2ξ2A2
inωav(ω2

av − ω2
o )

(ω2
av − ω2

o )2 + (2ξωavωo)
2 (26)

which retains only the mean behavior of (24) and is a time-
invariant system to which standard techniques for stability
analysis can be applied. It can be observed that the averaged
dynamics in (26) has an isolated equilibrium point at ωav = ωo .
So, computing the first-order linearization of (26) around this
isolated equilibrium point, we obtain the dynamics

˙̄ωav = −γA2
in

ω2
0

· (ω̄av − ωo) (27)

which is asymptotically stable. This result implies in turn the
local asymptotical stability of the GE update law in (12) around
ω = ωo .

When the same procedure is applied to the second estima-
tor in (16) (see the Appendix), the same first-order linearized
expression (27) is obtained, as is also the case for the third es-
timator in (19), since it is a combination of (12) and (16). So,
it can be concluded that these estimators are likewise locally
asymptotically stable around ω = ωo .

Moreover, (27) can be normalized choosing a gain

γ =
ω2

A2
in

λ (28)



5800 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 7, JULY 2018

Fig. 3. Transient response of the SOGI-GEs for a grid voltage frequency step
perturbation from 50 to 60 Hz and then back to 50 Hz.

which implies sensing ω from the own GE output and dividing
it by A2

in . The square of Ain is estimated using vd and vq as in

A2 = v2
d + v2

q (29)

where A is the estimate of Ain , resulting in the following first-
order transfer function

ω̄av(s)
ωo(s)

=
λ

s + λ
. (30)

Considering the normalization in (28), the GEs (12), (16),
and (19) turn to be

dω1

dt
= −λ1 · ω1

A2
in

vevq (31)

dω2

dt
= λ2 · ω2

A2
in

veva (32)

dω3

dt
= λ3 · ω3

A2
in

ve(va − vq ) (33)

where the frequency subscripts distinguish the particular GEs.
Note that with the normalization of (28), the divisions by ω in the
expressions (12), (16), and (19) have been removed, simplifying
the algorithms implementation.

At this point, it can be seen that the structure of GE1 in (31)
with a SOGI filter (SOGI-GE1) is identical to the normalized
SOGI-FLL proposed in [27]. This suggest that the FLL is a
gradient descent estimator and not a “frequency locked loop”
and that its theoretical background lies better inside the adaptive
control theory, which points out the direction that the future
research should follow for improving this structure.

C. Frequency Step Transient Response

Fig. 3 shows the simulation results for the SOGI-GE1 , GE2 ,
and GE3 in (31)–(33) using MATLAB/Simulink software. The
simulations were carried out simultaneously, each GE with its
own SOGI filter, in order to compare the results. The damp-
ing factors and estimator gains were set to ξ1 = ξ2 = ξ3 = 0.7
and λ1 = λ2 = λ3 = 88(s−1), respectively. The GE integrators
were initialized to ωo = 2π50(rad/s). These values were cho-
sen to obtain an underdamped transient response with a 1%

overshoot for the SOGI-GE1 to a step frequency perturbation
from 50 to 60 Hz and then back to 50 Hz.

In Fig. 3, it can be seen that the transients can be assimilated to
quasi-second-order responses that have small differences during
the step-up and step-down events. In particular, it can be seen
that GE2 is faster at the step up, but slower at step down. On
the contrary, GE1 is slower at the step up, but faster at step
down. The response is more equilibrated for GE3 , which is
in the middle. This particular behavior can be explained by
the asymmetrical Bode magnitude plots of va and vq , which,
respectively, have HPF and LPF transfer functions (see Fig.
2). Therefore, at the step up va provides an output signal with
gain 20log(2ξ) (3 dB in this case), whereas vq is attenuated
−40 dB/decade. However, at the step down va is attenuated
−40 dB/dec, whereas vq is affected by the 20log(2ξ) (3 dB)
gain. Notice that for GE3 , the gain asymmetry is compensated
by the mix of va and vq , and its response at both transients
shows to be more equilibrated, between GE1 and GE2 . The gain
asymmetry is also responsible of achieving small differences in
the experienced overshoot values. The obtained overshoots were
of 1%, 3%, and 2% for GE1 , GE2 , and GE3 , respectively.

D. Harmonic, Subharmonic, and DC-Offset Voltage Rejection

At the event of grid voltage distortion such as harmonics, sub-
harmonics and dc-offset voltage, the performance of the SOGI
filter and the GEs is affected. These distortions first impact the
SOGI filter outputs and then the estimated frequency through
the multiplication of the SOGI outputs va or vq by the SOGI
error ve .

The SOGI filter outputs have different transfer functions [see
(1)–(3)] so there will be different effects depending on the dis-
tortion type. On the one hand, va and vq have, respectively,
HPF and LPF transfer functions, so harmonics are going to be
transferred directly to va with 20log(2ξ) gain, and dc-offset
voltage and subharmonics are going to be conveyed to vq with
also 20log(2ξ) gain (see Fig. 2). Moreover, the estimated grid
voltage amplitude obtained through the square root of A2 is also
distorted with subharmonics and dc-offset voltage via vq .

On the other hand, the distortion is conveyed to the ve sig-
nal through its NF transfer function behavior [see (4)], so the
multiplication of ve by va or vq generates new frequencies com-
ponents: ones pulsating at the sum of the ve and va or vq fre-
quencies and others pulsating at the subtraction between ve and
va or vq frequencies. As a particular case, when the frequency
of the distortions in ve and va or vq is the same, their subtrac-
tion will give rise to zero frequency, or dc components, which
will induce deviations in the mean value of the estimated grid
frequency, further worsening the overall problem.

Additionally, the outputs of the GEs laws (31)–(33) must
be integrated in order to supply the estimated frequency to the
SOGI filter. The required integrators will act as a LPF filters with
attenuation −20 dB/dec for frequencies above 1 rad/s. Thus, the
distorting components closer to this cutoff frequency will be
less attenuated than higher order harmonics.

In order to illustrate the impact of these distortions, Fig. 4
depicts the GE1 , GE2 , and GE3 responses to several
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Fig. 4. Estimated frequency time responses of the SOGI-GEs to distorted
grid voltage components of 10% amplitude. Upper: 3rd harmonic. Middle:
1-Hz subharmonic. Bottom: dc-offset voltage.

TABLE I
ESTIMATED FREQUENCY PEAK-TO-PEAK AMPLITUDE DISTORTION AND MEAN

DEVIATION FROM ωo FOR THE CASES DEPICTED IN FIG. 4

Peak-to-peak amplitude (Hz) GE1 GE2 GE3

3rd harmonic 1.08 0.96 1.03
1-Hz subharmonic and dc offset 4.12 3.93 4.10
Mean deviation from ωo at steady state (Hz)
3rd harmonic 0.07 0.47 0.27
1-Hz subharmonic and dc offset 0.04 0.98 0.51

distorting components with 10% of nominal amplitude, namely
a third harmonic, a 1-Hz subharmonic, and dc-offset voltage.
The peak-to-peak amplitude and the mean deviation from ωo of
the estimated frequency have been measured and listed in Table
I. As the measurements for the subharmonic and dc-offset cases
are identical, they have been put together in a single row of
Table I.

In Fig. 4 and Table I, it can be seen that the peak-to-peak
amplitude of the frequency distortion is around 1 Hz for the
third harmonic case (upper plot) and 4 Hz for the subharmonic
and dc-offset cases (middle and bottom cases, respectively). As
mentioned before, the greater distorting capacity of subharmon-
ics and dc-offset voltage is due to its low frequency compo-
nents, which are less filtered by the integrator present in the
GEs structures. Moreover, it can be seen that the mean value
of the frequency deviates upward from the nominal 50-Hz level
due to the distortion. The GE1 is the estimator presenting less
deviation, whereas GE2 is the most affected.

In the same way, Fig. 5 depicts the estimated grid voltage
amplitudes of the SOGI-GEs to the same distorting components
considered in Fig. 4. The peak-to-peak amplitude of the distor-
tion induced in the estimated values of the grid voltage amplitude
and the deviation of their mean values from the nominal voltage
level A has been listed in Table II.

E. Response to Voltage Sags

The impact of voltage sags on the estimated frequency in-
creases with the sag depth. Consequently, the performance of

Fig. 5. Estimated voltage amplitude time responses using (29) in the SOGI-
GEs to distorted grid voltage components of 10% amplitude. Upper: 3rd har-
monic. Middle: 1-Hz subharmonic. Bottom: dc-offset voltage.

TABLE II
PEAK-TO-PEAK AMPLITUDE OF THE DISTORTION IN THE ESTIMATED GRID

VOLTAGE AMPLITUDE AND MEAN DEVIATION FROM THE NOMINAL A LEVEL

FOR THE CASES DEPICTED IN FIG. 5

Peak-to-peak amplitude (V) GE1 GE2 GE3

3rd harmonic 27.30 27.60 27.50
1-Hz subharmonic and dc offset 76.00 84.80 84.90
Mean deviation from A at steady state (V)
3rd harmonic 1.05 1.40 1.25
1-Hz subharmonic and dc offset 3.9 4.95 2.15

Fig. 6. SOGI-GEs estimated grid frequency and voltage amplitude for an 80%
voltage sag.

the SOGI-GEs will be tested under a sag of 80% depth, i.e.,
the maximum depth for which some grid codes require ride-
through capability of wind turbines. To this regard, Fig. 6 shows
the transient responses to a voltage sag with 80% depth in the
input voltage at 0.2 s. It can be seen in the left subplot that
the frequency perturbations reach peak-to-peak amplitudes of
12.85 Hz for GE1 , 17.83 Hz for GE2 , and 13.23 Hz for GE3 .
Then, due to the HPF behavior of the va signal present in GE2 ,
this structure is more sensible to the high-frequency components
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Fig. 7. DSOGI-GE with prefilter structure.

introduced in the perturbation, while GE1 and GE3 have similar
responses. The transients last 43 ms for GE1 and GE3 and 51
ms for GE2 . In the right subplot of Fig. 6, it can be seen that the
transient responses for the estimated voltage amplitudes are all
similar, with small oscillations that last about 42 ms.

As summary of this section, harmonics, subharmonics, and
dc-offset voltage components cause distorted oscillations and
deviations of the mean values in the estimated frequency and
voltage amplitude from their actual levels. Specially, subhar-
monic and dc-offset voltage have a higher distortion capacity.
Additionally, voltage sags have a high distorting capacity. It is
important to remark that all these problems are common to all
the SOGI-related structures, like the SOGI-FLL, DSOGI-FLL,
and MSOGI-FLL [27]–[36].

IV. DSOGI APPROACH

Part of the described problems can be solved adopting a
DSOGI approach as represented in Fig. 7, that uses an addi-
tional SOGI as a “bandpass prefilter” to remove the distortion
caused by subharmonics and dc-offset voltage, increasing the
rejection capacity of the system.

For ease of design, this DSOGI system is designed with
equal damping factors, ξa = ξb = ξ. Then, the transfer function
of the DSOGI outputs regarding vin corresponds to those of
(1)–(4) with an additional cascaded BPF transfer function.
From a filter point of view, vd , va , and vq from SOGI-b
block have −40dB/dec, −60dB/dec, and −20dB/dec magnitude
attenuations to subharmonics, respectively, and −40dB/dec,
−20dB/dec, −60dB/dec magnitude attenuations to harmonics,
respectively. So, the DSOGI has a better rejection capability
than the SOGI approach.

A. Frequency Step Transient Response

The transient response of the DSOGI-GEs for a frequency
step perturbation is slower than the obtained for the SOGI one
due to the higher order of the structure. The DSOGI is a fourth-
order system and the SOGI a second-order one. On the other
hand, the GEs gains for this DSOGI approach had to be re-
duced from 88 to 49.3(s−1) in order to obtain the same 1%
overshoot for the GE1 than in the previous case. As a result
of the order increase and the gain reduction, the DSOGI-GEs
transient response shows an extra 21-ms delay. Fig. 8 depicts
the transient response for a sudden frequency step change from

Fig. 8. DSOGI-GEs transient responses to a grid voltage frequency step per-
turbation from 50 to 60 Hz and then back to 50 Hz. DSOGI-GEs: (solid lines).
SOGI-GEs: (dashed lines).

Fig. 9. DSOGI-GE1 transient responses to a grid voltage frequency step
perturbation from 50 to 60 Hz for three different GE1 gains λ1 = 119.3,
λ2 = 72.2, and λ3 = 42.4.

50 to 60 Hz and then back to 50 Hz. The SOGI-GEs responses
are also plotted in Fig. 8 using dashed lines for comparison
purposes. As in the SOGI case, for DSOGI-GE2 and GE3 the
obtained overshoots are different from the expected 1% due to
their asymmetric gain characteristics, namely 4.2% and 2.3%,
respectively.

Alternatively, the Fig. 9 depicts the transient response of
only the DSOGI-GE1 for three different estimator gains, i.e.,
λ1 = 119.3, λ2 = 72.25, and λ3 = 42.4, in order to see how
the response relies in the pair of gains (ξ, λ). These gains have
been tuned for obtaining overshoots Mp of 30%, 15%, and 0%,
respectively.

B. Harmonic, Subharmonic, and DC-Offset Voltage Rejection

The rejection capability to subharmonics and dc-offset highly
increases with the DSOGI approach, to a point in which the
perturbation to the 1-Hz subharmonic is strongly reduced and
the dc-offset voltage is removed. The rejection capability to
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Fig. 10. Estimated frequency time responses of the DSOGI-GEs to distorted
grid voltage components of 10% amplitude. Upper: 3rd harmonic. Middle: 1-Hz
subharmonic. Bottom: dc-offset voltage.

Fig. 11. Estimated voltage amplitude time responses using (29) in the DSOGI-
GEs to distorted grid voltage components of 10% amplitude. Upper: 3rd har-
monic. Middle: 1-Hz subharmonic. Bottom: dc-offset voltage.

TABLE III
ESTIMATED FREQUENCY PEAK-TO-PEAK AMPLITUDE DISTORTION AND MEAN

DEVIATION FROM ωo FOR THE CASES DEPICTED IN FIG. 10

Peak-to-peak amplitude (Hz) GE1 GE2 GE3

3rd harmonic 0.29 0.30 0.29
1-Hz subharmonic 0.06 0.06 0.06
DC offset 0.00 0.00 0.00
Mean deviation from ωo at steady state (Hz)
3rd harmonic 0.02 0.11 0.06
1-Hz subharmonic and dc offset 0.00 0.00 0.00

harmonics also increases considerably. As for the single SOGI
case, Figs. 10 and 11 depict the DSOGI-GEs responses to the
same distorting components with 10% of nominal amplitude: a
third harmonic, a 1-Hz subharmonic, and dc-offset voltage.

The peak-to-peak amplitude and the mean deviation from ωo

of the estimated frequency and from nominal A of the estimated
grid voltage amplitude are listed in Tables III and IV, respec-
tively. These data have been compared with those in Tables I

TABLE IV
PEAK-TO-PEAK AMPLITUDE OF THE DISTORTION IN THE ESTIMATED GRID

VOLTAGE AMPLITUDE AND MEAN DEVIATION FROM THE NOMINAL A LEVEL

FOR THE CASES DEPICTED IN FIG. 11

Peak-to-peak amplitude (V) GE1 GE2 GE3

3rd harmonic 11.04 10.85 10.95
1-Hz subharmonic 2.40 2.40 2.40
DC offset 0.00 0.00 0.00
Mean deviation from A at steady state (V)
3rd harmonic 0.47 0.57 0.52
1-Hz subharmonic and dc offset 0.00 0.00 0.00

TABLE V
DISTORTION PERCENTAGE REDUCTION ACHIEVED BY THE DSOGI-GES

3rd harmonic percentage reduction (%) GE1 GE2 GE3

Estimated frequency 73.15 68.75 71.84
Estimated amplitude voltage 59.55 60.70 60.20
1-Hz subharmonic percentage reduction (%)
Estimated frequency 98.47 98.40 98.46
Estimated amplitude voltage 96.84 97.17 97.17
3rd harmonic mean deviation
percentage reduction (%)
Estimated frequency 85.71 76.60 77.78
Estimated amplitude voltage 55.05 59.07 58.20

TABLE VI
SOGI-GE1 AND DSOGI-GE1 PEAK-TO-PEAK AMPLITUDE DISTORTION OF THE

ESTIMATED FREQUENCY AND VOLTAGE AMPLITUDE FOR HARMONIC ORDERS

3RD, 5TH, 7TH, AND 11TH WITH 10% AMPLITUDE

Peak-to-peak frequency distortion 3rd 5th 7th 11th
(Hz) at harmonic order h

SOGI-GE1 1.08 0.54 0.34 0.25
DSOGI-GE1 0.29 0.06 0.03 0.01
Percentage reduction (%) 73.14 88.88 91.17 96.00
Peak-to-peak amplitude distortion (V)
at harmonic order h
SOGI-GE1 27.30 11.94 8.71 5.59
DSOGI-GE1 11.04 2.37 1.23 0.50
Percentage reduction (%) 59.56 80.09 85.82 90.93

and II to assess the achieved percentage reductions, which are
shown in Table V.

The showed responses and data clarify that the DSOGI-GEs
have a strong rejection to subharmonics and to dc-offset voltage.
However, in the case of harmonics it is important to understand
that the DSOGI-GEs rejection relies on three factors: to the
harmonic attenuation at the DSOGI outputs, to the harmonic
attenuation at the error signal, and to the GEs gain. The harmonic
attenuation increases with the harmonic frequency, due to the
fourth-order BPF characteristic of the DSOGI. Then, in order
to evaluate all these factors together and see how they affect
every harmonic distortion depending on its frequency, Table
VI shows the peak-to-peak amplitudes of the distortions in the
estimated frequency and the estimated voltage amplitude of
GE1 , for harmonic components of order h = 3, 5, 7, 11 with
10% amplitude. Looking at this table, it can be seen that the
harmonic rejection increases progressively with the harmonic
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Fig. 12. DSOGI-GEs transient response to a dc-offset voltage perturbation
from 0% to 10% of nominal amplitude at 0.2 s and then back to 0% at 0.3 s.

Fig. 13. DSOGI-GEs estimated grid frequency and voltage amplitude for an
80% voltage sag.

order h. Hence, the harmonics are attenuated strongly for h > 5,
the lower harmonics being those who have higher distorting
capacity on the estimated parameters.

C. DC-Offset Voltage Transient Response

Although the DSOGI-GEs reject the dc-offset voltage at
steady state (see Fig. 10, bottom subplot), it is interesting to
see how the time response to a dc-offset voltage transient is.
Fig. 12 depicts the response to a sudden 10% amplitude dc-
offset voltage perturbation at 0.2 s and then back to normal
conditions at 0.3 s. In this figure, it can be seen that the pertur-
bation impact on the DSOGI-GEs estimations is small, being
its peak magnitude near 0.3 Hz for all the cases. Note that the
transient disappears after 80-ms duration. Then, it can be con-
cluded that the response of the DSOGI-GEs is notably improved
regarding the SOGI-GEs (see Fig. 4, bottom subplot).

D. Response to Voltage Sags

Fig. 13 depicts the transient response to an 80% depth voltage
sag in the input voltage at 0.2 s. Table VII summarizes the

TABLE VII
CHARACTERISTICS OF SOGI-GES AND DSOGI-GES FREQUENCY

PERTURBATIONS FOR AN 80% DEPTH VOLTAGE SAG AND ACHIEVED

DISTORTION REDUCTIONS

GE1 GE2 GE3

SOGI-GEs upper peak from 50 Hz (Hz) 3.29 15.40 8.11
DSOGI-GEs upper peak from 50 Hz (Hz) 1.40 5.56 3.24
SOGI-GEs lower peak from 50 Hz (Hz) 9.57 2.43 5.12
DSOGI-GEs lower peak from 50 Hz (Hz) 4.55 0.79 2.54
SOGI-GEs peak-to-peak amplitude (Hz) 12.85 17.83 13.23
DSOGI-GEs peak-to-peak amplitude (Hz) 5.95 6.35 5.78
Percentage amplitude reduction (%) 53.69 64.38 56.31
SOGI-GEs transient duration (ms) 52.50 52.50 52.50
DSOGI-GEs transient duration (ms) 80.00 80.00 80.00
Percentage transient duration increase (%) 52.38 52.38 52.38

TABLE VIII
PEAK-TO-PEAK AMPLITUDE OF THE FREQUENCY PERTURBATION PRODUCED

BY VOLTAGE SAGS WITH DIFFERENT DEPTH LEVELS

Voltage sag depth level GE1 GE2 GE3

60%—SOGI-GEs 5.49 5.03 4.63
60%—DSOGI-GEs 2.17 1.79 1.92
Percentage reduction (%) 60.47 64.41 58.53
40%—SOGI-GEs 2.89 2.61 2.69
40%—DSOGI-GEs 1.16 0.99 1.06
Percentage reduction (%) 59.80 62.07 60.59
20%—SOGI-GEs 1.27 1.19 1.14
20%—DSOGI-GEs 0.49 0.45 0.47
Percentage reduction (%) 61.42 62.18 58.77

obtained data and compares them with those of previous section
for the SOGI-GEs. It can be concluded that the DSOGI-GEs
improve the response to voltage sags, entailing a significant
perturbation amplitude reduction with respect to the SOGI-GEs
approach, though with an increased transient duration. Fig. 13
also shows that regarding the peak-to-peak perturbations in the
estimated voltage amplitude, the differences between the GEs
are small and that the oscillations have a smaller amplitude
that those achieved by the SOGI-GEs. Additionally, Table VIII
shows the peak-to-peak amplitude distortion produced for 60%,
40%, and 20% depth voltage sags. This table illustrates the
magnitude of the distortion induced by the voltage sags for
different depth levels. As can be seen, the DSOGI-GEs improve
the response to voltage sags for all the cases, with a percentage
reduction around 60%.

As a conclusion to this section, it can be said that the DSOGI
approach supposes a great improvement in the distortion rejec-
tion capability of the system, but at the expense of an increased
duration of the transient response to step frequency perturba-
tions. However, as the transient duration increase is around a
single time period of the grid voltage, it can be considered that
the overall performance is improved in view of the high rejection
capability achieved.

E. Comparison With the EPLL in Terms of Transient Response
Time and Rejection to Harmonics

This part compares the DSOGI-GE1 with the EPLL con-
sidering only the tradeoff between dynamic response speed and
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Fig. 14. Block diagram of the EPLL.

rejection to harmonics. Although these two structures are differ-
ent in conception, since one is a PLL and the other is a frequency
estimator, the EPLL has been selected as a benchmark as it could
be thought of as the simplest and most widely known structure
suitable for synchronization in power applications. The aim is to
highlight the response time versus harmonic rejection tradeoff
and its dependence on the EPLL and the DSOGI-GE1 gains,
identifying which could be the appropriate applications for the
DSOGI-GE1 .

By adding an input signal amplitude estimator to the PLL
(see Fig. 14), the EPLL achieves removal of the double fre-
quency component present in the conventional PLL for pure
input sinusoidal signals [32], [44].

Following the reasoning in [44], the EPLL linearized small
signal frequency transfer function can be put as

ω(s)
ωo(s)

=
ω2

r

s2 + 2ξrωr · s + ω2
r

(34)

where ωo is the frequency of vin and ω its estimate, ξr is the
damping factor and ωr is the center frequency. In turn, the
dependence of the EPLL gains on ξr and ωr is μ2 = ω2

r 2/Ain
and μ3 = 4ξr · ωr/Ain , where Ain is the amplitude of vin . The
model in (34) can be used for setting the overshoot Mp and peak
time tp of the EPLL transient frequency response.

Consequently, the gains of the EPLL were tuned to simulate
two different frequency transient responses to a grid frequency
change from 50 to 60 Hz. Both responses present Mp = 1%,
but the faster has tp1 = 0.046 s, (ξr , ωr ) = (0.83, 125), and
the slower has tp2 = 0.1 s, (ξr , ωr ) = (0.83, 55), respectively.
Then, the DSOGI-GE1 parameters were tuned to produce
two frequency transient responses to the same grid frequency
change with the same performance indexes, namely Mp = 1%
and tp1 = 0.046 s, (ξ, λ) = (0.975, 67.23), and Mp = 1% and
tp2 = 0.1 s, (ξ, λ) = (0.405, 29.56). The obtained EPLL and
DSOGI-GE1 frequency transient responses have been jointly
represented in the upper subplot of Fig. 15.

Then, with the EPLL and the DSOGI-GE1 tuned as explained
above, the peak-to-peak amplitudes of the distortion in their
estimated frequencies were evaluated for harmonic components
in vin of order h = 3, 5, 7, 11 with 10% of amplitude. The
results have been displayed in the lower subplot of Fig. 15 and
also have been collected at Table IX.

Fig. 15. Up: EPLL and DSOGI-GE1 frequency transient responses to a grid
frequency step perturbation from 50 to 60 Hz, with Mp = 1% and tp1 =
0.046 s and with Mp = 1% and tp2 = 0.1 s. Down: Peak-to-peak amplitude
distortions of the estimated frequency for harmonic orders 3rd, 5th, 7th, and
11th with 10% amplitude.

TABLE IX
EPLL AND DSOGI-GE1 PEAK-TO-PEAK AMPLITUDE DISTORTION OF THE

ESTIMATED FREQUENCY FOR HARMONIC ORDERS 3RD, 5TH, 7TH, AND 11TH

WITH 10% AMPLITUDE

Peak-to-peak frequency distortion 3rd 5th 7th 11th
(Hz) at harmonic order h

EPLL, tp1 0.878 0.596 0.440 0.286
DSOGI-GE1 , tp1 0.626 0.292 0.157 0.065
Percentage reduction (%) 28.70 51.01 64.32 77.27
EPLL, tp2 0.161 0.105 0.078 0.051
DSOGI-GE1 , tp2 0.071 0.025 0.012 0.005
Percentage reduction (%) 55.90 76.19 84.62 90.20

As can be seen in Fig. 15 and Table IX, the harmonic impact
in the estimated frequency is strongly related with tp , i.e., faster
transient responses are more affected by harmonics. Neverthe-
less, this impact is greater in the EPLL than in the DSOGI-GE1 .
The higher order of the DSOGI-GE1 endows it with a stronger
harmonic rejection capability than the EPLL. Then, the DSOGI-
GE1 can be more suitable for applications affected by highly
distorted conditions in which the speed response is not a cru-
cial requirement, and it behaves particularly well specially for
higher harmonics. Consequently, the DSOGI-GEs superior re-
jection capabilities make these structures less sensible to small
perturbations induced by noise of different nature and other
errors produced in the digital implementation.

In another test scenario, the DSOGI-GE1 was tuned with the
pair (ξ, λ) = (0.68, 48.38) to achieve the same peak-to-peak
amplitude distortion in the estimated frequency than the EPLL
for the fifth harmonic and tp2 = 0.1 s case of Table IX (see
upper subplot of Fig. 16).

As can be seen in the lower subplot of Fig. 16, matching
the harmonic impact in both structures turns faster the transient
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Fig. 16. Up: Equal EPLL and DSOGI-GE1 peak-to-peak amplitude distor-
tions of the estimated frequency for a 5th harmonic with 10% amplitude. Up:
Peak-to-peak frequency amplitude distortion. Down: EPLL and DSOGI-GE1
frequency transient responses to a grid frequency step perturbation from 50 to
60 Hz.

Fig. 17. Experimental setup.

response of the DSOGI-GE1 regarding the EPLL. This indicates
that the DSOGI-GE1 can likewise be adequate for applications
involving highly distorted waveforms where the transient time
response is a matter of concern. For example, this could be the
case of two paralleled droop controlled single-phase inverters
sharing a nonlinear load, where the active and reactive powers
P and Q must be calculated from distorted voltages and currents
and the speed of the P–Q calculation scheme determines the
system stability and the speed response to load transients.

V. EXPERIMENTAL RESULTS

The experimental results were obtained using a Chroma
61501 single-phase programmable ac power source, an ana-
log sensing prototype board wired to a Texas Instruments (TI)
Concerto F28M35H52C1 DSP control board, and a personal
computer with Code Composer Studio software from TI (see
Fig. 17). The prototype included a digital-to-analog-converter
(DAC) chip wired with a series serial peripheral interface (SPI)
communication protocol to the DSP control board. The DAC al-
lowed displaying up to four DSP internal variables in real-time
within a 0–3 V output voltage window. There was a sensing
circuit that accommodated the grid voltage to the required 3 V
ADC window of the TI’s DSP.

Fig. 18. Experimental results for the DSOGI-GEs estimation of a square wave
frequency between 50 and 60 Hz with period 0.37 s. Channel 1: Grid voltage
(240 V/div, 50 ms/div). Channels 2–4: Estimated frequencies (500 mV/div or
2.3 Hz/div, 50 ms/div). Channel correspondence: Channel 2 to GE1 , Channel
3 to GE2 , and Channel 4 to GE3 .

Fig. 19. Step-up transient response detail of Fig. 13. Channel 1: Grid voltage
(240 V/div, 10 ms/div). Channels 2–4: Estimated frequencies (500 mV/div or
2.3 Hz/div, 10 ms/div). Channel correspondence: Channel 2 to GE1 , Channel
3 to GE2 , and Channel 4 to GE3 .

The sampling frequency was 20 kHz and the DSOGI-GEs
were discretized and implemented using a Backward Euler
algorithm [45]. The parameters were set to ξ = 0.7 and λ =
49.3(s−1) as in the performed simulations. The three proposed
DSOGI-GEs (31)–(33) were implemented in the TI’s floating
point DSP and executed in parallel in order to compare the re-
sults. Experimental results were obtained to show the DSOGI-
GEs response to a frequency step, harmonic, dc-offset voltage,
and voltage sag perturbations. Experiments with subharmonics
were not performed due to the high-rejection capability of the
DSOGI-GEs structure.

A sinusoidal 220 V (rms) grid voltage with frequency varying
according a square wave between 50 and 60 Hz with period
0.37 s was programmed first in the ac source. Fig. 18 shows
the grid voltage and the three obtained DSOGI-GEs estimated
frequency outputs, meanwhile Figs. 19 and 20 show a detailed
capture of the step-up and step-down transients. The displayed
frequency signals were centered and amplified in order to fit
them as much as possible to the 3 V DAC output window, so
the vertical axis 500 mV/div gain corresponded to 2.3 Hz/div
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Fig. 20. Step-down transient response detail of Fig. 13. Channel 1: Grid volt-
age (240 V/div, 10 ms/div). Channels 2–4: Estimated frequencies (500 mV/div
or 2.3 Hz/div, 10 ms/div). Channel correspondence: Channel 2 to GE1 , Channel
3 to GE2 , and Channel 4 to GE3 .

Fig. 21. Experimental results for the DSOGI-GE1 estimation of a square wave
frequency between 50 and 60 Hz with period 0.8 s and for three GE1 different
gains λ1 = 119.3, λ2 = 72.2, and λ3 = 42.4. Channel 1: Grid voltage (240
V/div, 10 ms/div). Channels 2–4: Estimated frequencies (600 mV/div or 3.33
Hz/div, 10 ms/div).

in this case. The responses overshoots were measured using the
DSP defined internal variables and were close to the obtained
ones in the simulations, which ranged from 1% for GE1 to 4%
for GE2 .

Alternatively, Fig. 21 shows the experimental results for
achieving three different transient responses with GE1 , corre-
sponding to the used in the simulations of Fig. 9. The measured
overshoots are of 30.8%, 15.4%, and 0% for λ1 , λ2 , and λ3 , re-
spectively, which are close to the obtained in Fig. 9. The scope
vertical gain is 3.33 Hz/div.

A third harmonic with 10% amplitude and 0° phase was
added to the fundamental 50-Hz grid voltage programmed in
the ac source. Fig. 22 depicts the resulting grid voltage and
the DSOGI-GEs estimated frequency responses. These signals
were accommodated again to the 3 V DAC output window. In
this case, the scope vertical gain corresponded to 0.22 Hz/div.
The measured peak-to-peak amplitudes of the distortions in the
estimated frequencies were 0.30, 0.31, and 0.30 Hz for GE1 ,
GE2 , and GE3 , respectively.

Fig. 22. Experimental response to a grid voltage with a 3rd harmonic of
10% amplitude. Channel 1: Grid voltage (240 V/div, 10 ms/div). Channels
2–4: Estimated frequencies (550 mV/div or 0.22 Hz/div, 5 ms/div). Channel
correspondence: Channel 2 to GE1 , Channel 3 to GE2 , and Channel 4 to GE3 .

Fig. 23. Experimental response to a dc-offset voltage perturbation of 10%
nominal amplitude. Channel 1: Grid voltage (240 V/div, 20 ms/div). Channels
2–4: Estimated frequencies (300 mV/div or 0.16 Hz/div, 20 ms/div). Channel
correspondence: Channel 2 to GE1 , Channel 3 to GE2 , and Channel 4 to GE3 .

A repetitive dc-offset voltage perturbation with a 10% ampli-
tude from nominal and width of 0.1 s was programmed in the
ac source. Fig. 23 depicts the grid voltage and the DSOGI-GEs
estimated frequency response. The DSOGI-GEs signals were
accommodated to the 3 V DAC output window, which led to a
0.16 Hz/div for the vertical scope gain. As in the simulation re-
sults, the perturbation disappears after 80 ms and the measured
peak magnitudes of the estimated frequencies are below 0.3 Hz.

Then, an 80% depth periodic voltage sag perturbation for
the grid voltage was programmed in the ac source. Fig. 24
depicts the resulting grid voltage and the DSOGI-GEs estimated
frequency responses.

In Fig. 24, the signals were accommodated again to the 3 V
DAC output window. In this case, the scope vertical gain cor-
responded to 2.28 Hz/div. The transients lasted about 80 ms as
in the simulations and the measured peak-to-peak amplitudes
of the frequency perturbations were 6.31, 6.32, and 6.40 Hz for
GE1 , GE2 , and GE3 , respectively (see Table X).

Finally, Fig. 25 shows the grid voltage estimated amplitudes
for the same 80% depth voltage sag perturbation. In this case,
the correspondence of the scope gain was 59.8 V/div due to
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Fig. 24. Experimental results of the DSOGI-GEs estimated frequencies for a
periodic 80% depth voltage sag. Channel 1: Grid voltage (240 V/div, 20 ms/div).
Channels 2–4: Estimated frequencies (450 mV/div or 2.28 Hz/div, 20 ms/div).
Channel correspondence: Channel 2 to GE1 , Channel 3 to GE2 , and Channel
4 to GE3 .

TABLE X
DSOGI-GES EXPERIMENTALLY MEASURED CHARACTERISTICS OF THE

FREQUENCY PERTURBATIONS FOR AN 80% DEPTH VOLTAGE SAG

GE1 GE2 GE3

DSOGI-GEs upper peak from 50 Hz (Hz) 1.92 3.75 5.67
DSOGI-GEs lower peak from 50 Hz (Hz) 4.39 2.47 0.73
DSOGI-GEs peak-to-peak amplitude (Hz) 6.31 6.22 6.40

Fig. 25. Experimental results of the DSOGI-GEs estimated voltage ampli-
tudes for a periodic 80% depth voltage sag. Channel 1: Grid voltage (240 V/div,
20 ms/div). Channels 2–4: Estimated grid voltage amplitudes (450 mV/div or
59.8 V/div, 20 ms/div). Channel correspondence: Channel 2 to GE1 , Channel
3 to GE2 , and Channel 4 to GE3 .

the DAC 3 V accommodation. All the obtained responses were
close to each other and the perturbation was detected after 28
ms, which is similar to the simulation case.

VI. CONCLUSION

This paper applied the gradient descent method to the SOGI
filter in order to find an online estimation for the grid frequency.
The method led to three different simple algorithms that can be

used to tune the SOGI filter. One of them is identical to the FLL
approach reported in literature in the SOGI-FLL, DSOGI-FLL,
DSOGI-FLL-WPF, and MSOGI-FLL structures, which point
out that the FLL is in fact a gradient descent estimator and not
a frequency locked loop. Therefore, as a theoretical result it is
concluded that the FLL should be placed under the adaptive
control theory paradigm.

The SOGI-GEs behavior has been analyzed in front of grid
distortions, showing problems specially in the case of subhar-
monics and dc-offset voltage. A DSOGI approach has been
proposed to remove these problems. The analysis of the DSOGI-
GEs has shown that it provides a better harmonic rejection ca-
pability and an improved response to deep voltage sags than the
SOGI-FLL, but at the cost of an additional acceptable delay in
the transient response to step frequency changes. As a strong
point, it should be remarked that the DSOGI-GEs have a high
rejection capability for harmonics, especially for those of higher
orders, and a good tradeoff relationship between harmonic rejec-
tion and transient response speed. Then, the DSOGI-GEs struc-
tures are adequate for applications subjected to high harmonic
distortion in which the rejection to harmonics is an important
issue. It also shows to be adequate for applications requiring the
extraction of a fundamental component from highly distorted
waveforms, such as the case of pulsating currents drawn by
RC-rectifier type nonlinear loads.

Experimental results have been provided using a TI’s floating
point DSP, a sensing board, an analog DAC, and a programmable
ac power source. The experimental results agree with the simu-
lated ones, which validates the gradient descent proposal.

APPENDIX

Considering GI, the transfer function from va to ve is

va(s)
ve(s)

=
s2

s2 + ω2 (35)

and introducing the time expression of (35) in (16), it gives

dω

dt
=

γ

ω
(va + ω2

∫ (∫
vadτ

)
· dτ) · va . (36)

For an input as (20), at steady state it holds
∫

(
∫

vadτ) ·
dτ = − va

ω 2
o

and va = AGa(jωo, ω)cos(ω0t + ϕ + ϕd), where
Ga(jωo, ω) is the gain of (3) and ϕd is the phase of (1). Then,
the update law can be approximated as

dω

dt
= − γ

ωω2
o

(ω2 − ω2
o )v2

a

= − γ

ωω2
o

(ω2 − ω2
o )A2G2

a(jωo, ω)cos2(ωot + ϕ + ϕd).

(37)

Thus, calculating the averaged value of (37) it is obtained

dωav

dt
= −γ

2ξ2A2ω2
o (ω2

av − ω2
o )

ωav

(
(ω2

av − ω2
o )2 + (2ξωavωo)

2
) (38)

whose first-order linearization around its isolated equilibrium
point ωav = ωo results in the same asymptotically stable dy-
namics (27).
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José Matas received the B.S., M.S., and Ph.D. de-
grees in telecommunications engineering from the
Technical University of Catalonia, Barcelona, Spain,
in 1988, 1996, and 2003, respectively.

From 1988 to 1990, he was an Engineer in a con-
sumer electronics company. Since 1990, he has been
an Associate Professor in the Department of Elec-
tronic Engineering, Technical University of Catalo-
nia, where he enrolled to the Department of Electrical
Engineering in 2017. His research interests include
power electronics, nonlinear control, power quality,

renewable energy systems, and microgrids.

Helena Martı́n received the B.Sc. degree in elec-
tronic engineering in 1994, the M.Sc. degree in elec-
trical engineering in 1997, and the Ph.D. degree in
industrial engineering in 2007 from Technical Uni-
versity of Catalonia.

She is currently an Associate Professor with the
Department of Electric Engineering, Technical Uni-
versity of Catalonia, Barcelona, Spain. Her research
interests include microgrids control, optimal manage-
ment and energy policy for microgids with renewable
energy generation.

Jordi de la Hoz received the B.Sc. degree in electrical
engineering, the M.Sc. degree in industrial electron-
ics and automatic control, and the Ph.D. degree in
industrial engineering from the Technical University
of Catalonia (UPC), Barcelona, Spain, in 1998, 2002,
and 2009, respectively.

Since 2001, he has been with the Electrical En-
gineering Department, UPC. His current research fo-
cuses on the analysis of the impact that the regulatory
frameworks have on the development, design, and
management of renewable energy systems (including

microgrids).

Abdullah Abusorrah (M’08–SM’14) received the
B.S. and M.S. degrees from King Abdulaziz Univer-
sity, Jeddah, Saudi Arabia, in 1994 and 2002, respec-
tively, and the Ph.D. degree from the University of
Nottingham, Nottingham, U.K., in 2007, all in elec-
trical engineering.

He is currently an Associate Professor in the De-
partment of Electrical and Computer Engineering and
the Head of Renewable Energy Research Group, King
Abdulaziz University. His research interests include
power quality, smart grid, and system analyses.

Yusuf A. Al-Turki (M’90–SM’17) received the
Ph.D. degree in power systems from the University
of Manchester, Manchester, U.K., in 1985.

Since 1999, he has been a Professor with the De-
partment of Electrical and Computer Engineering,
King Abdulaziz University, Jeddah, Saudi Arabia,
where he is currently the Vice president of King Ab-
dulaziz University for Postgraduate studies and sci-
entific research. His research interests include sys-
tem modeling, power system dynamics, renewable
energy, and microgrids.

Mohammed Al-Hindawi received the Ph.D. degree
in power electronics from Cairo University, Giza,
Egypt, in 1981.

He is currently an Associate Professor in the De-
partment of Electrical and Computer Engineering,
King Abdulaziz University, Jeddah, Saudi Arabia.
His research interests include power electronics con-
verters and microgrids.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


