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Frequency-Adaptive Observer to Extract AC-Coupled
Signals for Grid Synchronization

Yongsoon Park, Member, IEEE, Hyeon-Sik Kim, Member, IEEE, and Seung-Ki Sul, Fellow, IEEE

Abstract—In three-phase grids, the grid synchronization has
been widely discussed with mainly focusing on the mitigation of
low-order harmonics and unbalances. In this paper, the elimination
of a dc bias is also considered in the process of the grid synchro-
nization. Because the proposed method is based on a frequency-
adaptive observer, it can maintain its performances even if the
fundamental frequency is changed. The state equation is newly
established for the observer, and its gains are discussed in terms
of their influences to the filtering performances. The effectiveness
of the proposed method is assessed with various simulations and
experiments.

Index Terms—Adaptive observer, dc rejection, grid
synchronization.

I. INTRODUCTION

THE power transfer between a converter and an ac grid
can be modulated by adjusting not only the converter cur-

rent’s magnitude but also its relative phase difference to the
grid voltage. That is, there exists a reference voltage for the
power transfer, which is commonly called as positive-sequence
voltage [1]. The grid synchronization is to detect this positive-
sequence voltage from the real grid voltage, which can include
some distortions such as harmonics, unbalances, and glitches.

Phase locked loop (PLL) is a well-known principle for the grid
synchronization [2]. There are numerous variations of the basic
PLL in order to filter out the grid distortions [2]–[21]. However,
even if they seem to be different in their implementations, they
aim at the same purpose: the clear detection of positive-sequence
voltage. Thus, they cannot help having similarities in functional
aspects. Namely, the characteristics of notch or low-pass filter-
ing are commonly employed [3]. Then, it becomes important
for the grid synchronization how these diverse functions can be
integrated into a simpler structure.

In the literature, a PLL method was proposed in the basis
of a preprocessing observer (SOAP-PLL) [9]. First of all, this
method is effective for the compact integration of the filter-
ing functions by means of a state equation for the observer.
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Furthermore, every filtering response can be explicitly under-
stood through the transfer functions of the observer. This feature
would be very helpful if the filtering responses need to be modi-
fied according to grid conditions. For these reasons, the proposed
method in this paper is also based on an observer.

The proposed method was intended to be more versatile. First,
the function to generate a quadrature voltage, such as second-
order generalized integrator (SOGI), is essential [10]. Although
a PLL can be implemented in the synchronously rotating frame
(SRF-PLL) with three-phase voltage, the derivatives of SRF-
PLL cannot be easily applied to single-phase grids. This is be-
cause they need a pair of voltages showing a phase difference
by 90 degrees. In addition, a quadrature voltage could be uti-
lized to extract positive-sequence voltage easily in three-phase
grids. Thus, the proposed method has to naturally generate the
quadrature voltage. Second, dc biases should be considered for
completeness in the grid synchronization because it can be ob-
served in diverse situations such as the process of analog to dig-
ital conversions, grid faults, and dc injection from distributed
generation systems [11]–[20]. A dc bias should be eliminated
carefully in the process of grid synchronization because angle
and frequency estimations would be oscillated with the dc bias.
It is difficult to filter out dc biases through conventional low-
pass filtering due to the characteristics of dc. These two points
are reflected in establishing the state equation of the proposed
observer.

The assessment of the proposed method is carried out through
the comparisons with the conventional frequency-adaptive
methods, SOAP-PLL and dual SOGI frequency locked loop
(DSOGI-FLL) [9], [10]. This is because the grid frequency can
fluctuate in real time depending on its circumstances. Through
simulation and experimental results, the proposed method is
evaluated with respect to harmonic filtering, dc and unbalance
rejections, and frequency adaptiveness.

II. FREQUENCY-ADAPTIVE OBSERVER

A. State Equation and Transfer Functions

As mentioned earlier, it is required for the proposed observer
to generate a quadrature component and to eliminate a dc bias
from an original signal. Thus, the observer design starts by
defining these components as state variables so that the observer
estimates its state variables [22]. Every state variable is then
defined as follows:

⎡
⎢⎣

x
y
z

⎤
⎥⎦ =

⎡
⎢⎣

Vm sinθ

−Vm cosθ
x + D

⎤
⎥⎦ (1)

0093-9994 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



274 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 53, NO. 1, JANUARY/FEBRUARY 2017

where “z” is the original signal including ac and dc components.
Specifically, “x” is the ac component, whose phase is θ, and “D”
is the dc component. When compared to “x,” the component “y”
has the same magnitude, Vm , while lagging by 90°.

Among the variables in (1), because the derivative of “D” is
deemed null, the derivative of “z” is identical to that of “x”. In
result, “D” is selected as one of the state variables instead of
“z.” Then, the state-equation is finally established as follows:

d

dt

⎡
⎢⎣

x
y
D

⎤
⎥⎦ =

⎡
⎢⎣

0 −ω 0
ω 0 0
0 0 0

⎤
⎥⎦

⎡
⎢⎣

x
y
D

⎤
⎥⎦ = Ae

⎡
⎢⎣

x
y
D

⎤
⎥⎦ , (2-a)

z =
[
1 0 1

]
⎡
⎢⎣

x
y
D

⎤
⎥⎦ = Ce

⎡
⎢⎣

x
y
D

⎤
⎥⎦ (2-b)

where ω is denoted as the fundamental frequency and
corresponds to the derivative of θ.

By considering Ae and Ce in (2), the observability of the
state equation can be determined. Because the rank of Oe in (3)
corresponds to full column rank, the state equation is regarded
as observable, and a Luenberger observer would be designed
according to (4):

rank(Oe) = rank

⎡
⎢⎣

Ce

CeAe

CeA
2
e

⎤
⎥⎦ = 3, (3)

d

dt

⎡
⎢⎣

x̂
ŷ
D̂

⎤
⎥⎦ =

⎡
⎢⎣

0 −ω 0
ω 0 0
0 0 0

⎤
⎥⎦

⎡
⎢⎣

x̂
ŷ
D̂

⎤
⎥⎦ +

⎡
⎢⎣

k1

k2

k3

⎤
⎥⎦ {z − (x̂ + D̂)}

(4)

where the hat “ˆ” over variable means estimated one.
After replacing the derivative operator “d/dt” with the

Laplace operator “s,” the estimated state variables are ex-
pressed with respect to “z” that is the original signal and only
measurable, as shown in

⎡
⎢⎣

x̂
ŷ
D̂

⎤
⎥⎦ =

⎡
⎢⎣

s + k1 ω k1

−ω + k2 s k2

k3 0 s + k3

⎤
⎥⎦
−1 ⎡

⎢⎣
k1z
k2z
k3z

⎤
⎥⎦ . (5)

Then, the transfer functions from the original signal to each
variable can be derived as follows:

x̂

z
= d(s) =

s2k1 − sωk2

s3 + s2(k1 + k3) + sω(ω − k2) + k3ω2 (6-a)

ŷ

z
= q(s) =

s2k2 + sωk1

s3 + s2(k1 + k3) + sω(ω − k2) + k3ω2 (6-b)

D̂

z
= n(s) =

k3(s2 + ω2)
s3 + s2(k1 + k3) + sω(ω − k2) + k3ω2 . (6-c)

The properties of the proposed observer can be explained with
the closed formats by virtue of the state equation as intended.
This is a distinctive feature of the proposed method in that its

integrated filtering property can be simply understood without
any approximation.

B. Observer Gain Settings

The observer gains of k1 , k2 , and k3 can be determined by
pole placements. As the denominator’s order is third in (6), the
number of poles is three. Then, in general, the equation for pole
placement can be set as follows:

Epole = (s + ω1)(s2 + 2ζω2s + ω2
2 ) (7)

where ω1 and ω2 are natural frequencies, and ζ is the damping
ratio for ω2 . Equation (7) is deemed the general format having
three poles since imaginary poles must be complex conjugates.

By comparing (7) with the denominator of (6), (8) can be
induced from each coefficient

k1 + k3 = ω1 + 2ζω2 (8-a)

ω(ω − k2) = ω2(ω2 + 2ζω1) (8-b)

k3ω
2 = ω1ω

2
2 . (8-c)

It can be recognized in (8) that the right-side terms have
almost identical formats with the left-side terms. In particular,
at (8-b) and (8-c), if ω2 is equal to the fundamental frequency
ω, then the gain setting becomes quite simple. This setting
results in

k1 = 2ζω, k2 = −2ζω1 , k3 = ω1 (9)

x̂

z
= d(s) =

2ζω · s
s2 + 2ζω · s + ω2 (10-a)

ŷ

z
= q(s) =

−2ζω1 · s · (s − ω2
/

ω1)
(s2 + 2ζω · s + ω2)(s + ω1)

(10-b)

D̂

z
= n(s) =

s2 + ω2

s2 + 2ζω · s + ω2 · ω1

s + ω1
. (10-c)

The meaning of d(s) and n(s) can be readily understood in
(10). First, d(s) is the typical format of a second-order band-pass
filter that has center frequency ω and damping ratio ζ. That is,
according to d(s), an original signal “z” is band-pass filtered in
estimating its ac component “x.” As confirmed from (10-a), the
property of d(s) is not altered by ω1 . Second, n(s) is regarded as
a low-pass filter cascaded with a notch filter. The notch filter has
stop-band at ω while the loss-pass filter has cut-off frequency at
ω1 . In general, one low-pass filter may be enough to extract a dc
component. However, in ac grids, as the fundamental frequency
is not far enough from the dc frequency, a low-pass filter is not
enough to filter out “x” from “z.” This is why the notch filter
is cascaded in (10-c) to estimate the dc component “D.” The
low-pass filtering in (10-c) is mainly intended for mitigating
harmonics.

The meaning of q(s) in (10) appears to be complex due to ω1 ,
contrary to d(s) and n(s). Bode plots pertaining to q(s) can be
helpful to explain the influence of ω1 , as shown in Fig. 1, where
ζ is unity for convenience. As shown in the figure, although the
magnitude and phase of q(s) are not changed at the fundamental
frequency ω, the cut-off frequencies can be changed by ω1 .
Furthermore, if ω1 is not equal to ω, a signal amplification
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Fig. 1. Bode plot of q(s) when ζ is unity.

may arise at the frequencies at which the magnitude response
is greater than 0 dB. By this reason, ω1 is also set as ω. This
setting results in (11) from (10). As presented in (11), q(s) can be
a cascaded combination of d(s) and an all-pass filter for phase-
shift. In other words, ‘y’ is estimated such that only its phase
deviates by 90° from “x”

d(s) =
2ζω · s

s2 + 2ζω · s + ω2 , (11-a)

q(s) =
−2ζω · s

s2 + 2ζω · s + ω2 · s − ω

s + ω

= −d(s) · s − ω

s + ω
, (11-b)

n(s) =
s2 + ω2

s2 + 2ζω · s + ω2 · ω

s + ω

= [1 − d(s)] · ω

s + ω
. (11-c)

In summary, the proposed observer in (4) has multiple filter-
ing functions when considering its transfer functions in (11).
Above all, the band-pass filtering denoted by d(s) is the foun-
dation of the proposed observer to estimate ac components for
grid synchronization. This band-pass filtering mitigates unde-
sirable components at every frequency except ω. In addition, dc
rejections for the ac estimations can be confirmed through the
final value theorem. As shown in (12), any step variation in “z”
is finally eliminated in the ac estimations

lim
t→∞ x̂(t) = lim

s→0
s · x̂(s) = lim

s→0
s · d(s) · zDC

s
= 0 (12-a)

lim
t→∞ ŷ(t) = lim

s→0
s · ŷ(s) = lim

s→0
s · q(s) · zDC

s
= 0 (12-b)

where zdc represents magnitude of a dc component.
There are two gains to be adjustable in (11). First, it is notable

that ω is not only an observer gain, but also the fundamental fre-
quency of concern. If this frequency is modified, the pass- and
stop-bands of the observer are accordingly moved, as shown in
Fig. 2. Thus, by aptly updating ω in real time, the proposed ob-
server can be frequency-adaptive. Second, ζ is associated with
the frequency selectivity with respect to ω, as shown in Fig. 3.
That is, when the fundamental frequency is fixed at ω, the filter-
ing performances can be enhanced by decreasing the damping
ratio ζ, which is generally at the expense of the estimating

Fig. 2. Bode plots for (11) according to ω with unity ζ .

dynamics. However, it should be noted that the observer re-
sponses in terms of ω and ζ are due to the gain setting in which
both ω1 and ω2 are set as ω. If the gain setting were not based
on (7) and (8), another observer responses would be possible.

III. IMPLEMENTATION OF PLL

The observer based on (4) can be drawn as a block diagram
shown in Fig. 4 when ω1 and ω2 are set to ω. From the block
diagram, it is recognized that the structure of the proposed ob-
server is very simple. By combining only three integrators, all of
the multiple filtering functions explained in (11) are compactly
integrated. The utilization of the observer systematically results
in this compactness as intended.

In order to check the observer’s performance, a dc bias was
added to a sinusoidal signal as shown in Fig. 5(a). In the figure,
the magnitude of the signal was 1.0 per unit (p.u.) while that
of bias was 0.1 pu. When the combined signal is connected to
“z” in Fig. 4, the estimated waveforms for “x,” “y,” and “D” are
confirmed in Fig. 5(b) and (c). In conclusion, the proposed ob-
server can extract a quadrature signal as well as the direct signal
to the original sinusoidal signal while the dc bias is completely
eliminated.
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Fig. 3. Bode plots for (11) according to ζ .

Fig. 4. Frequency-adaptive circle-tracing observer (FACTO).

The direct and quadrature signals compose a circle in their
own plane because their magnitude is identical, and their phase
difference is 90°. However, the circle’s center cannot coincide
with the origin of the voltage plane unless dc biases in each
signal are perfectly eliminated. By means of the proposed ob-
server, a circle centered at the origin can be traced with a rotating
speed. When the gain ω in Fig. 4 is changed, the rotating speed
of the traceable circle is changed accordingly. From these prop-
erties, the proposed observer is named as frequency-adaptive
circle-tracing observer (FACTO).

Before discussing PLL, a step response for the dc estimation
can be described. When ω is 2π60 rad/s and ζ is unity, a step

Fig. 5. Operation of FACTO: (0.5 p.u./div and 20 ms/div) in (a)–(c) while
(0.5 p.u./div for each axis) in (d).

Fig. 6. Transient response of FACTO to a step bias (p.u. for every y-axis).

Fig. 7. Utilization of FACTOs to extract positive-sequence voltages.

bias of 0.3 p.u. occurs in Fig. 6. If the notch filtering were absent
in (11-c) to estimate a dc bias, the rise time up to 95% would be
8 ms (triple of the time constant). However, the actual rise time
was 18 ms because the notch filtering is essentially cascaded
with the low-pass filtering. That is, it should be considered that
the notch dynamics can slow down the dc estimation.

FACTO can be used for SRF-PLL in single-phase applications
because it extracts direct and quadrature voltages. However, this
property is also useful in three-phase applications to separate
positive-sequence voltages [10]. Specifically, instantaneous
positive-sequence voltages can be computed from

[
vds+

vqs+

]
=

1
2

[
d(s) −q(s)
q(s) d(s)

] [
vds

vqs

]
(13)

where vds and vqs are the d–q voltage in the stationary reference
frame, and the subscript “+” indicates positive-sequence. And,
d(s) and q(s) are described in (11).

One example to implement PLL is detailed in Figs. 7–9,
which is based on FACTO and (13). Initially, a positive-sequence
d–q voltage, vds+ and vqs+ , can be obtained from a three-phase
voltage, vabc , as shown in Fig. 7. After vabc is transformed
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Fig. 8. PLL to estimate angle and frequency.

Fig. 9. Entire blocks for grid synchronization with (a) one PLL block
(FACTO1) and (b) two PLL blocks (FACTO2).

into vds and vqs , they are respectively sent to their own FACTO
blocks. Direct- and quadrature voltages from these FACTOs are
then involved in the positive-sequence computation according
to (13).

Extraction of a phase angle from positive-sequence voltages,
in this paper, is simply based on an arctangent function as shown
in (14). It is notified that other methods can be used for this ex-
traction. The relationship between vds+ and vqs+ should be
carefully recognized in (14). This definition is adopted in this
paper because a synchronously rotating reference frame is de-
fined such that positive-sequence voltage vector is aligned with
its quadrature-axis

θp = tan−1
(−vds+

vqs+

)
. (14)

An additional usage of PLL appears to be unnecessary as
positive-sequence angle can be directly obtained by (14). How-
ever, it can be helpful for better performance in grid synchro-
nization. First, the fundamental frequency ω can be estimated
by PLL as shown in Fig. 8. This estimated frequency is utilized
to update the gains of FACTO for frequency-adaptation in real
time. Second, harmonic distortions can be further mitigated by
PLL. When a PLL structure is identical to Fig. 8, its estimating
responses are derived as (15) [9] and have formats of low-pass
filters

θ̂

θ
=

kps + ki

s2 + kps + ki
(15-a)

ω̂

ω
≈ ki

s2 + kps + ki
(15-b)

kp = 2ζpllωpll, ki = ω2
pll (15-c)

where ζpll and ωpll are damping ratio and bandwidth,
respectively.

Fig. 10. Fault waveforms for simulations.

A proposed method for grid synchronization is then shown in
Fig. 9(a), from grid voltage vabc to estimated angle θ̂p . In this
method, the responses of the angle and frequency estimations
must be tied because they share the identical gains as per (15).
However, it should be noted that those responses may have to
be different for an optimal performance.

Another proposed method is then shown in Fig. 9(b). Even
though one more PLL block to implement is essential for this
configuration, the estimation responses for angle and frequency
can be separately designed. This property is desirable in that the
gain updates for FACTOs may be further optimized while not
degrading the angle estimation. These two proposed methods
are compared in next section, where the former is denoted by
FACTO1 while the latter by FACTO2.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

Simulations were carried out to evaluate the proposed meth-
ods for grid synchronization before experiments. The simulation
results are valuable in that the actual grid angle and frequency
are correctly identified, which does not in experiments.

All of the control gains for the proposed methods were
set such that their responses were similar to those of two
conventional methods, SOAP-PLL and DSOGI-FLL [9], [10].
Specifically, the bandwidth for the angle estimation was set to
2π20 rad/s for FACTO1 of Fig. 9(a), which is identical to the
literature [9]. In particular, because the bandwidth for the fre-
quency estimation can be differently set in FACTO2 of Fig. 9(b),
it was aptly set to 2π10 rad/s while the bandwidth for the angle
estimation was 2π20 rad/s. In addition, all the damping ratios
were set to unity.

All of the control blocks were digitally implemented under
careful consideration when the sampling frequency was 10 kHz.
If the ratio of a sampling frequency to a grid frequency is not
large enough, some compensation would be necessary. Given
that this issue on digital implementation is out of the scope in
this paper, it is not discussed in detail.

For simulations, fault conditions were referred from [21].
When a grid voltage is 110 V–60 Hz, the distortions under fault
are given as (16) in per unit. The fault waveforms are shown
in Fig. 10

V1+ = 0.5∠ − 30◦, V1− = 0.25∠110◦ (16-a)

V5− = 0.2∠0◦, V7+ = 0.2∠0◦, V11− = 0.2∠0◦ (16-b)

ffault − fnor = −5Hz (16-c)
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Fig. 11. Angle estimation errors under fault simulation.

Fig. 12. Frequency estimations under fault simulation.

where subscript numbers represent harmonic orders, and the
subscript “−” means negative-sequence. In addition, the grid
frequency in normal state and that in fault are denoted by fnor
and ffault , respectively.

In response to the fault in Fig. 10, the angle estimation er-
rors are shown in Fig. 11 while the frequency estimations in
Fig. 12. When it comes to unbalance and harmonics, the pro-
posed methods present excellent filtering effects comparable
to the conventional methods. In particular, the least harmonics
are observed in the frequency estimation by FACTO2 because
its bandwidth was separately set smaller. When compared to
FACTO1, faster settlements are confirmed in FACTO2 for the
angle and frequency estimations. That is, it can be thought that
the stabilization in the gain updates contributes to the improve-
ment of both the angle and frequency estimations. Hereafter,
the proposed method “FACTO” represents only FACTO2. It
should be noted that steady-state errors in the estimations were
averagely null by the proposed method.

B. Experimental Results

The proposed and conventional methods were also tested
in a practical system. The control board was based on
TMS320F28335, and the settings for sampling frequency and
control gains were identical to those in the simulations. In order
to generate a fault situation, an ac programmable source was
used in experiments.

Initially, the responses of each method to a dc bias are dis-
cussed when a converter is connected to a normal 110V-60 Hz
grid. A dc bias was inserted into A-phase voltage on purpose,
which was 20% of the nominal magnitude to show evident dif-
ferences. As a reference, the stationary d–q voltage without any
filtering is shown in Fig. 13(a). Unlike zero-sequence voltage,
the dc bias only at A-phase is not eliminated by the coordinate
transformation and affects the voltage estimations in the con-
ventional methods. It is confirmed that the proposed method in

Fig. 13. Positive-sequence estimations under dc bias: (a) raw data,
(b) FACTO, (c) SOAP, (d) DSOGI, (30 V/div and 5 ms/div).

Fig. 14. Positive-sequence traces in voltage plane under dc bias:
(a) raw data, (b) FACTO, (c) SOAP, and (d) DSOGI, (30 V/div for each axis).

Fig. 15. Angle estimations under dc bias (10 ms/div).

Fig. 13(b) completely rejects the dc bias when compared to the
other cases. This rejection can be more conspicuous when the
voltages are drawn as Lissajous patterns at the voltage plane,
which are shown in Fig. 14. The center of the Lissajous pattern
coincides with the origin of the voltage plane only in the pro-
posed method. These figures corroborate the superiority of the
proposed method pertaining to dc rejection.

When the grid voltage was the same with Fig. 13(a), the an-
gle and frequency estimations were captured at steady-state as
shown in Figs. 15 and 16. In particular, since the actual angle of
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Fig. 16. Frequency estimations under DC bias [10ms/div].

Fig. 17. Voltage estimations under frequency variation: (a) raw data, (b)
FACTO with fixed gains, (c) FACTO with gain updates, and (d) estimated
frequency by the proposed method.

the grid voltage cannot be identified in experiments, the angle es-
timations have been relatively compared with respect to θFACTO
from the proposed method, when considering the simulation re-
sults. Initially, given that dc components are transformed into
ac components at a synchronous d–q reference frame, the influ-
ence of the dc bias in Fig. 13(a) appears at the grid frequency
in the angle and frequency estimations. Because this frequency
is not much higher than the PLL’s cut-off frequency, the dc in-
fluence is not completely eliminated by SOAP-PLL, as shown
in Figs. 15 and 16. However, when compared to DSOGI-FLL,
it is confirmed that the PLL can slightly contribute to the dc
rejection.

The frequency-adaptation of the proposed method is dis-
cussed in Fig. 17 by considering voltage estimations. Under
the same conditions with Fig. 13(a), only the grid frequency
was abruptly changed from 60 to 45 Hz at once. As shown
in Fig. 17(c), the proposed method could finally eliminate the
dc bias in spite of the frequency variation. However, the result
shown in Fig. 17(b) was obtained by fixing the observer gains in
Fig. 7, regardless of the frequency variation. Even with the fixed
gains, the dc bias appears to be eliminated. However, in the volt-
age estimations, the magnitude was decreased and the phase was
advanced after the frequency variation. This is mainly caused
by a deterioration of the notch filtering detailed in (11-c). It is

Fig. 18. Fault waveforms in experiments.

Fig. 19. Voltage estimations in experiments: (a) raw data, (b) FACTO,
(c) SOAP, and (d) DSOGI.

inferred that the proposed method could be frequency-adaptive
by virtue of the gain updates according to Fig. 9(b).

As in the simulations, the grid synchronization methods were
tested in experiments under a severe fault situation. Initially,
a phase-to-ground fault was made deliberately because it is
the most common fault before distribution transformers [23],
[24]. In addition, the other faults with respect to unbalance and
harmonics were also made at the same time. All of the fault
conditions can be referred from the literature [9]. The described
fault is then presented in Fig. 18, where a dc bias of 0.2 p.u. is
already at C-phase before the fault occurrence.

Under the fault, the positive-sequence d–q voltages were es-
timated as shown in Fig. 19. When it comes to harmonics, all of
the estimating methods were good at filtering out. In particular,
the least harmonics are observed in the case of DSOGI-FLL. It
is noteworthy that the PLL-based methods considered in Fig. 19
have two stages for estimating the angle and frequency. In con-
trast to DSOGI-FLL, they have one more chance to filter out
harmonics in the estimations. However, this additional stage
causes a tradeoff between filtering and dynamics.

One option to enhance the filtering with FACTOs is to directly
utilize the phase angle from (14) as estimated angle. That is,
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Fig. 20. Positive-sequence traces in voltage plane under fault: (a) raw data,
(b) FACTO, (c) SOAP, and (d) DSOGI (40 V/div for each axis).

Fig. 21. Angle estimations under fault at 60 Hz (10 ms/div).

Fig. 22. Frequency estimations under fault at 60 Hz (10 ms/div).

in Fig. 9(b), the PLL for the angle estimation is eliminated
while the other PLL is still used for the gain updates. Because
the estimating dynamics for angle become faster through this
elimination, the filtering in the voltage estimations can be further
reinforced by decreasing ζ in Fig. 4 under an intended dynamics.
When compared to the DSOGI-based method, this modified
method would be beneficial in the dc rejection, which is more
evident in Fig. 20. The center of voltage trace does not coincide
with the origin by the DSOGI-based method while it does by
the FACTO-based method.

The grid synchronization results under the fault are shown
in Figs. 21 and 22. When considering Figs. 11 and 12 in
addition to Figs. 21 and 22, under similar dynamics, the
PLL-based methods have better filtering performances than
DSOGI-FLL in the angle and frequency estimations, even
though they showed worse filtering performances in the voltage

Fig. 23. Transient estimations for angle under fault (10 ms/div).

Fig. 24. Transient estimations for frequency under fault (10 ms/div).

Fig. 25. Angle estimations under fault at 55 Hz (10 ms/div).

estimations. In terms of the unbalance fault, its detrimental ef-
fects are not observed in the figures for every method as any
distortion at double the grid frequency is negligible. As shown
in Figs. 15 and 16, the distortions at the grid frequency from the
dc bias are also observed in Figs. 21 and 22 for the conventional
methods.

The transient responses are shown in Figs. 23 and 24 when
the grid frequency is abruptly decreased by 5 Hz in addition to
the fault shown in Fig. 18. These results appear to be differ-
ent with the simulation results of Figs. 11 and 12 because the
phase angle jumps of grid voltages were mainly different at fault
occurrence for each case. In spite of this complicated fault, the
proposed method could stably carry out the grid synchronization
as expected.

After the frequency estimation settles down at 55 Hz, the
angle and frequency estimations are shown in Figs. 25 and 26.
The average and root-mean-square values with respect to the
angle and frequency in Figs. 25 and 26 were virtually identical
to those in Figs. 21 and 22. This fact corroborates the frequency
adaptiveness of the proposed method, because the conventional
methods were proved to be frequency-adaptive and the relative
performances of the proposed method were maintained even
under the frequency variation.
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Fig. 26. Frequency estimations under fault at 55 Hz (10 ms/div).

V. CONCLUSION

In this paper, a grid synchronization method was pro-
posed in basis of a new frequency-adaptive observer. This
synchronization method can reject a dc bias in voltage es-
timations in addition to filtering unbalance and harmonics
even if the grid frequency is varying. All of these func-
tions are compactly integrated by virtue of the proposed ob-
server, whose state equation and gain settings were delineated.
Finally, the effectiveness of the proposed method has been
verified through the comparisons to the conventional meth-
ods under diverse grid voltage conditions including dc bias,
distortions such as unbalance and harmonics, and frequency
variations. This paper has been previously presented in the
conference [25].
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